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Health risks to workers in the Florida phosphate industry due to inhalation of 

particulates containing radioactive materials were investigated.  Site-specific particle data 

were established, and were integrated into a full dosimetry assessment.  

Particle mass concentration varies widely by plants and locations over 1 to 3 orders 

of magnitude.  A majority of samplings indicate that particle mass is concentrated at large 

particle sizes.  A unity shape factor was assigned for dose assessment after particle shape 

analysis.  Mass density of the particles ranges from 1.6 to 1.7 g cmP

-3
P.  Radioactivity 

concentrations of P

238
PU, P

226
PRa, and P

210
PPb in products or particles range 1088 – 4151, 30 – 

141, and 248 – 3204 Bq kgP

-1
P, respectively.  

An application method of cascade impactor sampling data to dose assessment was 

presented.  Effective dose scaling factors generated in this study reduce computational 

efforts for dose assessment.  



 

xv 

Inhalation dose was calculated using site-specific particle size distribution data. 

Under the least conservative assumption of radionuclide-specific lung solubility, effective 

doses at granulator, storage, and shipping areas are 0.31 ± 0.12, 0.27 ± 0.07, and 0.22 ± 

0.02 mSv yearP

-1
P, respectively.  In contrast, under the most conservative assumption the 

effective doses are 2.24 ± 2.53, 1.26 ± 1.19, and 0.56 ± 0.36 mSv yearP

-1
P at the same areas.  

Solubility of uranium, thorium, and lead in particles were determined by an in vitro 

solubility test.  More than 94% of phosphate is dissolved in 1 day.  However, P

238
PU, P

232
PTh, 

and P

208
PPb are not dissolved rapidly with the surrounding matrix.  Retention of uranium 

and lead is similar to type M materials, and retention of thorium to type S materials as 

defined in the default clearance parameters of the ICRP 66 HRTM.   

All measured data and dose calculation methods were integrated into a full internal 

dosimetry assessment.  Site-specific effective doses range 0.24 – 0.68 mSv yearP

-1
P at 

granulator area, 0.21 – 0.49 mSv year P

-1
P at storage area, and 0.21 – 0.27 mSv yearP

-1
P at 

shipping area.  All results are smaller than dose limit of the general public.  Compared 

with occupational dose limit, effective dose to workers in the Florida phosphate industry 

is extremely unlikely to approach or exceed the limit.  
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CHAPTER 1 
INTRODUCTION  

1.1 Objective 

The overall objective of this investigation is to evaluate the health risks to workers 

in the Florida phosphate industry due to inhalation of particulates containing radioactive 

materials.  This investigation is limited to areas where technologically enhanced naturally 

occurring radioactive materials (TENORM) are present.  In order to accomplish this 

research objective, the study employs the most current particle lung deposition and 

clearance models published by the International Commission on Radiological Protection 

(ICRP) and collects data to address that model’s input parameters. 

1.1.1 Source and Magnitude of Problem  

The phosphate industry utilizes various natural resources including phosphate ore 

to manufacture fertilizer and/or animal feed.  The radionuclides present in these natural 

resources can be concentrated during the manufacturing process.  Elevated and 

uncontrolled concentrations of radionuclides may pose risks to workers through either 

external gamma-ray exposure or internal exposure through inhalation of radioactive 

airborne particles.  The processing used in the phosphate industry inevitably generates 

these airborne particles.  Inhalation of radioactive airborne particles can potentially 

elevate the risk to exposed workers.  The health risks to workers in the phosphate 

industry resulting from chronic inhalation of particulates containing radioactive materials, 

and/or potentially toxic chemicals, have not been adequately addressed.  For the risk 

assessment, particle properties should be characterized.  This study broadens the airborne 
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particulate database in Florida phosphate chemical plants.  Database collection categories 

include particle size distribution, particle shape, particle elemental composition, particle 

density, radionuclide concentration in particles, and lung solubility of radionuclides in 

particles at different chemical plants and locations.  The established databases are 

integrated to individualized site-specific dose calculation to workers. 

1.1.2 Review of Pertinent Literature and Related Work  

There has been no related work with this study.  Birky et al. conducted intensive 

study about radiation exposure to workers in the Florida phosphate industry (Birky et al. 

1998).  The study included internal exposure due to inhaled particulates as well as 

external exposure.  The study adopted conservative assumptions due to the lack of 

particle information needed for dose assessment.  Particle size, shape, density, and 

solubility are important parameters in dose modeling.  However, there was no 

consideration about these properties in this 1998 study.  Default particle properties were 

thus assumed for dose assessment.  These assumptions tended to increase the dose 

uncertainty and to skew dose distributions towards possibly unrealistic higher values.  

Authors recommended: “a more targeted study be conducted to reduce uncertainties in 

that (inhalation) dose component.”  The current study provides parameter data necessary 

to replace the conservative assumptions used in the previous study and compress the 

range of uncertainty expressed in the inhalation dose distributions.  The results of this 

study are of extreme importance and value; that is, to provide the evidence necessary to 

confidently determine the need for respiratory protection programs and required or 

voluntary respirator use in the phosphate industry. 

In 1994, the ICRP issued Publication 66, Human Respiratory Tract Model (HRTM) 

for Radiological Protection (ICRP 1994b).  This model represents a substantial 
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improvement over the existing ICRP Publication 30 model that was originally published 

in 1966 (ICRP 1979).  These improvements include: (1) facility to estimate regional 

doses to anatomic substructures of the lung (as opposed to a single averaged lung dose), 

(2) improved consistency with morphological, physiological, and radiobiological 

characteristics of the respiratory tract, (3) ability to estimate doses to individuals of the 

population other than Reference Man (e.g., women and children), (4) ability to consider 

variations in exertion and changes in mouth versus nose breathing, (5) ability to explicitly 

consider measured distributions of particle size, and (6) ability to utilize unique 

information on clearance characteristics (lung fluid solubility, etc.) for specific materials.  

These features make the ICRP 66 HRTM uniquely applicable to specific inhalation dose 

assessments.  Fig. 1-1 shows the anatomic features of the ICRP 66 lung model, while Fig. 

1-2 shows the corresponding deposition compartments and clearance pathways. 

1.1.3 Specific Goals 

Specific goals of this study are: (1) to establish a database of particle properties, 

including particle size distribution, shape, elemental composition, density, and 

radionuclide concentration, (2) to generate inhalation dose coefficients and effective dose 

scaling factors for use with sampling data in inhalation exposures, (3) to establish a 

database of lung solubility of radionuclides in particles, and (4) to assess doses to 

workers in the Florida phosphate industry using integrated databases established in the 

previous stages. 

1.1.4 Impact of Goals  

Completed databases and dose evaluations generated in this study may be used by 

industry staff and regulators alike to determine the need and appropriate levels of 
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administrative controls, engineering controls, and respiratory protection required to 

assure that health risks to workers are kept as low as reasonably achievable. 

1.2 Methodology 

In order to accomplish the overall objective and specific goals, the study was 

divided into 5 specific tasks: (1) particle characterization (2) generation of effective dose 

scaling factors, (3) dose assessment via characterization of particle size distribution, (4) 

determination of lung solubility of radionuclides in particles, and (5) risk assessment to 

workers due to radiation exposure.  The sequence of task procedures is illustrated in Fig 

1-3. 

1.2.1 Task 1: Particle Characterization 

Particle properties, including particle size distribution, shape, elemental 

composition, density, and radionuclide concentration in particles were characterized.  

These are input particle parameters for HRTM models to determine particle deposition 

and clearance in the respiratory tract.  In the absence of specific information, ICRP 66 

HRTM suggests default reference values.  However, the reference values were obtained 

by pooling data from several studies.   In reality, particle properties are widely distributed.  

Consequently, using recommended default values can potentially skew dose estimates to 

unrealistic values in individual exposure cases.  For this reason, site-specific particle 

properties should be determined whenever possible to reduce this source of bias in the 

dose assessment.  Air particulate samplings were conducted at dry product manufacturing 

areas, storage warehouses, and shipping areas within 6 different phosphate processing 

plants in either the central or northern regions of Florida.  Particle size distribution was 

characterized using a multi-stage cascade impactor.  In addition, a high-volume sampler 

was used to collect airborne particles for both particle density and radioactivity analyses.  
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Limited numbers of the air samples were further analyzed with regard to particle shape, 

chemical composition, and density using Scanning Electron Microscopy (SEM), Energy 

Dispersive X-ray Spectroscopy (EDXS), and pycnometer, respectively.  The types of 

radionuclides and their strengths in particles were measured using gamma-ray 

spectroscopy. 

1.2.2 Task 2: Effective Dose Scaling Factors 

Application method of sampling data to dose assessment and concept of inhalation 

effective dose scaling factors (SFBEB) will be introduced.  Once particle properties are 

characterized, radiation doses due to particle inhalation can be calculated using the ICRP 

66 HRTM.  Due to the complexity of the ICRP 66 model, one must generally resort to a 

computer program to apply the model for a specific exposure scenario. Currently, two 

computer programs are available, including Lung Dose Evaluation Program (LUDEP) 

and Integrated Modules for Bioassay Analysis (IMBA).  In the computer codes, both 

organ absorbed doses and the effective dose are computed readily only in cases where 

radioactivity is distributed log-normally.  If the airborne particle size distribution is 

characterized via cascade impactor measurements and found not to follow a log-normal 

distribution, the dose calculation must be performed via a summation of doses calculated 

separately for each impactor size range.  Cascade impactor yields one radioactivity value 

for each stage (i.e., particle size range).  One of three options is available to directly use 

the measured data for dose assessment: (1) radioactivity concentration on a mono-size 

particle size, (2) uniform radioactivity distribution across each size interval, (3) linear 

increasing or decreasing radioactivity distribution.  A series of inhalation effective dose 

scaling factors, defined as the ratio of the effective dose given under options 2 and 3 to 

the effective dose given by option 1, are presented.  Consequently, these scaling factors 
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allow one to run the computer codes with less computationally demanding option 1 while 

then reporting doses under the more realistic description of options 2 and 3.  LUDEP 

employs biokinetic models in ICRP Publication 30 while IMBA uses recent biokinetic 

models in ICRP Publications 56, 67, 69, and 71.  Scaling factors generated by LUDEP 

and IMBA are given in Chapters 3 and 4, respectively.  

1.2.3 Task 3: Dose Assessment via Characterization of Particle Size Distribution 

Airborne particle measurement data from Task 1 and dose assessment methodology 

from Tasks 2 and 3 were used to calculate dose to workers.  In a given exposure scenario, 

a worker may be exposed to individual radionuclides in the P

238
PU series, or to segments of 

the decay chain that remain under secular equilibrium.  The dose due to inhalation of 

particles encompassing a decay-chain series can be easily calculated through summation 

of the doses received by each decay-chain member.  Furthermore, progeny generated by 

the decay of inhaled radionuclides will further contribute to internal dose; hence, in-vivo 

in-growth of progeny must also be taken into account.  It is thus useful to generate data 

regarding inhalation effective doses from each radionuclide independently as they can be 

modified according to their unique particle properties and radioactivity concentrations.  

In this task, inhalation dose coefficients for the P

238
PU series were calculated as a function 

of particle size and absorption type.  No specific information on lung solubility of 

radionuclides was utilized in this task, and thus dose calculations were conducted for 

default absorption types given in ICRP Publication 66.  This study further reviewed the 

inhalation dose parameter sensitivity to investigate the relative importance of particle 

solubility. 
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1.2.4 Task 4: Particle Solubility in Lung Fluid 

In this task, the solubilites of TENORM radionuclides in the lung fluid were 

determined.  The sensitivity analysis in Task 3 indicated that proper knowledge of 

absorption type was one of the more critical parameters for inhalation dose calculation.  

Conservative assumptions on the radionuclide absorption types could skew internal dose 

by factors of 7 to 22 in the Florida phosphate industry.  In the absence of specific 

information, the ICRP 66 HRTM suggests default values of material absorption to blood 

for three general classifications: F - fast, M - moderate, and S – slow.  Absorption types 

of radionuclides given in references depend on their physicochemical forms.  In the 

phosphate industry, the physicochemical forms of the radionuclides inhaled are not well 

defined.  In addition, the radioactive material is a minor constituent of the inhaled 

particles.  In this case, absorption of the radionuclide into blood may be determined by 

the properties of the radionuclide-containing matrix rather than by the radionuclide 

compound type (ICRP 1995b).  The features of TENORM make it difficult to estimate 

the absorption type of radionuclides in the particles in the phosphate industry.  An in vitro 

solubility test was employed to directly measure radionuclide solubility and thus avoid 

excessively conservative assumptions in worker dose assessments. 

1.2.5 Task 5: Risk Assessment to Workers 

In the final task of this study, all data obtained directly by sampling and analysis 

were integrated into a full internal dosimetry assessment to workers by both facility and 

operational location.  With external dose estimates documented in the previous 

TENORM studies, total effective dose was estimated as an indicator of radiation 

exposure risk to workers in the Florida phosphate industry. 
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Figure 1-1. Anatomic regions of the ICRP Publication 66 HRTM (Adapted from Figure 1 

in ICRP Publication 66) 
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Figure 1-2. Particle deposition compartments and clearance pathways in ICRP 66 HRTM 
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 Figure 1-3. Series of tasks for risk assessment of airborne particulates to workers in the 

phosphate industry 
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CHAPTER 2 
CHARACTERIZATION OF RADIOACTIVE AEROSOLS IN FLORIDA 

PHOSPHATE PROCESSING FACILITIES 

2.1 Introduction 

The phosphate industry produces fertilizer, animal feed, and phosphoric acid using 

phosphate ore, which contains Naturally Occurring Radioactive Materials or NORM.  

The industrial practices utilizing natural resources generate aerosols in the workplace that 

concentrate NORM to a degree.  Risks to workers from aerosol emissions from the 

phosphate industry include radiation exposures resulting from aerosol inhalation and 

external gamma-ray exposure.  Concentrated radionuclides as a result of human industrial 

practice are referred to as Technologically Enhanced Naturally Occurring Radioactive 

Material or TENORM.  TENORM issues are mainly focused on waste streams from 

industrial processes and phosphate fertilizers owing to their widespread use (EPA 1991).  

The majority of published studies on TENORM in the phosphate industry to date have 

been conducted for the purpose of environmental protection (Boothe 1977; Burnett and 

Elzerman 2001; Haridasan et al. 2002; Hull and Burnett 1996; Paridaens and Vanmarcke 

2001). 

A comprehensive integrated study on worker exposures from TENORM in the 

Florida phosphate industry was carried out by Birky et al. (Birky et al. 1998).  That study 

collected extensive data on worker exposures at different processing areas including 

mines and chemical plants.  External exposure from airborne and settled particles as well 

as internal exposure due to airborne particle inhalation and digestion was assessed for 
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workers in different job classifications.  The study demonstrated that particle inhalation 

was a main source of radiation exposure to workers.  The study employed high-volume 

samplers, settled down dust, and inhalation dose coefficients as given in Publication 61 of 

the International Commission on Radiological Protection, or ICRP (ICRP 1991; ICRP 

1994a).  The authors pointed out that in their study “no adjustment for particle size” was 

made and that “the inhalation doses were conservative” as they tended to be “greater than 

actual doses.”  Other recent studies were conducted by Gafvert et al. and Lipsztein et al. 

(Gafvert et al. 2001; Lipsztein et al. 2001).  In these studies, detailed information on the 

particle size distribution and other particle characteristics were not available for more 

accurate and potentially less conservative assessments of worker inhalation dose.   

In 1994, the ICRP issued Publication 66, Human Respiratory Tract Model (HRTM) 

for Radiological Protection (ICRP 1994b).  The features of ICRP 66 HRTM enable the 

user to individualize the inhalation dose assessment for workers exposed to occupational 

or environmental aerosols.  For dose assessment, the properties of the aerosols in the 

exposure scenario should be characterized according to both their radiological and 

physicochemical properties.  These aerosol characteristics determine the deposition 

fractions within each sub-region of respiratory tract, and clearance rates from these 

respiratory regions, and local values of absorbed dose to radiosensitive cell layers.  Input 

aerosol parameters include the aerosol size distribution, mass density, and shape factor.  

The other input parameter is the absorption type, which denotes the rate at which the 

aerosol particles dissolve within the lung fluids and are thus cleared to pulmonary blood 

vessels.  The ICRP 66 HRTM recommends that whenever possible, site-specific 

information on aerosol physicochemical properties should be measured and then used in 
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the worker dose assessment (ICRP 1994b).  In the absence of aerosol information, it is 

assumed that radioactive materials are distributed log-normally in particle size with a 

geometric mean given by the Activity Median Aerodynamic Diameter (AMAD) and an 

associated Geometric Standard Deviation (GSD).  Recommended aerosol default values 

are as follows: AMADs of 5 µm and 1 µm, respectively, for workplace exposures and 

general public exposures, a mass density of 3 g cmP

-3
P, and a particle shape factor of 1.5 

(see Table 2-1).   

Inhalation doses are strongly influenced by the particle size distribution.  

Consequently, many studies have been conducted to measure the AMAD in both the 

workplace and environment.  Dorrian and Bailey reviewed about 400 measurements of 

AMAD in the workplace and environment (Dorrian 1997; Dorrian and Bailey 1995; 

Dorrian and Bailey 1996).  Median values of AMAD for all workplaces and different 

industries ranged from 4.0 to 7.3 µm, while those for all artificial environmental aerosols, 

Chernobyl fallout, and natural P

7
PBe aerosols ranged from 0.6 to 1.5 µm.  Most 

measurements followed log-normal distributions.  The authors concluded, therefore, that 

the reference particle sizes in ICRP Publication 66 for occupational and environmental 

exposures are appropriate.  Although median values of the AMAD throughout various 

workplace locations are similar to default values recommended in ICRP Publication 66, it 

should be noted that measured values of AMAD were widely distributed and ranged from 

as small as 0.12 µm to as large as 25 µm in specific workplace environments.  Similarly, 

sampled AMADs for environmental aerosols ranged from 0.3 µm to 18 µm.  The 

particle-size distribution depends on the mechanisms for aerosol generation, the time for 

coagulation or gravitational settling, and various other external conditions.  The AMAD 
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in a specific single area can greatly differ from the median values obtained by pooling 

data from several workplace studies.  Consequently, use of default values rather than site-

specific data can potentially skew dose estimates to unrealistic values in individual 

exposure cases.  For this reason, site-specific aerosol particle size distributions should be 

determined whenever possible to reduce this source of bias in the dose assessment. 

In addition to particle size, particle shape and density are important parameters to 

estimate particle behavior inside of the human respiratory tract.  Particle deposition and 

clearance mechanisms depend on two characterizations of the sampled particle: its 

aerodynamic diameter and its thermodynamic diameter.  Particle shape and density are 

parameters relating these two types of particle sizes: 
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where dBthB and dBaeB are the thermodynamic and aerodynamic particle diameters, χ is particle  

shape factor, ρ B0B is unit density (1 g cmP

-3
P), ρ is the actual particle density, and C(dBth B) and 

C(dBaeB) are slip correction factors at these two diameters (Hinds 1999).  The aerosol 

particles might be composed of product, ambient impurities, and substances from other 

areas.  Therefore, elemental composition analyses of particles with different sizes make it 

possible to trace the source of aerosols and relate other particle properties with size.  

The radioactivity concentrations of phosphate materials, including matrix, products, 

by-products, and waste have been the subject of many previous studies (Burnett et al. 

1995; EPA 1977; EPA 1978; Guimond 1978; Guimond and Windham 1975; Hull and 

Burnett 1996; Laiche and Scott 1991; Owen and Hyder 1980; Roessler et al. 1979; 

Warren et al. 2001).  The principal radionuclides contained in phosphate material are of 
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the P

238
PU decay series.  It has been noted that these radionuclides are initially in secular 

equilibrium within the matrix, yet are concentrated non-uniformly within product or by-

product materials after various process steps.   

The objectives of the present study were to make direct measurements of the 

particle size distribution, mass density, shape, chemical composition, and radioactivity 

concentrations at worker environments within several facilities in the central and north 

Florida phosphate industry.    The database of particle size and physiochemical properties 

thus established is needed for more worker-specific assessments of radiation inhalation 

exposures devoid of potentially conservative default assumptions. The data collected will 

also provide important information to the phosphate industry and to state regulators as 

they assess the need for any changes in established respiratory and other radiological 

protection policies.   

2.2 Materials and Methods 

2.2.1 Dose Sensitivity to Aerosol Parameters 

A sensitivity study was first conducted to determine the degree to which various 

aerosol physicochemical properties contribute to uncertainties in the effective dose to 

phosphate workers during inhalation exposures of P

238
PU and P

230
PTh aerosols.  Values of the 

50-year committed effective dose per unit intake (e.g., effective dose coefficient) to 

workers under light exertion were computed using the Integrated Modules for Bioassay 

Analysis (IMBA) code of James et al. (James et al. 2003).  The IMBA code is based upon 

the ICRP 66 HRTM as well as the more recent elemental biokinetic models published by 

the ICRP.  The program explicitly accounts for the in-growth of decay progeny following 

inhalation of the P

238
PU and P

230
PTh parent aerosol particle. 
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Table 2-1 lists the aerosol input parameters considered.  Initially, the effective dose 

coefficient was calculated using ICRP default aerosol parameters.  In the ICRP 66 model, 

the particle size distribution is characterized by a single log-normal distribution with an 

activity median aerodynamic diameter (AMAD) of either 5 µm for workplace exposures 

or 1 µm for environmental exposures to members of the general public.  In both cases, 

the distribution is further characterized by a geometric standard deviation (GSD) given as 

a function of the corresponding activity mean thermodynamic diameter (AMTD).  Other 

ICRP 66 default parameters include a particle density of 3 g cmP

-3
P, a shape factor of 1.5, 

and a moderate level of solubility (type M) for P

238
PU and a slow level of solubility (type S) 

for P

230
PTh within the lung fluids following particle deposition.   

Next, the IMBA code was use to generate P

238
PU and P

230
PTh effective dose coefficients 

in which each aerosol parameter was varied over a reasonably broad but realistic span of 

values.  The particle size distribution was allowed to vary from an AMAD of 0.01 µm to 

an AMAD of 100 µm while the GSD was set to unity (mono-size distribution) or to 6.2, 

roughly the square of the ICRP default values.  The particle density was then set to values 

of  either 0.7 or 11 g cmP

-3
P, while the particle shape factor was given a value of either 1.0 

(spherical) or 2.0 (elongated) (Hinds 1999).   

2.2.2 Particle Size Distribution 

Fig. 2-1 briefly depicts the various industrial processes in the Florida phosphate 

industry.  A previous study has shown that dry product manufacturing area, dry product 

storage warehouse, and shipping area have the highest potential for worker radiation 

exposure (Birky et al. 1998).  Final phosphate products are generated in dry product 

manufacturing areas, which accommodate systems for product granulation, screening, 
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and drying.  The products are loaded directly for shipping, or are moved to a storage 

warehouse for later shipment.  All processes are associated with aerosol-generating 

activities either from automated mechanical systems or mobile heavy equipment.  In this 

study, air samples were collected at granulator, storage, and shipping areas within 6 

different phosphate processing plants in either the central or northern regions of Florida. 

A PM B2.5 Bdichotomous sampler was employed for pre-sampling studies to estimate 

particle concentrations.  These measurements were used in turn to estimate maximum 

cascade impactor sampling times at each worker area.  By so doing, impactor stage 

overload and subsequent particle-bounce effects could be avoided.  A University of 

Washington (UW) Mark III Cascade Impactor was used to characterize the particle size 

distribution (Marple 2004; Pegnam and Pilat 1992; Pilat et al. 1970).  The UW Mark III 

impactor consists of 7 impactor stages followed by a final collection filter thus 

partitioning particles into 8 different size ranges (Pilat 1998).  The cutoff size of each 

stage was calculated by the methods of Marple and Willeke and employing the value of 

0.49 for the square root of the Stokes number (John 1999; Marple and Willeke 1976; 

Rader and Marple 1985; Sethi and John 1993).  The aerodynamic cutoff sizes were 

calculated as 21.50, 9.38, 3.57, 1.76, 0.97, 0.51, and 0.26 µm for the 1P

st
P to 7 P

th
P impactor 

stages at a flow rate of 15 L minP

-1
P.  The upper particle size limit of the cascade sampler 

was taken to be 100 µm following that for the total suspended particulate high-volume air 

samplers (EPA 1999).  The lower limit of particles collected on the final collection filter 

was taken to be 0.03 µm, a value typical of those employed in similar studies (Divita et al 

1996; Howell et al 1998; Marley et al 2000; Wagner and Leith 2001). 
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A polycarbonate screen membrane film was placed over the cascade impactor 

substrate to facilitate particle removal as needed for subsequent analyses of particle shape 

and elemental composition.  The samplings were conducted as close as possible to 

current worker locations, and the height of the inlet nozzle of the cascade impactor was 

set at a nominal breathing height of 1.5 m.  The cascade impactor was operated at a flow 

rate of 15 L minP

-1
P for 3 to 27 hours depending on the predetermined aerosol concentration 

at each area.  Duplicate samplings were conducted at all locations.  After sampling, 

impactor substrates containing aerosols were removed from the impactor, desiccated for 

24 hours, and then weighed using a microbalance (Sartorius, MC210S).  Additionally, a 

PM B10B high-volume sampler (Sierra-Andersen, Model 1200) was used to collect aerosols 

with an aerodynamic diameter ≤ 10 µm as needed for analyses of both particle density 

and radioactivity content.  Samplings without the PM B10B orifice were also conducted to 

collect aerosols at larger sizes (≤ 100 µm). 

2.2.3 Particle Density, Shape, and Elemental Composition 

The mass density measurements using a pycnometer (Quanatachrome, 

Ultrapycnometer 1000) were made of (1) bulk dry products (including monoammonium 

phosphate or MAP, and diammonium phosphate or DAP), (2) settled particles from  

granulator areas, and (3) airborne particles collected by high-volume sampler at 

granulator areas within the 6 Florida phosphate processing plants.   A limited number of 

air samples collected by cascade impactor were further analyzed for both particle shape 

and elemental composition using Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-ray Spectroscopy (EDXS), respectively.  Particles of 3 size ranges from 3 

different areas at 2 different plants were analyzed for this portion of the study. 
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2.2.4 Particle Radioactivity 

The mass fraction of uranium in dry products ranges from 0.014% to 0.025% 

(Guimond 1978; NCRP 1987; Owen and Hyder 1980; Roessler et al. 1979).  The small 

mass of air samples collected at each cascade impactor stage resulted in radioactivity 

loadings that were generally below detectable limits using high-efficiency gamma-ray 

spectroscopy.  Consequently, radioactivity measurements were carried out using bulk dry 

products, settled particles, and air samples collected by PMB10 B high-volume sampler with 

aerodynamic diameters smaller than 10 µm and 100 µm. 

A well-type High Purity Germanium (HPGe) detector was employed for 

radioactive measurement because of its high photon detection efficiency.  The gamma-

ray spectroscopy system was calibrated with respect to both photon energy and photon 

detection efficiency using a uranium ore standard from the U.S. Department of Energy 

New Brunswick Laboratory.  Phosphate ores contain P

238
PU series as well as naturally 

occurring P

40
PK (Birky et al. 1998).  The entire P

238
PU series is depicted in Fig 2-1.  The 

contribution of P

40
PK to inhalation dose is negligible compared to the P

238
PU series.  

Radioactivity measurements were primarily focused on P

238
PU, P

226
PRa, and P

210
PPb as any 

deviation from natural decay-chain equilibrium would typically occur at the longer-lived 

daughters such as P

226
PRa and P

210
PPb.  Collected samples were sealed for 30 days in small 

plastic vials suitable for counting in the HPGe well detector to re-establish secular 

equilibrium between P

226
PRa and its P

222
PRn progeny prior to measurement.  In this manner, 

higher yield gamma-ray photons from P

214
PPb and P

214
PBi can be used to estimate the 

radioactivity of the P

226
PRa parent within the sample.  Following the 30-day hold period, the 

samples were counted for 24 to 48 hours.   
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2.3 Results and Discussion 

2.3.1 Dose Sensitivity to Particle Properties 

Figure 2-3 displays the inhalation dose coefficients of P

238
PU and P

230
PTh as a function 

of each aerosol characteristic given in Table 2-1.  The single solid circle and solid 

triangle indicate dose coefficients for ICRP default aerosol values for general public 

exposures and workplace exposures, respectively.  The default effective doses per unit 

intake of P

238
PU and P

230
PTh for the general public are noted to be 1.53 and 1.78 times that for 

radiation workers due to the smaller size distribution and thus deeper lung deposition 

assumed for environmental aerosols within the ICRP 66 inhalation model.  

Dose coefficients were further calculated as a function of AMAD with other 

aerosol parameters held constant at their ICRP 66 default values.  In general, the 

inhalation dose coefficient decreases with increasing AMAD over the size range 0.01 to 

100 µm.  For P

238
PU, aerosols with 0.01 and 0.1 µm AMAD log-normal distributions result 

in effective dose coefficients that are 9 and 3 times that of a 1 µm AMAD distribution, 

respectively.  Conversely, effective doses for aerosols with AMADs of 10 and 100 µm 

are 1/2 and 1/12 of those for 1 µm AMAD distributions.  Inhalation of P

230
PTh with 0.01, 

0.1, 10, and 100 µm AMADs, respectively, results in effective doses 5 and 3 times 

higher, or 1/4 and 1/10 times lower than that of 1 µm AMAD P

230
PTh.   

If the aerosol is present as single monodisperse particles (GSD=1), Figure 2-3 

indicates that the inhalation dose coefficient decreases with increasing particle size down 

to a particle size of ~0.6 µm, and subsequently increases to a maximum value at a particle 

size of ~2.5 µm.  After reaching this maximum, the effective dose per unit intake again 

decreases with increasing particle size.  The shape of the effective dose coefficient is 
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related to the regional lung deposition of aerosol particles as a function of particle size.  

Aerosols deposited deeper within the respiratory tract (e.g., alveolar region) result in 

longer retention times and thus higher radiation absorbed doses in comparison to those 

deposited primarily within the upper regions of the respiratory tract (e.g., extra-thoracic 

region), as the latter is removed to the gastrointestinal (GI) tract faster through 

mucociliary action.  The regional deposition fraction of mono-size aerosols (GSD=1) 

shows an initial decrease with particle size, an increase to a maximum value, and then a 

decrease once again for all sub-regions of the respiratory tract, including the extrathoracic 

airways, the bronchial, bronchiolar, and alveolar-interstitial regions (Kim et al. 2005).  

This local maximum in the effective dose coefficient within the 1 to 10 µm size region is 

dampened considerably as the aerosol size distribution widens. 

Particle deposition in the respiratory tract depends on two characterizations of the 

aerosol particles: the aerodynamic diameter and the thermodynamic diameter given in Eq. 

2-1.  A higher mass density and smaller shape factor thus decreases the thermodynamic 

diameter for the same aerodynamic size and allows for deeper penetration of the aerosol 

within the lung airways, which results in a higher lung (and effective) dose per unit intake.  

As demonstrated in Figure 2-3, once the aerosol size is well characterized (AMAD value), 

inhalation effective dose coefficients for P

238
PU and P

230
PTh are shown to vary no more than a 

factor 2 from ICRP 66 default values with changes in particle mass density, particle 

shape factor, or distributional GSD. 

This effective dose sensitivity study indicates that the aerosol size distribution is 

one of important input parameters for individual and site-specific dose assessments.  The 

focus of the present study is thus to provide site-specific data on all aerosol 
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characteristics within the Florida phosphate industry as needed for worker dose 

assessment, with particular emphasis on the particle size distribution.   

2.3.2 Particle Size Distribution 

Fig. 2-4 displays aerosol size distributions at granulator, storage, and shipping areas 

across all 6 Florida phosphate facilities participating in the study.  For clarity, the 

distributions are depicted as connected scatter plots rather than as histograms.  Each data 

point thus represents the aerosol mass concentration at the geometric mean of the 

impactor stage.  The data points shown are mean values of duplicate samples.   

For each worker area, aerosol size measurements are shown not to follow a normal 

distributional shape on a logarithmic size scale (i.e., lognormal distribution). Aerosol 

mass is increasingly concentrated at larger aerosol sizes for the majority of the plants and 

operational areas of the study.  Aerosol mass concentrations in the larger size intervals 

are generally higher at granulator and storage areas, with values dependent upon the 

operational systems, mechanical activity levels, ventilation, and building structures at the 

various sampling areas.  In general, operational systems in granulator areas include 

granulators, screeners, dryers, and conveyers that all run during product manufacturing 

and thus generate aerosols in the work environment.  Those in storage areas include 

conveyors, reclaimers, and heavy equipment such as bobcat trackers or payloaders.  

Conveyors move products from granulator areas to storage areas or from storage areas to 

shipping areas for cargo loading.  Various types of heavy equipment are used to move 

products inside storage areas for shipping and they typically generate aerosols to a greater 

extent than conveyors or reclaimers.  Furthermore, ventilation is an important factor in 

the observed aerosol mass concentration.  Dilution of highly concentrated aerosols to the 
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ambient air via opened doors within the storage facility can greatly reduce aerosol mass 

concentrations.       

The gradient of aerosol mass concentration with aerosol size (slopes in Fig. 2-4) is 

greater in both the granulator areas (except at plant F), and in those storage areas with 

high levels of operational activity (plants D and F).  Within larger size intervals, aerosol 

mass concentrations at granulator, storage, and shipping areas vary approximately 2 – 3 

orders of magnitude.  In contrast, variations in concentration within the smallest size 

intervals generally decrease at all three operational areas.  

For granulator areas, aerosol mass concentrations show a similar trend except at 

plant F where a roughly size-independent distribution is noted.  In addition, the 

concentration variance between plants (excluding plant F) is less than those seen at 

storage or shipping areas.  Generally, the granulator area is operated mainly under steady-

state conditions.  Several systems including granulator, dryer, screen, and conveyor are 

operated such that all introduce aerosols to the worker breathing environment.  

Granulator areas are isolated from ambient air, and thus external conditions such as 

weather do not influence indoor aerosol mass concentrations.  The maximum mass 

concentration differences among the various plants are 1.5 orders of magnitude at large 

aerosol sizes (excluding plant F), and about 1 order of magnitude at smaller aerosol sizes.  

The aerosol mass concentrations at plant F are much lower than those at other plants at 

the larger aerosol sizes.  Unlike the other phosphate plants in this study, Plant F employs 

a scrubber system, which includes a fan to move aerosols and fumes through water 

flowing into plastic packing.  The aerosols and fumes contacting the water are removed 

from the air-stream.  Nonetheless, aerosol mass concentrations at sizes of a few tenths of 
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a micrometer are comparable to those at other plants.  In fact, in the smallest aerosol size 

range (0.03 – 0.26 µm), the aerosol mass concentration at Plant F is noted to be higher 

than that found at other facilities.   

Aerosol mass concentrations at storage areas show several different trends in 

comparison to those at granulator areas.  The variation is wide at a given aerosol size 

range.  The maximum concentration difference at large aerosol sizes is more than a factor 

of 1000.  For plants D and F, aerosols are mainly concentrated at larger sizes, where they 

achieve magnitudes comparable to those seen at granulator areas.  For the other plants, 

large-sized aerosol mass concentrations are much lower than those seen at their 

granulator areas.   

Air sampling results at storage areas are highly dependent on specific types of work 

activities and other conditions within the buildings.  There are times when only conveyer 

systems are in operation for the product stack.  Alternatively, heavy equipment is 

sometimes in operation for product loading or moving.  The wide differences of activity 

levels in the warehouses account for the wide variations in aerosol mass concentrations 

observed within the storage areas of Fig. 2-4B.  During low-level activity, fewer aerosols 

are generated.  Large-sized aerosol concentrations decrease significantly due to rapid 

settling.  If the warehouse is open to ambient air, the mass concentration decrease is more 

pronounced due to dilution.  Table 2-2 shows the types of operational systems and 

ventilation conditions at storage areas during air sampling.  The aerosol mass 

concentration is the highest at plant D where the warehouse doors were always closed 

during operation of heavy equipment.  For other plants, only conveyor systems were in 

operation during aerosol sampling, or the doors were open to outside air during heavy 
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equipment operation.  For Plant A-b (2), there was no mechanical activity at the time of 

sampling, and thus the aerosol concentration was extremely low.   

Aerosol mass concentrations are generally the lowest at shipping areas - about one 

order of magnitude less than found at granulator areas for a given aerosol size interval.  

The concentrations show a wide variability depending on the specific plant in question.  

The maximum mass concentration difference is about a factor of 25 for large aerosols and 

about a factor of 10 for small aerosols.  A car-loading system is the only operational 

device that can generate aerosols in the shipping area.  In addition, the shipping areas are 

open to the ambient environment where conditions such as wind or rain can strongly 

influence the aerosol mass concentration.  Aerosols generated from the car-loader are 

then quickly diluted in the atmosphere, and are thus generally lower than at either the 

storage or granulator areas. 

2.3.3 Particle Density, Shape, and Elemental Composition 

Table 2-3 lists the measured densities of bulk products, settled particles, and air 

samples.  As there was no discernable density difference between the bulk products MAP 

and DAP, the data are given only for the different sample types.  The mass densities of 

bulk products, settled particles, and airborne particles smaller than 100 µm are identical 

at ~1.7 g cmP

-3
P, whereas the mass densities of airborne particles smaller than 10 µm were 

found to be slightly less than this value.  

Particle shape analysis was conducted on air samples from 3 different areas within 

2 different chemical processing plants.  Fig. 2-5 shows particles of different sizes 

collected at the granulator area of plant A.  Since the particles were compressed during 

impaction on the filter (e.g., Fig. 2-5B), it was difficult to differentiate each individual 
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particle from the aggregate particle mass.  Single particles can be found at the edges of 

the impactor stage, and thus images of these edge particles were used for particle shape 

analysis (e.g., Figs. 2-5A and 2-5C).  In general, all particles of various sizes appeared as 

spheroids or as rough spherical fragments.  No fiber-like particles were found.  Particle 

shape influences the particle drag force, and is thus characterized by the dynamic shape 

factor defined as the ratio of the resistance force of the true non-spherical particle to that 

of a spherical particle of unit density (Hinds 1999).  Dynamic shape factors for 

occupational aerosols typically range in value from 1.1 to 1.9 (Mercer 1973).  In ICRP 

Publication 66, a reference dynamic shape factor of 1.5 is suggested for occupational 

radioactive aerosols.  Johnson et al. calculated dynamic shape factors of several non-

spherical particles, and noted that they ranged from unity (spherical particles) to values of 

1.09 to 1.23 for cylindrical particles having axial ratios of 2 to 5, respectively (Johnson et 

al. 1987).  Axial ratios of most particles observed in this study did not exceed a value of 2.  

Consequently, a shape factor of unity can be assumed for the airborne particles in the 

Florida phosphate industry as needed for inhalation dose assessment.  

Another benefit of the shape analysis is to verify the cutoff size at each stage of the 

Mark III cascade impactor.  If a particle has a dynamic shape factor of unity, the volume 

equivalent diameter ranges at the 1P

st
P, 4P

th
P, and 7P

th
P stages are 17.0 – 79.1 µm, 1.4 – 2.8 µm, 

and 0.2 – 0.4 µm, respectively.  The geometric size ranges of particles observed under 

SEM were found within these calculated values. 

Table 2-4 shows the chemical form of dry products which include primarily 

nitrogen and phosphorus.  The dry products also contain other impurities including 

calcium, iron, aluminum, magnesium, sulfur, and silicon, although the mass fraction of 
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these elements are around 10% (CF 2003a; CF 2003b; Mosaic 2003a; Mosaic 2003b; 

PCS 2003a; PCS 2003b).  Fig 2-6 shows EDXS count peaks for sampled airborne 

particles.  Large characteristic X-ray peaks are found at energies corresponding to carbon, 

oxygen, and phosphorus for large-sized (1P

st
P impactor stage) and medium-sized (4P

th
P 

impactor stage) particles.  For small-sized (7P

th
P impactor stage) particles, the phosphorus 

peak is significantly depressed, while dominant peaks are noted at X-ray energies 

corresponding to both sulfur and silicon.  The carbon peaks come from the coating 

material required as part of sample preparation prior to SEM scanning, and can thus be 

disregarded in the composition analyses. 

Qualitative trends are noted in the data of Table 2-5 showing the elemental 

composition of sampled airborne particles via EDXS for different particle size ranges.  

The product types from plant A and D are MAP and DAP, respectively.  The airborne 

particles contain various impurities, with silicon and sulfur being the more dominant ones.  

The particles collected on the 1st and 4th impactor stages contain ~12 to 28% phosphorus.  

The fraction of silicon and sulfur in these samples is very low in comparison.  For small-

sized particles, the fraction of phosphorus decreases to between 0.7 and 2.9%, while the 

fraction of silicon and sulfur increases to ~20% for the majority of samples (except that 

from the storage area in plant D).  The results imply two aerosol sources in this work 

environment.  The first contributes to large-sized aerosols whose main component is the 

phosphate product.  The other contributes to small-sized aerosols whose main 

components are sulfur and silicon.  Nevertheless, the phosphorus fraction of small-sized 

particles (7th impactor stage) from the storage area at plant D is still more than 20%.  As 

mentioned earlier, the storage area in plant D is operated at a high level of mechanical 
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activity without ventilation, thus showing very high aerosol mass concentrations.  The 

aerosol contribution from phosphate materials due to high levels of mechanical activity 

exceeds that from sulfur or silicon, and thus the phosphate concentration is still high for 

this particular facility.  Phosphate products are derived from reaction between phosphoric 

acid and ammonium gas, where the phosphoric acid portion contributes the TENORM 

radioactivity in the product.  In contrast, ammonium is not typically associated with 

natural radioactivity (NCRP 1987).  As a result, the radioactivity of the sampled aerosols 

is thought to be primarily correlated with the amount of phosphorus in the aerosol sample. 

2.3.4 Particle Radioactivity 

Table 2-6 shows radionuclide concentrations in bulk products, settled particles, and 

airborne particles.  For bulk dry products and settled particles, the radioactivity 

concentration of P

238
PU is significantly higher than that found for either P

226
PRa or P

210
PPb.  The 

radioactivity concentrations of P

210
PPb are ~5-11 times that of P

226
PRa.  During the chemical 

process for phosphoric acid generation, a redistribution of the P

238
PU decay series occurs 

from its original state of secular equilibrium within the phosphate rock (Burnett et al. 

1995; Guimond and Windham 1975; Laiche and Scott 1991; Lardinoye et al. 1982; 

Roessler et al. 1979).  In this redistribution, uranium selectively localizes within product 

materials, while radium tends to localize in the by-product material known as 

phosphogypsum.  The results given in Table 2-6 show a similar trend.  For P

210
PPb, 

different theories for its localization have been proposed.  Roessler suggested that P

210
PPb 

localizes in the bulk dry product, while Horton et al. indicated it localizes in 

phosphogypsum (Horton et al. 1988; Roessler 1990).  In this study, it is seen that P

210
PPb 

does not localize in the bulk dry product, but in by-product materials during chemical 

processing.  The radionuclide concentrations in bulk products are in the range of those 
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reported previously (P

226
PRa in DAP and P

226
PRa and P

238
PU in MAP) or slightly higher than 

previously reported (P

238
PU in MAP) (Guimond 1978; NCRP 1987; Owen and Hyder 1980; 

Roessler et al. 1979).  For settled particles and airborne particles, the radioactivity 

concentrations of P

238
PU and P

226
PRa in most samples are within the range of reported data 

except for P

238
PU in settled DAP dust, which is slightly higher than that previously reported.   

The radioactivity concentration of P

238
PU in airborne particles from northern Florida are 

lower than those from central Florida, which is likely due to its lower radioactivity 

concentration in source material or phosphate matrix in that region of the state (Roessler 

et al. 1979). 

Between MAP and DAP, no significant radioactivity differences are found for bulk 

dry products, settled dust, and sampled aerosols.  Although mean P

238
PU radioactivity 

concentrations of airborne particles are slightly less than those in bulk products and 

settled particles, the difference is insignificant considering deviation among samples.  

The radioactivity concentrations of P

226
PRa in airborne particles are higher than those in 

bulk products and settled particles, but still within one standard deviation.   

The radioactivity concentrations of P

210
PPb in bulk products and settled dust are also 

similar.  However, significantly higher radioactivity concentrations of P

210
PPb are found in 

the sampled aerosols.  The P

210
PPb radioactivity of MAP aerosols (3204 Bq kg P

-1
P) is even 

higher than the P

238
PU radioactivity concentration (2039 Bq kgP

-1
P).  The increased P

210
PPb 

radioactivity is suggested to come from the deposition of ambient airborne radon-decay 

products in these worker environments.  The half-lives of radon progeny, including P

218
PPo, 

P

214
PPb, P

214
PBi, and P

214
PPo, are very short, and thus they decay to P

210
PPb during aerosol 

suspension.  The attachment of radon progeny to aerosols has been studied extensively 
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(Butterweck et al 1992; Kesten et al 1993; Reineking et al 1992; Reineking et al 1994).  

These authors report that more than 90% of radon decay products are attached to aerosols 

in the indoor condition, and that the aerosol attached fraction is close to unity in the 

working condition. 

2.4 Conclusions 

An accurate assessment of worker risk due to inhalation of TENORM aerosols 

requires detailed and site-specific knowledge of a range of aerosol properties.  In this 

study, TENORM-containing aerosols in the Florida phosphate industry have been 

characterized to include the particle size distribution, mass density, shape, elemental 

composition, and radioactivity concentration.  In addition, a sensitivity study was 

conducted regarding the variations in the effective dose per unit intake of P

238
PU and P

230
PTh 

aerosol particles with corresponding variations in each aerosol parameter value.  Of 

particular importance is the aerosol size distribution.   

Aerosol size distributions do not follow a lognormal pattern, where aerosol mass 

concentration is noted to increase with increasing particle size.  The airborne particle 

concentration at each plant and location varies widely over 1 to 1.5 orders of magnitude 

at granulator and shipping areas, and over a factor of a 1000 at storage areas.  Mass 

densities of particles range about 1.6 to 1.7 g cmP

-3
P.  The shapes of particles appear as 

spheroids or rough spherical fragments.  A high fraction of phosphorus is associated with 

both large (21 - 100 µm) and medium (1.76 - 3.57 µm) -sized airborne particles.  For 

small-sized airborne particles (0.2 - 0.4 µm), sulfur and silicon are found to be dominant 

over elemental phosphorus.  Radioactivity concentrations of P

238
PU in products and 

particles are much higher than those of P

226
PRa, since P

238
PU selectively localizes to the 
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product from phosphate source material while P

226
PRa tends to localize in by-product 

materials.  Radioactivity concentrations of P

210
PPb in both bulk dry products and settled 

particles are between those of P

238
PU and P

226
PRa.  However, its concentration significantly 

increases in airborne particles due to attachment of radon decay products on the particles.  

The database established in this study can thus be used for radiation exposure 

assessments to workers and to members of the general public.  In addition, the 

information is useful to phosphate companies and regulators in their consideration of 

health protection programs and policies regarding both respiratory and radiological 

protection.  
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Table 2-1. ICRP 66 HRTM default aerosol parameters and input aerosol parameters for 
dose sensitivity study   

Aerosol  
Parameters ICRP Default Values Input Parameters 

 for Dose Calculation 
Aerosol size 
 
 
DistributionP

 a
P
 

 
 
 
 
 
Density 
 
Shape factor 
 
Absorption type P

 b
P
 

AMAD = 5 µm (workplace)  
AMAD = 1 µm (general public) 
 
log-normal distribution 
GSDBICRP66 B=1+1.5[1-(100AMTDP

1.5 

P

                             
P+1)P

-1
P]P

 
P
 

                = 2.50 for 5 µm AMAD 
                = 2.47 for 1 µm AMAD 
 
3 g cmP

-3
P
 

 
1.5 
 
type M (P

238
PU) P

 
P
 

type S (P

230
PTh) 

AMAD = 0.01 – 100 µm 
 
 
GSD = 1 and GSDBICRP66 PB

2
P
 

 
 
 
 
 
0.7 and  11 g cmP

-3
P 

 
1 and 2 
 
type M (P

238
PU) 

type S (P

230
PTh) P

 
P
 

P

a 
PAMTD is Activity Median Thermodynamic Diameter. 

P

b 
PIn the lack of information, type M is recommended for uranium and type S is 

recommended for thorium in ICRP 71 Publication (ICRP 1995b). 
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Table 2-2. Active operational systems and ventilation conditions during airborne particle 
sampling at the various storage areas 

Plant P

a
P
 Running System Ventilation 

A-a Conveyor, Reclaimer Closed 
A-b (1) None Open 
A-b (2) Payloader Open 

B Payloader Open 
C Conveyor Open 

D-a Reclaimer Closed 
D-b Payloader Closed 
E Payloader Open 
F Payloader Open 

P

a
P Capital alphabets are plant identifiers.  Plant A-a and Plant A-b refer to the same 

company plant (Plant A), but two different locations within the plant.  A-b (1) and A-b 
(2) indicate two different samplings at the same location. 
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Table 2-3. Mass density of bulk products, settled particles, and airborne particles 

Type of Sample Number of 
Samples 

Mean Density 
(g cmP

-3
P) 

Bulk product 11 1.72 ± 0.08 
Settled dust 11 1.71 ± 0.07 

Aerosol (≤100  µm) 4 1.70 ± 0.06 
Aerosol (≤10 µm) 6 1.59 ± 0.07 
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Table 2-4. Composition information for dry product ingredients (Mosaic 2003a; Mosaic 
2003b; PCS 2003a; PCS 2003b) 

Component (w%) Product 
Type 

Chemical 
Formula N P 

Other Elements or Compounds 

MAP NHB4 BHB2 BPOB4 B 10~11 22 

DAP (NHB4 B) B2 BHPOB4 B 18 20 

Calcium, Magnesium, Iron and 
Aluminum Sulfates, Phosphates, 

Silicates, and Fluorides 
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Table 2-5. Phosphorus, silicon, and sulfur composition in different sized particles  
Component (w%) 

Plant A (MAP) Plant D (DAP) Area Impactor 
Stage 

P Si S P Si S 
1 P

st
P
    28.3 0.3 1.7 

4P

th
P
    21.7 3.0 3.0 Granulator 

7P

th
P
    2.9 13.3 8.9 

1P

st
P
 17.3 6.0 1.9 19.4 5.5 2.8 

4P

th
P
 13.2 2.9 0.4 24.1 0.3 2.2 Storage 

7P

th
P
 0.7 10.7 13.0 21.5 0.3 7.4 

1P

st
P
 25.9 1.3 1.5 27.3 2.4 4.3 

4P

th
P
 26.6 1.5 2.0 12.3 2.5 7.1 Shipping 

7P

th
P
 2.5 5.7 19.3 1.7 13.4 21.9 
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Table 2-6. P

238
PU, P

226
PRa, and P

210
PPb radioactivity concentrations in bulk dry products, settled 

particles, and airborne particles.  Mean and one standard derivation are given 
for n > 1. 

Mean Radioactivity Concentration (Bq kgP

-1
P) 

Product Type: Sample 
n P

238
PU P

226
PRa P

210
PPb 

Central Florida     
DAP: 

P

a
PPublished  values  1702 – 3064 22 – 448  

 Bulk product 4 3337 ± 892 41 ± 22 248 ± 141 
 Settled particle 3 4151 ± 1047 30 ± 4 344 ± 118 
 Airborne particle (≤100 µm) 3 2419 ± 629 68 ± 61 596 ± 352 
 Airborne particle (≤10 µm) 4 2575 ± 821 93 ± 56 955 ± 274 
      

MAP: P

a
PPublished values  1702 – 3064 52 – 799  

 Bulk product 4 2335 ± 381 56 ± 19 311 ± 163 
 Settled particle  4 2623 ± 725 44 ± 19 333 ± 263 
 Airborne particle (≤100 µm) 1 1843 95 2313 
 Airborne particle (≤10 µm) 1 2039 141 3204 
      

Northern Florida     
DAP: 

P

a
PPublished values  936 19  

 Airborne particle (≤100 µm) 1 1322 44 639 
 Airborne particle (≤10 µm) 1 1088 30 944 

P

a 
PData from studies by Guimond (1978), Roessler et al. (1979), Owen and Hyder (1980), 

NCRP (1987), and Birky et al. (1998). 
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Figure 2-1. Series of processes for phosphate product manufacture.  Rectangular and oval 

elements of the chart represent, respectively, the type of process and the 
phosphate material at each process. 
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Figure 2-2. P

238
PU decay series 
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Figure 2-3 Inhalation dose coefficients for various particle parameters: (A) P

238
PU and (B) 

P

230
PTh.  The other parameters follow the ICRP 66 HRTM default particle 

values except as indicated in the legend.  
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Figure 2-4. Airborne particle size distribution: (A) granulator area, (B) storage area, and 

(C) shipping area.  Capital alphabets in legend are plant identifiers.  Plant A-a 
and Plant A-b refer to the same company plant (Plant A), but two different 
locations within the plant. 
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Figure 2-4. Continued 
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Figure 2-5. SEM analysis of different sized airborne particles: (A) Particles collected on 
the 1P

st
P impactor stage, (B) 4P

th
P impactor stage, and (C) 7P

th
P impactor stage. 
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Figure 2-6. EDXS count peak for different sized particles: (A) large-sized particles (1P

st
P  

impactor stage), (B) medium-sized particles (4P

th
P impactor stage), and (C) 

small-sized particles (7P

th
P impactor stage).  
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CHAPTER 3 
EFFECTIVE DOSE SCALING FACTORS FOR USE WITH CASCADE IMPACTOR 

SAMPLING DATA IN TENORM INHALATION EXPOSURES  

3.1 Introduction 

One of the most important dose modifying parameters of inhaled particles is 

particle size distribution.  It determines particle inhalability and deposition fractions in 

sub-regions of the respiratory tract (ICRP 1994).  Particle size distributions within the 

workplace and environment can be determined through air sampling via cascade 

impactors.  The cascade impactor is a multistage impaction device used to separate 

airborne particles according to their aerodynamic size.  As shown schematically in Fig. 3-

1, the airborne particle to be sampled is drawn through a series of progressively narrower 

jets (hence higher speeds), each followed by an impaction surface or collection plate.   

The air stream passes through the first jet, flows around the impaction surface which 

obstructs the flow in the forward direction, then through the next jet and so on through 

each succeeding stage.  When the air stream curves to flow around the obstructing 

impaction surface, those particles with excess inertia will impact while the others will 

remain airborne and continue to flow to the next stage.  After traveling to the last stage, 

the stream is drawn through a final collection filter.  The aerodynamic cut diameter, 

defined as the mean particle size below which particles may pass to the following stage, 

can be controlled by changing the air flow rate (John 1999; Marple and Willeke 1976; 

Pilat 1998).    
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Once particle properties are characterized, radiation dose due to particle inhalation 

can be calculated using the ICRP 66 Human Respiratory Tract Model (HRTM).  Due to 

the complexity of the ICRP 66 HRTM, one must generally resort to a computer program 

to apply the model for a specific exposure scenario.  In 1993 and 1995, the National 

Radiological Protection Board (NRPB) of Great Britain released its Lung Dose 

Evaluation Program (LUDEP) software, allowing the use of the ICRP 66 HRTM for dose 

assessment (Jarvis et al. 1993; Jarvis et al. 1996).  Using LUDEP, the dose and dose rate 

to respiratory tract tissues, as well as other systemic organs of the body, are computed 

following a given intake.  In the LUDEP code, values of lung and effective dose are 

computed readily only in cases where radioactivity is (1) distributed log-normally as 

described by the particle AMAD, or (2) concentrated at a single particle size (Geometric 

standard deviation-GSD = 1).  If the aerosol size distribution is characterized via cascade 

impactor measurement and found not to follow a log-normal distribution, the dose 

calculation must be performed via a summation of doses calculated separately using the 

particle-size ranges for the impactor.  For materials leaving the respiratory tract, LUDEP 

employs the ICRP 30 biokinetic models (ICRP 1979). 

Air sampling with the cascade impactor allows one to determine the radioactivity 

concentration for each impactor stage (i.e., particle size range).  Generally, the measured 

data are first fit to a continuous function (e.g., log-normal distribution) and then the 

function is used directly in the inhalation dose assessment.  When the statistical fit is poor, 

one must revert to using the measured data directly, and one of three options is thus 

available: (1) assume that the radioactivity measured on each stage is concentrated at a 

single particle size (e.g., the median particle size of each size interval), (2) assume that 
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the radioactivity is distributed uniformly across each size interval, or (3) assume that the 

radioactivity is linearly distributed across each particle-size interval in either an 

increasing or decreasing pattern.  For option 1, the entire particle size distribution is 

rather unrealistically represented by a series of delta functions – one for each impactor 

stage.  Option 2 is equally valid from a measurement viewpoint, yet has the advantage of 

sampling particle-size variations in the effective dose across each size interval.  This 

advantage of option 2 is further enhanced under option 3 through the assignment of a 

linear activity slope across each size interval.  As noted earlier, linear distributions are not 

permitted as input to the LUDEP code, and thus they must be further approximated as a 

series of N discrete particle sizes across the impactor size range each containing a 

fraction of the total radioactivity measured for the impactor stage.  The type of 

distribution to be assumed can be guided by the relative change in activity between 

adjacent impactor stages.  While options 2 and 3 thus appear to be more realistic, these 

approaches require more computational effort.  For example, if N = 10 and the cascade 

impactor had 8 stages, options 2 and 3 would require 80 executions of the code, while 

option 1 would require only 8. 

In the present study, we present a series of inhalation effective dose scaling factors, 

SFBEB, defined as the ratio of the effective dose given under options 2 and 3 (uniform and 

linear size distribution per stage) to the effective dose given by option 1 (mono-size 

distribution per stage).  Consequently, these scaling factors allow one to run the LUDEP 

code with cascade impactor data using the less computationally demanding option 1, 

while then reporting doses under the more realistic description of options 2 and 3.  These 

scaling factors are given for several radionuclides of the P

238
PU series, for different stages 
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(i.e., particle size ranges), and for different default solubility types - F (fast), M 

(moderate), and S (slow) – as defined in the ICRP 66 HRTM. 

3.2 Materials and Methods 

3.2.1 Cutoff Size of the Cascade Impactor 

In this study, the University of Washington Mark III cascade impactor was selected 

as the representative air sampler, although the proposed methodology can easily be 

applied to other impactor devices (Pilat 1998).  The Mark III impactor consists of 7 

particle impactor stages followed by a final collection filter as shown in Fig. 3-1.  

Consequently, the size distribution of the radioactive aerosol can be partitioned across 8 

different particle-size ranges.     

The aerodynamic cut diameter, defining the beginning of each size interval, is a 

function of various jet features and particle properties.  For a round nozzle design, the 

aerodynamic cut diameter at each impactor stage is given by the following expression 

(John 1999; Marple and Willeke 1976): 

 
3

50
50

9
4 p

n W StkD C
Q

π µ
ρ

= ,       Eq. 3-1 

where DB50B is the particle diameter at 50% collection efficiency, C is the Cunningham slip 

correction factor, n is number of the jet nozzles in the sampler, µ is the fluid viscosity, W 

is the nozzle diameter, Stk B50B is the Stokes number at 50% collection efficiency, ρ BpB is the 

particle density, and Q is the jet flow rate.  The cutoff sizes, and thus the particle size 

intervals, can be adjusted by controlling the jet flow rate (Q).  In this study, the cutoff 

sizes were calculated at a flow rate of 15 L minP

-1
P (a rough approximation to the 

ventilation rate of ICRP reference workers) and are listed in Table 3-1.  In Eq. 3-1, a 

value of 0.49 was employed as the square root of StkB50 B (John 1999; Rader and Marple 
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1985; Sethi and John 1993).  The upper particle size limit of the cascade sampler was 

taken to be 100 µm following that for the total suspended particulate (TSP) high-volume 

air sampler (EPA 1999).  The lower limit of particles collected on the Teflon membrane 

final collection filter was taken to be 0.03 µm, a value typical of those employed in 

similar studies (Divita et al. 1996; Howell et al. 1998; Marley et al. 2000; Wagner and 

Leith 2001).    

3.2.2 Other Particle Properties 

Particle deposition in the respiratory tract occurs through several types of 

mechanisms.  They include gravitational settling, initial impaction, and Brownian 

diffusion.  These mechanisms are governed by two different types of particle sizes, 

aerodynamic diameter and thermodynamic diameter.  Particle shape and density in 

addition to particle size are the parameters that relate the two sizes.  Reference values of 

particle properties are given in ICRP Publication 66.  These properties, however, can vary 

greatly depending on the aerosol type, its generation mechanism, and other external 

conditions.  In particular, the aerosol properties in the environment depend on the 

surrounding matrix.  Both a particle density and a shape factor of unity rather than ICRP 

66 HRTM reference values were used for dose calculation in this study.  Initially, this 

study was conducted to calculate dose to workers in the phosphate industry.  The values 

employed in this study are closer to real properties of phosphate particles than the ICRP 

reference values.  In addition, it holds these parameters constant, thus helping to 

understand dose change as a function of particle size.  
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3.2.3 Radioactivity Distribution within a Sub-stage 

Gamma-spectroscopy measurements of aerosol particles collected at each impactor 

stage yield a single radioactivity value (e.g., total activity across the size range assigned 

to that impactor stage) (see Fig. 3-2A).  Consequently, radioactivity as a function of 

particle size across the impactor-stage size range is not measured and must be assumed in 

the inhalation dose assessment.  Generally, a mono-size distribution is typically applied 

as shown in Fig. 3-2B, where the radioactivity of collected particles is assigned to a 

single representative particle size (e.g., the geometric mean of the upper and lower size 

limits – see Table 3-1).  This discrete approach is clearly an approximation, and thus 

other assumptions may be considered.  In Fig. 3-2C, the measured impactor-stage 

radioactivity is assumed to be uniformly distributed across the size interval, while in Fig. 

3-2D and 3-2E, the radioactivity is assumed to linearly increase or linearly decrease 

across that same size interval.  The LUDEP program does not permit a linear size 

distribution assignment.  Consequently, each linear distribution must be further 

approximated by multiple sub-stages as demonstrated in Fig. 3-2F.  In this method, each 

impactor stage is divided into multiple sub-stages, and the measured radioactivity then 

follows a mono-size distribution within each sub-stage.  Mono-size distributions for each 

sub-stage particle can be approximated within the LUDEP code through assignment of a 

log-normal distribution with a geometric standard deviation of unity.  If the number of 

sub-stages within a given impactor stage is large enough, a linear radioactivity 

distribution can be accurately depicted.  However, an increase in the number of sub-

stages also increases the computational effort per exposure scenario as LUDEP must be 

run separately for each particle sub-stage. 
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In the present study, each stage of the Mark III cascade impactor is divided 

geometrically into 10 sub-stages.  For a uniform distribution, one-tenth the activity 

measured within each impactor stage is assigned to each of the ten sub-stages.  The 

activity ratio (AR), defined as the activity assigned to sub-stage 1 divided by the activity 

assigned to sub-stage 10, is thus unity for the uniform distribution.  Four other sub-stage 

distributions were additionally considered: linearly decreasing distributions with ARs of 

1:2 and 1:5 (shallow and steep slopes, respectively), and linearly increasing distributions 

with ARs of 2:1 and 5:1 (shallow and steep slopes, respectively).  These particular ratios 

were selected as representing minimum and maximum slopes seen across the cascade 

impactor size intervals within a true 1 µm or 5 µm AMAD log-normal distribution (ICRP 

66 defaults).  Effective dose scaling factors, SFBEB, can thus be developed as defined by the 

ratio of the effective dose determined under a uniform or linear distribution to that under 

a single mono-size distribution for each stage of the Mark III cascade impactor. 

3.2.4 TENORM Radionuclides  

Industrial practices utilizing natural resources may concentrate naturally occurring 

radionuclides to a degree that can potentially pose risks to workers or the general public.  

These past or present human practices thus result in the exposures to TENORM 

radionuclides.  Radionuclides of the uranium and thorium series are major constituents of 

TENORM, while the actinium series generally does not contribute to TENORM due to its 

low abundance in natural source materials.  The issues of TENORM are mainly focused 

on mechanical and chemical concentration mechanisms, deposition locations, and waste 

streams from industrial processes such as the manufacture of phosphate fertilizers (Birky 

et al. 1998).  In this study, effective dose scaling factors were calculated for the P

238
PU 
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decay series due to their relative importance in the exposure to workers and the general 

public within the Florida phosphate industry (Birky et al. 1998).    

3.2.5 Dose Calculation  

Fifty-year committed equivalent doses and committed effective doses were 

calculated for occupational workers under light exertion following inhalation of airborne 

particles containing P

238
PU decay series using the LUDEP 2.0 code.  The worker’s 

physiological and activity-related exposure parameters were taken as reference values 

given in the ICRP 66 HRTM (default values in the LUDEP code – see Table 3-2).  In 

addition, ICRP-66 default values for particle transport rates between compartments and 

absorption rates to blood were also used within the LUDEP 2.0 code.  To take advantage 

of more recent information on radionuclide biokinetic behavior, revised values of the GI 

tract absorption factor or fB1 B given in the ICRP Publication 71 were employed in lieu of 

those given in ICRP Publication 30 (see Table 3-3). 

The P

238
PU decay series is shown in Fig. 2-2.  In a given exposure scenario, a worker 

may be exposed to individual radionuclides in the series or to portions of the decay chain 

in secular equilibrium.  The dose due to inhalation of particulates encompassing a decay-

chain series can be easily calculated through summation of the doses delivered by each 

decay-chain member.  Furthermore, progeny generated by the decay of inhaled 

radionuclides will further contribute to internal dose; hence, the in-growth of progeny 

must also be taken into account.  For example, inhalation of particles containing 

equilibrium concentrations of P

210
PPb and P

210
PBi will result in organ doses from the inhaled 

parents, as well as from daughters produced within the body following inhalation (e.g., 

P

210
PBi and P

210
PPo from inhaled P

210
PPb, as well as P

210
PPo from inhaled P

210
PBi).  However, it 
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should be noted that the behavior of a given radionuclide produced during in-vivo in-

growth differs from its biokinetic behavior when present only within the inhaled aerosol.   

In ICRP Publication 30, daughter radionuclides are assumed to behave 

metabolically like the parent radionuclide except in noted cases for radioiodines or noble 

gases (ICRP 1979).  The main parameter for internal dose calculation - the number of 

decays in a source organ or tissue - is easily calculated by the relation between the 

inhaled radionuclide and its progeny.  In the more recent ICRP models, the biokinetic 

behavior of the decay product is described more fully (ICRP 1989; ICRP 1993; ICRP 

1995a; ICRP 1995b).  For example, if radioactive progeny are produced in the tissues of 

trabecular or cortical bone, they are assumed to follow the behavior of the parent 

radionuclide during their removal from the bone volume.  On the other hand, the decay 

progeny generated in other organs or tissues are assumed to follow their own biokinetic 

behavior distinct from that of the parent radionuclide.    

The biokinetic behavior of gas-phase radionuclides differs from that of solid-phase 

radionuclides.  Inhaled or in-growth P

226
PRa decays to P

222
PRn, which is removed from the 

human body rapidly as it is a non-reactive noble gas.  More recent ICRP biokinetic 

models assume that radon produced in soft tissues and on the bone surfaces is removed to 

blood at a transfer rate of 100 dayP

-1
P and that P

222
PRn entering blood from other 

compartments is removed from the human body by exhalation at a transfer rate of 1 minP

-1
P 

(ICRP 1993).  In addition, a removal rate of 100 dayP

-1
P is assigned for P

222
PRn produced in 

the respiratory tract (ICRP 1995b).  The P

222
PRn removal rate is much greater than the P

222
PRn 

decay constant of 0.18 dayP

-1
P.  Therefore, it can be assumed that P

222
PRn generated outside 

of the skeleton and its progeny contribute very little to internal dose.   
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Internal doses due to the inhalation of a radionuclide in the P

238
PU decay series 

depend in part on the physiological behavior of its progeny.  When a progeny 

radionuclide has a long physical half-life or is removed from the body rapidly, its 

contribution to internal dose is small or negligible.  When the physical half-life of a 

progeny radionuclide is short compared to its parent, most of the generated radionuclide 

will decay within the same organ or tissue as its parent.  Consequently, the number of 

disintegrations of the progeny radionuclide in a compartment can be assumed to be the 

same as that of the parent radionuclide.  For intermediate cases, the number of decays of 

a progeny radionuclide is some fraction of those of the parent that depends on the 

magnitude of the physical half-life and the removal rate.  These three decay-chain dose 

scenarios are represented in the LUDEP 2.0 code as the (1) no-merge, (2) merge, and (3) 

super-merge decay-chain options, respectively.  The biological half-life of the uranium 

series in an organ or tissue ranges from minutes to years.  The decay-chain option should 

be determined considering the progeny physical half-life and the biological removal half-

life within each compartment.  The dose calculation options utilized in this study are 

shown in Table 3-4.  The no-merge option was selected for (1) P

234
PU and P

230
PTh due to the 

long physical half-lives of their initial daughters, (2) for P

226
PRa due to the rapid removal 

rate of P

222
PRn, and (3) for P

210
PPo due to its decay to stable P

206
PPb.  The merge option was 

selected for P

234
PTh and its short-lived daughters P

234m
PPa and P

234
PPa.  Finally, the super-merge 

option was applied to P

238
PU, P

210
PPb, and P

210
PBi. 

3.3 Results and Discussion 

3.3.1 Inhalation Dose Coefficients – Variation as a Function of Particle Size  

Fig. 3-3 displays values of the inhalation dose coefficient to reference workers for 

the P

238
PU series as a function of particle size and absorption type.  All values in Fig. 3-3 
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were calculated using LUDEP 2.0.  For absorption type F (dotted lines), P

230
PTh gives the 

highest effective dose per unit intake (Fig. 3-3D).  Radionuclides of P

210
PPb, P

210
PPo, P

226
PRa, 

P

234
PU, and P

238
PU contribute the next highest values of effective dose in that order.  The dose 

coefficients for P

234
PTh and P

210
PBi are about 4 orders of magnitude smaller than those for 

P

230
PTh for type F materials. 

For absorption type M materials, P

230
PTh still contributes the greatest to the effective 

dose in relation to other radionuclides in the P

238
PU series.  The inhalation dose coefficients 

for type M P

238
PU, P

234
PU, P

226
PRa, and P

210
PPo are very close to one another.  The dose 

coefficients for P

210
PBi and P

234
PTh are smaller than those of P

230
PTh for type M materials by 2 

and 4 orders of magnitude, respectively.  For absorption type S materials, the inhalation 

dose coefficient of P

230
PTh approaches that for the other radionuclides with the exception of 

P

210
PBi and P

234
PTh. 

The inhalation dose coefficient depends on the type of radionuclide and its 

absorption type.  The radionuclide physical half-life, its distribution to and retention 

within organs and tissues of the body, and its absorption type determine how many 

nuclear transformations occur within these source tissues.  In addition, the type of emitted 

particle and its energy determines values of the radiation weighting factors (wBR B) and thus 

its contribution to the effective dose.  High inhalation dose coefficients are seen for P

230
PTh 

due its long physical half-life, the fact that it is an alpha-particle emitter, and its high 

fractional distribution to and retention in the skeletal tissues. The P

234
PTh, however, decays 

through beta-particle emission (with a lower wBR B) and has a relatively short physical half-

life; consequently, its inhalation dose coefficient is small in spite of its high skeletal 

distribution and retention.  The P

210
PBi is an alpha-particle emitter with a short physical 
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half-life.  Its retention within the kidneys and all other source organs is also relatively 

short. 

Particle deposition and clearance mechanisms in the respiratory tract are directly 

related to particle size.  Initially, the inhalation dose decreases with increasing particle 

size down to a particle size of about 0.6 µm, and then increases to a maximum value at a 

particle size of about 2.5 µm (see Figs. 3-3A to 3-3H).  After reaching this maximum, the 

effective dose per unit intake decreases once again with increasing particle size.  

Furthermore, differences in inhalation doses between large and small-sized particles also 

depend upon the absorption type of the inhaled radionuclide.  For radionuclides of 

absorption types M or S, the effective dose due to the inhalation of 0.1 µm particles is 

about an order of magnitude larger than that due to inhalation of 50 µm particles.  These 

differences are less pronounced for absorption type F radionuclides.  

Fig. 3-4 shows the fractional deposition of inhaled particles in various regions of 

the human respiratory tract as a function of particle size for reference worker (spherical 

particles of unit density).  The effective dose due to particle inhalation depends on the 

regional particle deposition fraction, although apportionment factors of thoracic target 

tissues (bronchial, bronchiolar, alveolar-interstitial regions) are equally assigned in ICRP 

Publication 66 (ICRP 1994).  Particle density of 1 g cmP

-3
P, unity aerodynamic shape factor, 

and unity geometric standard deviation were applied to standard worker for calculation.  

ETB1 B, ETB2 B, BB, bb, and Al represent first extrathoracic region (anterior nose), second 

extrathoracic region (posterior nasal passages, larynx, pharynx, and oral cavity), 

bronchial region, bronchiolar region, and alveolar-interstitial region, respectively.  The 

particles in each respiratory tract region contribute to the effective dose to a certain 
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degree as determined by their regional clearance rate and tissue radiosensitivity.  

Consequently, all regional deposition fractions should be considered in the analysis of the 

inhalation dose coefficient as a function of particle size.  Examination of the particle 

deposition fraction as a function of particle size in Fig. 3-4 indicates that the curve 

roughly reflects the particle size dependence of the inhalation dose coefficient (Figs. 3-

3A to 3-3H).  However, particles deposited in the deeper regions of respiratory tract yield 

higher doses due to their slower clearance rates as compared to particles deposited in the 

upper regions of the respiratory tract.  Fig. 3-4 shows that the highest deposition fraction 

for small particles occurs within the alveolar-interstitial region followed by the 

bronchiolar regions of the lungs.  Consequently, the inhalation of smaller particles 

contributes more to the worker effective dose than inhalation of larger particles in the 

environment.  Larger particles within the inhaled aerosol mainly deposit within the 

extrathoracic regions. 

3.3.2 Effective Dose Scaling Factors for Uniform Distributions 

For the University of Washington Mark III cascade impactor, the radioactivity of 

airborne particulates may be assessed within eight different particle size ranges as given 

in Table 3-1.  One may use these data with the LUDEP code for inhalation dose 

assessment by assigning the radioactivity measured per stage at its geometric mean, thus 

obligating the user to run the dose assessment for eight different particle sizes.  If, 

however, a uniform distribution were assumed per particle stage (approximated by 10 

sub-stages per stage), a total of 80 LUDEP calculations would be required.  Through the 

application of dose scaling factors, however, one may perform the dose calculation for 

the mono-size distribution assumption (8 LUDEP calculations), and then scale these 
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doses to those given by more realistic assumptions of activity versus particle size across 

each impactor stage. 

Table 3-5 displays values of the effective dose scaling factor SFBEB needed to convert 

the inhalation effective dose calculated for a mono-size radioactivity distribution per 

impactor stage to that calculated for a uniform radioactivity distribution per impactor 

stage.  Uniform activity distributions are shown to yield slightly higher values of 

effective dose than values given for mono-size distributions, except for the 4P

th
P and 5 P

th
P 

stage particle sizes (1.25 - 4.54 µm) where the effective dose is smaller by ~1-2%.  For 

the vast majority of the stages, dose differences are insignificant between these two 

assumed activity distributions.  Larger dose differences (scaling factors between 1.15 and 

1.17) are found, however, for end-filter particles (0.03 to 0.35 µm) for all absorption 

types (F, M, and S) and for all radionuclides in the P

238
PU series.  Furthermore, higher 

scaling factors are additionally seen for particles in the size range of 4.54 to 11.88 µm 

(3P

rd
P impactor stage) for type M radionuclides (scaling factors of 1.11 to 1.28) and for type 

S radionuclides (scaling factors of 1.09 to 1.24). 

To better understand under what conditions the effective dose scaling factor given 

in Table 3-5 may or may not differ from unity, we plot the inhalation dose coefficient for 

P

238
PU as a function of particle size in Figures 3-5A to 3-5C for type F, M, and S materials, 

respectively.  Vertical lines correspond to the cutoff sizes for each impactor stage of the 

Mark III sampler.  Values of SFBEB approach unity under one of two conditions.  First, 

values of SFBEB approach unity when the inhalation dose coefficient varies only modestly 

with particle size across the size interval; consequently, assigning all measured 

radioactivity to a single representative particle size, or 1/10th that activity to multiple 
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particle sizes across the size interval, will not alter the reported effective dose.  This 

condition is seen in the 1 P

st
P impactor stage for P

238
PU.  Second, values of SFBEB approach unity 

when a generally linear variation in the dose coefficient exists across the logarithmic 

impactor size interval (either increasing or decreasing) where higher-than-average dose 

contributions from particles on the one end of the interval are compensated for by lower-

than-average dose contributions from particles on the opposite end.  This condition is 

seen, for example, in the 6P

th
P impactor stages for all three absorption classes of P

238
PU.  

Neither condition is applicable to the end-filter stage, where the inhalation dose 

coefficient varies non-linearly across this size interval, and sub-stage particles smaller 

than the geometric mean contribute a higher fraction of the total effective dose than do 

sub-stage particles larger than the geometric mean (0.1 µm in Table 3-1).  We further 

note that a significant non-linear dose coefficient pattern is also evident across the 3P

rd
P  

impactor stage (dashed circles in Fig. 3-5), but only for type M and type S materials.  For 

type F uranium, the dose coefficient in Fig. 3-5A is shown to vary relatively linearly 

across this particular size interval (4.54 to 11.88 µm), and thus a dose compensating 

effect occurs for type F particles.  Values of SFBEB are unity for all stage 3 radionuclides for 

type F materials in Table 3-5, yet they range from 1.21 – 1.28 for type M and from 1.09 – 

1.24 for type S radionuclides. 

3.3.3 Effective Dose Scaling Factors for Linear Distributions 

In cases where radioactivity measurements for three consecutive impactor stages 

(e.g., stages 2, 3, and 4) suggest that radioactivity in the central impactor stage (e.g., stage 

3) decreases linearly across its particle-size range, values of SFBEB may be applied as given 

in Tables 3-6 or 3-7.  Values in Table 3-6 are for shallow sub-stage activity gradients 
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(AR of 2:1), while those in Table 3-7 are for steep sub-stage activity gradients (AR of 

5:1).  Significant (≥10%) corrections to the effective dose are noted to occur in both 

Tables 3-6 and 3-7 for generally the same combinations of impactor stage and absorption 

type as given in Table 3-5.  For the smallest particle-size range in the cascade impactor 

(end-filter particles of 0.03 to 0.35 µm), values of SFBEB are 1.28 – 1.30 and 1.41 – 1.43 for 

sub-stage activity ratios of 2:1 and 5:1, respectively.  Adjustments to 3P

rd
P stage 

contributions of effective dose are also required for both type M and type S radionuclides, 

with the highest value of SFBEB noted to be 1.56 for type M P

210
PBi (see Table 3-7).  Finally, 

it is noted that for a sub-stage activity ratio of 5:1, 10% adjustments to the effective dose 

are also required for 4P

th
P stage particles for select radionuclides of types M and S. 

When cascade impactor measurements indicate that a linearly increasing activity-

size distribution should be assumed for a given impactor stage, values of SFBEB may be 

applied as given in either Table 3-8 (AR of 1:2) or in Table 3-9 (AR of 1:5).  For the 

former case, only six combinations of radionuclide, absorption type, and impactor stage 

indicate an adjustment to the effective dose exceeding ±10%.  The maximum value of 

SFBEB in Table 3-8 is only 1.13 (type M P

210
PBi for 3P

rd
P stage particles), and corrections to the 

effective dose for end-stage particles are now shown to be only ~3-4%.  When the 

assumed sub-stage activity ratio is increased to 1:5 (see Table 3-9), values of SFBEB are 0.9 

for end-stage particles (all absorptions types and radionuclides), 0.85 – 0.91 for the 4P

th
P 

stage particles of type M radionuclides, and 0.86 – 0.91 for the 4P

th
P stage particles of type 

S radionuclides.  In contrast, upward adjustments of 11% are required to the effective 

dose for stage 6 particles for type F radionuclides (see Table 3-9). 
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In Fig. 3-6, we plot the relative change in SFBEB from that determined for a uniform 

distribution (Table 3-5), to that for a linearly increasing or linearly decreasing sub-stage 

activity distribution.  Activity ratios as high as 20:1 (linear decrease) and 1:20 (linear 

increase) are considered for type F, type M, and type S particles of P

238
PU.  For type F 

uranium (Fig. 3-6A), significant changes in SFBEB (> ±25%) are noted for end-filter 

particles at ARs exceeding 5:1 and 1:5.  For type M and S uranium (Figs. 3-7B and 3-7C), 

significant changes in SFBEB (> ±25%) are noted for both end-filter particles and for stage 3 

particles.  Data from Fig. 3-6 can thus be used to adjust values of SFBEB assembled for 

uniform sub-stage activity distributions to those applicable to linear distributions of either 

increasing or decreasing activity across the impactor stage size interval. 

3.3.4 Applications of Effective Dose Scaling Factor to Measured Cascade Impactor 
Data 

The application of effective dose scaling factors given in Tables 3-5 to 3-9 is best 

demonstrated through an example problem.  Table 3-10 displays a series of simulated 

cascade impactor measurements of P

238
PU activity (type S) as collected at a flow rate of 15 

L minP

-1
P.  The measured activity values at each impactor stage are given in column 2 of 

Table 3-10, and are plotted in Fig. 3-7.  The inhalation dose assessment can be performed 

by considering the measured activity per impactor stage to be distributed across each size 

interval as either:  (1) a mono-size distribution, (2) a uniform distribution, or (3) a linear 

distribution of variable slope.  When a mono-size distribution is assumed, the effective 

dose is obtained by summation of the effective doses contributed by each particle size.  

These contributions are in turn given as the product of the impactor-stage activity and the 

LUDEP inhalation dose coefficient assessed at the geometric-mean particle size (see 

Table 3-1).   In the second option, one may assume a uniform distribution of activity per 
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impactor stage, thus treating the measurements in a histogram fashion (dashed lines in 

Fig. 3-7).  Here, effective dose scaling factors SFBEB from Table 3-5 are additionally 

applied, and the dose estimate is revised upward from 1.30 mSv (mono-size distribution) 

to 1.33 mSv (uniform distribution).  The increase is driven primarily by a 12% and 16% 

enhancement of the effective dose contributions by stage 3 and stage F particles. 

Application of the third option requires assignment of activity ratios for each 

impactor stage.  The activity ratio for impactor stages N = 2 to 7 may be approximated as 

follows: 

 
1 1

2

N N

N N
N

A A
A A

AR
− +⎛ ⎞ ⎛ ⎞+⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠≈ ,      Eq. 3-3 

where ABN B, ABN-1 B, and ABN+1B, are the measured activities of the N, (N-1), and (N+1) stages of 

the cascade impactor series.  For stages 1 and F, a uniform distribution is assumed for 

particles larger and smaller than their geometric mean, respectively (as no other 

information is available).  Using Eq. 3-3, revised scaling factors are assigned either 

directly from the data of Tables 3-5 to 3-9, or via linear interpolation of tabular data.  

This approach thus yields a revised dose estimate of 1.40 mSv, an increase driven 

primarily by values of SFBEB of 1.23 and 1.29 for particles in stages 3 and F.  Application of 

Eq. 3-3 to the measured activity within stages 3, 4, and 5 results in an average AR of 

2.9:1 for stage 4 particles.  It can be argued that perhaps a more justified approach is to 

assume the peak activity within stage 4 is uniformly distributed (AR of 1:1 with a SFBEB of 

0.95).  If this change is implemented, the dose estimate is revised to 1.38 mSv, and is 

slightly closer to that estimated under option 1 (1.30 mSv) or option 2 (1.33 mSv).   
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Values of SFBEB given in this study can be directly applied in the inhalation dose 

assessment provided that the cutoff sizes for each stage are reasonably close to those 

given here for the Mark III impactor operated at a flow rate of 15 L minP

-1
P.  If the Mark III 

cascade impactor is operated at a different flow rate or other types of impactors are 

employed for particle sampling, the data in Fig. 3-3 can be used to readjust scaling 

factors using revised particle-size ranges for each impactor stage. 

3.4 Conclusions 

Air sampling with multi-stage cascade impactors enables one to assess airborne 

radioactivity as a function of particle size, significantly enhancing the accuracy of the 

dose assessment.  For each stage of the impactor, a single measurement of activity by 

radionuclide is determined.  While the standard assumption is made that this radioactivity 

can be collapsed at a single representative particle size within the stage’s particle size 

range, a more realistic assumption would be that the measured activity is linearly 

distributed across that size range with either a zero, positive, or negative slope – the exact 

choice determined by changes in measured activity across neighboring impactor stages.  

The concept of an effective dose scaling factor, SFBEB, is introduced whereby (1) the former 

approach can be used (which requires less computational effort using the LUDEP code), 

and (2) the resulting values of effective dose per impactor stage can then be rescaled to 

values appropriate to a linear radioactivity distribution per stage.   

For the Mark III cascade impactor operated at a sampling rate of 15 L minP

-1
P, 

significant corrections (greater than 10%) are necessary within only 1 or 2 of the particle 

size ranges.  For material rapidly dissolved within the lung fluids (type F absorption), 

contributions to the effective dose from the smallest particles sampled at the end-

collection filter must be scaled upward or downward by factors of 1.17, 1.30, 1.43, 1.04, 



64 

 

or 0.91 to approximate effective doses under linear distributions with sub-stage activity 

ratios of 1:1, 2:1, 5:1, 1:2, and 1:5, respectively.  In this size interval (~0.03 to 0.35 µm), 

the dose coefficient varies non-linearly with particle size, and thus the assumption of a 

mono-size radioactivity distribution is generally not appropriate.  For P

238
PU series 

materials of absorption type M or S, greater than 10% corrections must be made to 

effective dose contributions from end filter particles (~0.03 to 0.35 µm), as well as from 

3rd stage particles (~4.5 to 12 µm) or 4th stage particles (~2.2 to 4.5 µm).  The largest 

values of SFBEB were noted for linearly decreasing radioactivity distributions of high slope 

(activity ratio 5:1): 1.41 to 1.44 for end-filter stage particles (all solubility types) and 1.24 

to 1.56 for 3rd stage particles (types M and S).  The smallest values of SFBEB were noted for 

linearly increasing distributions of high slope (activity ratio 1:5): 0.90 to 0.91 for end-

filter stage particles (all solubility types) and 0.9 to 0.85 for 4P

th
P stage particles (types M 

and S).  When a uniform activity distribution is to be applied, corrections to dose 

estimates for other than 3P

rd
P or end-filter stage particles are not necessary as values of the 

effective dose between the two approaches differ only by ± 2-4%. 
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Table 3-1. Particle size information for each impactor stage of the University of 
Washington Mark III cascade impactor.  The values were calculated for air 
flow rate of 15 L minP

-1
P.    

Impactor 
Stage DB50 PB

 
P(µm) Particle Size Range 

(µm) 
Geometric Mean 

(µm) 
1 27.21 27.21 - 100.00 52.16 
2 11.88 11.88 -  27.21 17.98 
3 4.54 4.54 - 11.88 7.34 
4 2.24 2.24 - 4.54 3.19 
5 1.25 1.25 - 2.24 1.67 
6 0.66 0.66 - 1.25 0.91 
7 0.35 0.35 - 0.66 0.48 

End filter  0.03 - 0.35 0.10 
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Table 3-2. Reference physiological parameter values for reference worker (ICRP 1994). 
Parameters Values 

Physiological parameters 
        Total lung capacity  
        Functional residual capacity 
        Vital capacity 
        Dead space 
        Height 
        Weight 
 
Activity related parameters 
       Light exercise 
               Ventilation rate 
               Respiration frequency 
               Tidal volume  
       Rest or Sitting 
               Ventilation rate 
               Respiration frequency 
               Tidal volume   

 
        6.98 L 
        3.30 L 
        5.02 L 
        0.146 L 
        176 cm 
          73 kg 
 
 
  31.3 % 
        1.5 mP

3
P hP

-1 

        20 minP

-1 

        1.25 L 
  68.8 % 
        0.54 mP

3
P hP

-1 

        12 minP

-1 

        0.75 L 
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Table 3-3. GI tract absorption factors (fB1 B) for uranium series elements.   
Employed fB1 B ValueP

a
P
 fB1 BValue in ICRP Publication 30 

Element 
Type F Type M Type S Class D Class W Class Y 

Uranium 0.02 0.02 0.002 0.05 0.05 0.002 
Thorium 0.0005 0.0005 0.0005 - 0.0002 0.0002 
Radium 0.2 0.1 0.01 - 0.2 - 

Lead 0.2 0.1 0.001 0.2 - - 
Polonium 0.1 0.1 0.01 0.1 0.1 - 
Bismuth 0.05 0.05 0.01 0.05 0.05 - 

 P

a 
PFor dose calculation, revised fB1B values given in ICRP Publication 71 were employed 

(ICRP 1995b).  The given values are for the adult model.  
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Table 3-4. LUDEP decay-chain option for each radionuclide  
Radionuclide Decay-chain Option Radionuclide Decay-chain Option 

P

238
PU Super-merge P

226
PRa No-merge 

P

234
PTh Merge P

210
PPb Super-merge 

P

234
PU No-merge P

210
PBi Super-merge 

P

230
PTh No-merge P

210
PPo No-merge 
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Table 3-5. Inhalation effective dose scaling factors (SFBEB) for a uniform activity 
distribution   

Effective Dose Scaling Factor SFBE PB

a 

(Uniform radioactivity distribution per impactor stage)P

 
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PTh P

234
PU P

230
PTh P

226
PRa P

210
PPb P

210
PBi P

210
PPo 

F 1 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 2 1.01 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
 3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 4 0.98 0.99 0.99 0.98 0.99 1.00 0.99 0.99 
 5 0.98 0.99 0.98 0.98 0.99 0.99 0.99 0.98 
 6 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
 7 1.05 1.04 1.04 1.04 1.04 1.04 1.04 1.04 
 F 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17 
          

M 1 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 2 1.02 1.03 1.03 1.02 1.02 1.02 1.03 1.03 
 3 1.21 1.12 1.22 1.11 1.21 1.11 1.28 1.22 
 4 1.03 0.99 1.01 0.99 1.00 0.99 0.99 0.99 
 5 0.99 0.99 0.99 0.98 0.99 0.98 0.99 0.99 
 6 1.03 1.02 1.03 1.01 1.03 1.01 1.04 1.04 
 7 1.02 1.04 1.03 1.03 1.03 1.03 1.03 1.03 
 F 1.15 1.16 1.15 1.17 1.15 1.16 1.15 1.15 
          
S 1 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 2 1.02 1.02 1.02 1.02 1.02 1.02 1.03 1.03 
 3 1.12 1.10 1.12 1.09 1.12 1.09 1.22 1.24 
 4 0.95 0.99 0.93 0.99 0.93 0.99 1.01 1.00 
 5 0.98 0.99 0.98 0.98 0.98 1.09 0.99 0.99 
 6 1.01 1.02 1.01 1.01 1.01 1.00 1.03 1.03 
 7 1.03 1.04 1.03 1.03 1.03 1.03 1.03 1.03 
 F 1.16 1.16 1.16 1.17 1.16 1.17 1.15 1.15 

P

a
P Defined as the ratio of the committed effective dose for a uniform radioactivity 

distribution per impactor stage to that for a mono-size radioactivity distribution per 
impactor stage.  Values of SFBEB given here are specific to particle size ranges of the 
University of Washington Mark III cascade impactor at an air flow rate of 15 L minP

-1
P.  

Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% adjustment in 
the effective dose). 
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Table 3-6. Inhalation effective dose scaling factors (SFBEB) for a linearly decreasing activity 
distribution (AR of 2:1) 

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly decreasing sub-stage distribution with AR P

 
Pof 2:1) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PTh P

234
PU P

230
PTh P

226
PRa P

210
PPb P

210
PBi P

210
PPo 

F 1 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
 2 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 
 3 1.03 1.02 1.03 1.03 1.03 1.03 1.02 1.03 
 4 0.99 0.99 0.99 0.99 0.99 1.00 0.99 0.99 
 5 0.97 0.96 0.97 0.96 0.96 0.96 0.96 0.97 
 6 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
 7 1.02 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 F 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30 
            

M 1 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
 2 1.04 1.05 1.05 1.05 1.05 1.05 1.06 1.06 
 3 1.32 1.19 1.33 1.19 1.32 1.18 1.42 1.34 
 4 1.09 1.03 1.08 1.03 1.07 1.03 1.06 1.06 
 5 0.97 0.97 0.96 0.97 0.96 0.97 0.96 0.96 
 6 1.00 0.98 1.00 0.98 1.00 0.98 1.00 1.00 
 7 1.03 1.02 1.03 1.02 1.03 1.02 1.04 1.04 
 F 1.28 1.29 1.28 1.30 1.28 1.29 1.28 1.28 
           
S 1 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
 2 1.04 1.05 1.04 1.05 1.04 1.04 1.06 1.06 
 3 1.20 1.18 1.20 1.16 1.20 1.16 1.34 1.37 
 4 0.98 1.04 0.96 1.04 0.96 1.02 1.07 1.07 
 5 0.97 0.97 0.97 0.97 0.97 1.07 0.96 0.96 
 6 0.98 0.98 0.98 0.98 0.98 0.98 1.00 1.00 
 7 1.02 1.02 1.02 1.02 1.02 1.02 1.03 1.04 
 F 1.29 1.29 1.29 1.30 1.29 1.30 1.28 1.28 

P

a 
PDefined as the ratio of the committed effective dose for a linearly decreasing (AR = 2:1) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b
PB BRatio of the activity of the 1P

st
P sub-stage to the activity of the 10P

th
P (last) sub-stage.  
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Table 3-7. Inhalation effective dose scaling factors (SFBEB) for a linearly decreasing activity 
distribution (AR of 5:1)   

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly decreasing sub-stage distribution with AR P

 
Pof 5:1) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PTh P

234
PU P

230
PTh P

226
PRa P

210
PPb P

210
PBi P

210
PPo 

F 1 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
 2 1.06 1.06 1.07 1.07 1.07 1.07 1.06 1.07 
 3 1.06 1.04 1.06 1.06 1.05 1.05 1.04 1.05 
 4 1.00 1.00 1.00 1.00 1.00 1.01 1.00 1.00 
 5 0.95 0.94 0.95 0.95 0.94 0.94 0.94 0.95 
 6 0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93 
 7 1.00 0.98 0.99 0.99 0.99 0.99 0.98 0.99 
 F 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
            

M 1 1.03 1.02 1.03 1.02 1.03 1.03 1.03 1.03 
 2 1.07 1.08 1.08 1.07 1.08 1.08 1.09 1.09 
 3 1.44 1.27 1.45 1.26 1.43 1.26 1.56 1.47 
 4 1.16 1.08 1.14 1.06 1.13 1.07 1.13 1.13 
 5 0.94 0.95 0.94 0.96 0.94 0.95 0.94 0.93 
 6 0.97 0.94 0.96 0.94 0.96 0.95 0.96 0.96 
 7 1.04 1.01 1.04 1.01 1.04 1.01 1.04 1.04 
 F 1.41 1.42 1.41 1.43 1.41 1.43 1.40 1.40 
           
S 1 1.02 1.03 1.02 1.02 1.02 1.02 1.03 1.03 
 2 1.07 1.07 1.07 1.07 1.07 1.06 1.09 1.09 
 3 1.28 1.26 1.29 1.24 1.29 1.23 1.45 1.50 
 4 1.02 1.09 0.99 1.10 0.99 1.06 1.13 1.13 
 5 0.96 0.95 0.96 0.96 0.96 1.04 0.94 0.94 
 6 0.95 0.94 0.95 0.95 0.95 0.95 0.96 0.96 
 7 1.02 1.01 1.02 1.02 1.02 1.01 1.04 1.04 
 F 1.43 1.42 1.42 1.43 1.42 1.44 1.41 1.41 

P

a
PB BDefined as the ratio of the committed effective dose for a linearly decreasing (AR = 5:1) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b
PB BRatio of the activity of the 1P

st
P sub-stage to the activity of the 10P

th
P (last) sub-stage. 
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Table 3-8. Inhalation effective dose scaling factors (SFBEB) for a linearly increasing activity 
distribution (AR of 1:2)   

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly increasing sub-stage distribution with AR P

 
Pof 1:2) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PTh P

234
PU P

230
PTh P

226
PRa P

210
PPb P

210
PBi P

210
PPo 

F 1 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 2 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
 3 0.98 0.97 0.98 0.98 0.98 0.98 0.97 0.98 
 4 0.98 0.98 0.98 0.97 0.98 0.99 0.98 0.98 
 5 1.00 1.01 1.00 1.00 1.01 1.01 1.01 1.00 
 6 1.06 1.07 1.06 1.06 1.06 1.06 1.07 1.06 
 7 1.07 1.07 1.06 1.06 1.06 1.07 1.07 1.06 
 F 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 
          

M 1 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 2 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 3 1.09 1.04 1.10 1.03 1.09 1.03 1.13 1.09 
 4 0.97 0.94 0.95 0.95 0.94 0.94 0.92 0.92 
 5 1.01 1.01 1.01 0.99 1.01 1.00 1.02 1.02 
 6 1.06 1.06 1.07 1.04 1.07 1.05 1.07 1.07 
 7 1.01 1.05 1.02 1.04 1.02 1.04 1.02 1.02 
 F 1.03 1.03 1.02 1.04 1.02 1.03 1.02 1.02 
          
S 1 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 2 0.99 0.99 0.99 1.00 0.99 0.99 1.00 1.00 
 3 1.04 1.02 1.04 1.01 1.04 1.02 1.10 1.11 
 4 0.91 0.94 0.90 0.93 0.90 0.95 0.95 0.93 
 5 0.99 1.00 0.99 0.99 0.99 1.12 1.01 1.02 
 6 1.04 1.06 1.04 1.04 1.04 1.03 1.07 1.07 
 7 1.03 1.05 1.03 1.04 1.03 1.04 1.02 1.02 
 F 1.03 1.03 1.03 1.03 1.03 1.04 1.02 1.02 

P

a
PB BDefined as the ratio of the committed effective dose for a linearly increasing (AR = 1:2) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b
PB BRatio of the activity of the 1P

st
P sub-stage to the activity of the 10P

th
P (last) sub-stage. 
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Table 3-9. Inhalation effective dose scaling factors (SFBEB) for a linearly increasing activity 
distribution (AR of 1:5) 

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly increasing sub-stage distribution with AR P

 
Pof 1:5) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PTh P

234
PU P

230
PTh P

226
PRa P

210
PPb P

210
PBi P

210
PPo 

F 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 2 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
 3 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
 4 0.97 0.97 0.97 0.96 0.97 0.99 0.97 0.97 
 5 1.02 1.03 1.02 1.02 1.03 1.03 1.03 1.02 
 6 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 
 7 1.10 1.10 1.08 1.09 1.09 1.09 1.10 1.09 
 F 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 
          

M 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 2 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
 3 0.98 0.96 0.98 0.95 0.98 0.95 0.99 0.97 
 4 0.90 0.89 0.89 0.91 0.87 0.90 0.85 0.85 
 5 1.04 1.02 1.04 1.00 1.04 1.01 1.05 1.05 
 6 1.10 1.10 1.10 1.07 1.10 1.08 1.11 1.11 
 7 1.00 1.06 1.01 1.06 1.01 1.05 1.01 1.01 
 F 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 
          
S 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 2 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
 3 0.96 0.94 0.96 0.94 0.96 0.96 0.98 0.98 
 4 0.88 0.89 0.86 0.87 0.86 0.91 0.89 0.87 
 5 1.00 1.02 1.00 1.00 1.01 1.14 1.04 1.04 
 6 1.07 1.10 1.07 1.07 1.07 1.06 1.10 1.11 
 7 1.03 1.06 1.04 1.04 1.04 1.05 1.02 1.01 
 F 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 

P

a
PB BDefined as the ratio of the committed effective dose for a linearly increasing (AR = 1:5) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b 
PRatio of the activity of the 1st sub-stage to the activity of the 10th (last) sub-stage. 
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Table 3-10. Example inhalation dose assessment under the assumption of mono-size, 
uniform, or linearly changing radioactivity distribution per impactor stage.  
Dose was calculated for type S P

238
PU.  

Mono-Size 
Distribution 

Uniform Sub-Stage 
Distribution Impac 

-tor 
Stage 

Measured 
Particle 
Activity 

(Bq) 

Inhalation 
Dose 

Coefficient 
(mSv Bq P

-1
P) 

Dose 
(mSv) SF BEB Source Dose 

(mSv) 
       

1 7.5 1.04 x 10P

-3
P
 7.79 x 10P

-3
P
 1.01 Table 3-4 7.87 x 10P

-3
P
 

2 7.5 1.33 x 10P

-3
P
 9.97 x 10P

-3
P
 1.02 Table 3-4 1.02 x 10P

-2
P
 

3 10 2.50 x 10P

-3
P
 2.50 x 10P

-2
P
 1.12 Table 3-4 2.80 x 10P

-2
P
 

4 50 8.54 x 10P

-3
P
 4.27 x 10P

-1
P
 0.95 Table 3-4 4.05 x 10P

-1
P
 

5 40 9.04 x 10P

-3
P
 3.62 x 10P

-1
P
 0.98 Table 3-4 3.54 x 10P

-1
P
 

6 10 6.21 x 10P

-3
P
 6.21 x 10P

-2
P
 1.01 Table 3-4 6.27 x 10P

-2
P
 

7 10 4.50 x 10P

-3
P
 4.50 x 10P

-2
P
 1.03 Table 3-4 4.63 x 10P

-2
P
 

F 30 1.20 x 10P

-2
P
 3.59 x 10P

-1
P
 1.16 Table 3-4 4.16 x 10P

-1
P
 

Total   1.30   1.33 
       

Variable Linear Sub-Stage Distribution (Linear at Peak) 

   AR 
(Average) 

Revised
SF BEB 

Source 
Dose 
(mSv) 

1 7.5 1.04 x 10P

-3
P
 1 : 1 1.01 Table 3-5 7.87 x 10P

-3
P
 

2 7.5 1.33 x 10P

-3
P
 1.2 : 1 1.024 Tables 3-5, 3-6 1.02 x 10P

-2
P
 

3 10 2.50 x 10P

-3
P
 3.2 : 1 1.232 Tables 3-6, 3-7 3.08 x 10P

-2
P
 

4 50 8.54 x 10P

-3
P
 2.9 : 1 0.992 Tables 3-6, 3-7 4.23 x 10P

-1
P
 

5 40 9.04 x 10P

-3
P
 1 : 1.9 0.989 Tables 3-5, 3-8 3.58 x 10P

-1
P
 

6 10 6.21 x 10P

-3
P
 1 : 1.6 1.028 Table 3-5, 3-8 6.38 x 10P

-2
P
 

7 10 4.50 x 10P

-3
P
 2 : 1 1.02 Table 3-6 4.59 x 10P

-2
P
 

F 30 1.20 x 10P

-2
P
 2 : 1 1.29 Table 3-6 4.62 x 10P

-1
P
 

Total      1.40 
       

Variable Linear Sub-Stage Distribution (Uniform at Peak) 

   AR 
(Average) 

Revised
SF BEB 

Source 
Dose 
(mSv) 

1 7.5 1.04 x 10P

-3
P
 1 : 1 1.01 Table 3-5 7.87 x 10P

-3
P
 

2 7.5 1.33 x 10P

-3
P
 1.2 : 1 1.024 Tables 3-5, 3-6 1.02 x 10P

-2
P
 

3 10 2.50 x 10P

-3
P
 3.2 : 1 1.232 Tables 3-6, 3-7 3.08 x 10P

-2
P
 

4 50 8.54 x 10P

-3
P
 1 : 1 0.95 Table 3-5 4.05 x 10P

-1
P
 

5 40 9.04 x 10P

-3
P
 1 : 1.9 0.989 Tables 3-5, 3-8 3.58 x 10P

-1
P
 

6 10 6.21 x 10P

-3
P
 1 : 1.6 1.028 Table 3-5, 3-8 6.38 x 10P

-2
P
 

7 10 4.50 x 10P

-3
P
 2 : 1 1.02 Table 3-6 4.59 x 10P

-2
P
 

F 30 1.20 x 10P

-2
P
 2 : 1 1.29 Table 3-6 4.62 x 10P

-1
P
 

Total      1.38 
 

 



75 

 

 
Figure 3-1. Schematic diagram of the University of Washington Mark III cascade 

impactor.  Solid lines and dashed lines indicate air stream curve and trajectory 
of impacted particles, respectively.  
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Figure 3-2. Radioactivity distribution as a function of aerodynamic particle size.  (A) 

Radioactivity measurements of particles collected by a cascade impactor 
(dashed circle focuses on one of the impactor stages used to sample this 
distribution).  Four possible assumptions can then be made regarding the 
distribution of measured activity across the impactor stage size-interval: (B) 
mono-size distribution, (C) uniform distribution, (D) linearly decreasing 
distribution, and (E) linearly increasing distribution for each impactor stage.  
(F) The latter distributions may be approximated as a series of 10 sub-stages 
each containing a different fraction of the total activity measured at that 
impactor stage. 
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Figure 3-3. Inhalation dose coefficients for P

238
PU decay series: (A) P

238
PU, (B) P

234
PTh, (C) 

P

234
PU, (D) P

230
PTh, (E) P

226
PRa, (F) P

210
PPb, (G) P

210
PBi, and (H) P

210
PPo.  Dotted, dashed, 

and solid lines represent absorption types F, M and S, respectively.  50-year 
committed effective doses for the standard worker were calculated using 
LUDEP 2.0 software.  A particle density of 1 g cmP

-3
P, an aerodynamic shape 

factor of 1.0, and a geometric standard deviation of 1.0 were assumed for 
calculation. 
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Figure 3-3. Continued 
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Figure 3-3. Continued 
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Figure 3-3. Continued 
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Figure 3-4. Particle deposition fraction on each sub-region of the respiratory tract 
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Figure 3-5. Inhalation dose coefficient curve of P

238
PU as a function of particle size: (A) 

type F, (B) type M, (C) type S.  Vertical lines represent upper and lower size 
limits of each impactor stage. 
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Figure 3-5. Continued  
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Figure 3-6. Effective dose scaling factor of P

238
PU as a function of activity ratio: (A) type F, 

(B) type M, and (C) type S.  The value of SFBEB is given as a difference from the 
value of uniform radioactivity distribution. 
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TFigure 3-6.ContinuedT 
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Figure 3-7. Application of radioactivity distribution using radioactivity measurement data 

of cascade impactor samples.  Dots, dashed lines, and solid lines indicate 
mono-size radioactivity distribution, uniform radioactivity distribution, and 
linear radioactivity distribution of variable slopes, respectively. 
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CHAPTER 4 
EFFECTIVE DOSE SCALING FACTORS FOR USE WITH CASCADE IMPACTOR 
SAMPLING DATA IN EXPOSURES TO URANIUM SERIES (APPLICATION TO 

IMBA PROGRAM) 

4.1 Introduction 

Effective dose scaling factors, SFBEB, for use with cascade impactor sampling data in 

TENORM inhalation exposures are presented in Chapter 3.  If the particle size 

distribution is characterized by air sampling with a cascade impactor, the measured data 

are directly used in the inhalation dose assessment.  Sampling with cascade impactor 

yields one value of mass or radioactivity for each impactor stage.  Therefore, the size 

distribution within each impactor stage is unknown.  Three options were suggested for 

the use of measured data in dose assessment: (1) mono-size radioactivity distribution, (2) 

uniform radioactivity distribution, and (3) linearly increasing or decreasing radioactivity 

distribution.  The effective dose scaling factor is defined as the ratio of the effective dose 

given under uniform and linear radioactivity size distribution per cascade impactor stage 

to the effective dose given by mono-size radioactivity distribution per stage.  These 

scaling factors demand less computational effort and yield results corresponding to the 

more realistic description of options 2 and 3.    

The previous study used the Lung Dose Evaluation Program (LUDEP) software to 

generate the scaling factors.  LUDEP software (Jarvis et al. 1993; Jarvis et al. 1996) 

implements the most recent ICRP 66 Human Respiratory Tract Model (HRTM).  

However, it employs the older biokinetic model as given in ICRP Publication 30 (ICRP 

1979).  New radionuclide biokinetic models have been developed in ICRP Publications 



88 

 

56, 67, 69, and 71 since the release of ICRP Publication 30 (ICRP 1979; ICRP 1980; 

ICRP 1981; ICRP 1989; ICRP 1993; ICRP 1995a; ICRP 1995b).  In 2003, ACJ & 

Associates Inc. and the National Radiological Protection Board (NRPB) developed and 

released Integrated Modules for Bioassay Analysis (IMBA) Professional by making a 

compilation of IMBA Expert USDOE Edition and CANDU Edition (James et al. 2003; 

James et al. 2004a; James et al. 2004b).  The IMBA program enables the calculation of 

particle inhalation dose using the most recent ICRP 66 HRTM and the latest ICRP 

biokinetic models (Strom 2003).  

The availability of the IMBA program demands a supplement or revision of the 

scaling factors introduced by Kim et al (Kim et al. 2005).  The present study presents 

inhalation dose coefficients as a function of particle size and a series of inhalation 

effective dose scaling factors.  The scaling factors are given for several radionuclides of 

the P

238
PU series, for different stages, and for different absorption types.  In addition, dose 

results from IMBA and LUDEP are compared from the aspect of biokinetic models 

employed in each program.    

4.2 Materials and Methods 

The University of Washington Mark III cascade impactor was selected as a 

representative air sampler.  It consists of 7 impactor stages and one final collection filter 

thus partitioning particles into 8 different size ranges (Pilat 1998).  The aerodynamic 

cutoff sizes of each stage are 27.21, 11.88, 4.54, 2.24, 1.25, 0.66, and 0.35 µm from the 

1P

st
P to the 7P

th
P impactor stage at an operating flow rate of 15 L minP

-1
P.  The upper and lower 

particle size limits were taken to be 100 and 0.03 µm, which are typical values employed 

in similar studies (Divita et al. 1996; EPA 1999; Howell et al. 1998; Marley et al. 2000; 
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Wagner and Leith 2001).  A shape factor and a mass density of unity were employed to 

match the aerodynamic diameter and the thermodynamic diameter for simplicity.   

The mono-size radioactivity distribution was described by assigning each stage 

radioactivity to a single particle size, which is the geometric mean of upper and lower 

size limits of the impactor stage.  Uniform and linear radioactivity distributions were 

described by dividing each impactor stage geometrically into 10 multiple sub-stages, and 

then assigning fractional radioactivity to the sub-stages.   

IMBA Professional (Version 3.0) includes 75 radionuclides while the LUDEP 

program includes all radionuclides in ICRP Publication 38 or Oak Ridge National Lab 

(ORNL) database (ICRP 1983; James et al. 2003).  Among the P

238
PU series radionuclides, 

P

238
PU, P

234
PU, P

230
PTh, P

226
PRa, and P

210
PPo are available in IMBA software.    Therefore, effective 

dose scaling factors were calculated for those radionuclides while the previous study 

(Kim et al., 2005) included P

234
PTh, P

210
PPb, and P

210
PBi as well.  The biokinetic model of 

bismuth has not been revised since ICRP Publication 30.  Therefore, its effective dose 

scaling factors generated by LUDEP software can be used for dose assessment.    

4.3 Results and Discussion 

4.3.1 Inhalation Dose Coefficients 

Fig. 4-1 shows fifty-year committed effective doses for occupational workers under 

light exertion following exposure to radioactive aerosols of P

238
PU series as a function of 

particle size and absorption type.  For uranium, radium, and polonium, types S, M, and F 

yield the highest doses in that order for particles smaller than ~7 µm.  The trend is 

opposite to that for P

230
PTh, where type F yields higher values than type M and S materials. 

The radionuclides P

238
PU, P

234
PU, P

230
PTh, P

226
PRa, and P

210
PPo are alpha-emitters.  The alpha-

particle energy of these radionuclides represents more than 99% of the released energy 
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during radioactive decay.  For most organs, dosimetry models assume that all alpha 

particle energy is absorbed in the organ where the particle is released (ICRP 1979).  

Therefore, the dose due to inhalation of P

238
PU series is strongly dependent on their source 

organs and number of decays, which are determined by particle deposition, clearance, 

and radionuclide behavior after absorption into blood as given by their biokinetic model.  

Type S radionuclides are dissolved into blood slowly in comparison to type F and M 

radionuclides.  They stay in the respiratory tract longer thus resulting in a higher dose to 

the lungs.  If the radioactive material after absorption into blood is excreted rapidly from 

body, the doses to other organs are much less than the dose to the lungs.  Consequently, a 

high fraction of the total effective dose results from the lung dose.  This case is applied to 

the radionuclides of P

238
PU, P

234
PU, P

226
PRa, and P

210
PPo.  If a high fraction of absorbed 

radioactive material is retained in a certain organs or tissues for a long time, longer 

residence in the respiratory tract does not necessarily result in a higher effective dose.  

Particles deposited in the respiratory tract are cleared by several mechanisms: (1) 

transport to the gastrointestinal (GI) tract, (2) transport to regional lymph nodes (LN), 

and (3) absorption into blood (ICRP 1994).  These mechanisms are competitive.  Type S 

material results in higher factional removal to the GI tract thus reducing the absorption 

fraction to blood, retention fraction in other organs, and effective dose.  The biokinetic 

model introduced in ICRP Publication 67 shows that thorium content in bone after 

injection is  ~50% in 1 day, increases to ~70% in 2000 days, and then decreases with time 

(ICRP 1993).  Most of thorium goes to bone and is retained for a long time after 

absorption.  Therefore, faster dissolution of P

230
PTh reduces the removal through the GI 

tract and results in a higher effective dose.  
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4.3.2 Comparison of Inhalation Dose Coefficients from IMBA and LUDEP   

Inhalation dose coefficients calculated using the LUDEP software are also plotted 

to compare the results from IMBA software in Fig 4-1.  The IMBA software yields a 

higher dose in comparison to the LUDEP software for the same dose calculation 

scenarios.  The difference in effective dose between the two programs is generally small, 

less than 2% except P

230
PTh (3-11%) for type S materials and increases up to by a factor of 

5 for P

238
PU and P

234
PU, 1.3 for P

230
PTh, 1.9 for P

226
PRa, and 1.2 for P

210
PPo for type F.  These dose 

differences come from the different biokinetic models employed in each program.  The 

difference is highlighted below for P

238
PU.  The longer the alpha-emitting radionuclide 

resides in the respiratory tract, the more the lung dose contributes to the effective dose.  

Tissue-weighted equivalent doses to lung and extra-thoracic (ET) regions are more than 

98% of the effective dose for type S P

238
PU.  Therefore, the different biokinetic models in 

the two programs do not cause large differences in effective dose.  If the radionuclide is 

absorbed quickly into blood, the dose to lungs is small and thus the other organs 

contribute more to the effective dose.  Dose contributions of lung and ET regions are 

below 8% of the effective dose for type F P

238
PU.  For this case, the biokinetic behavior 

after absorption into blood plays an important role in the effective dose.  Fig 4-2 shows 

tissue-weighted equivalent doses to several organs and effective doses calculated by both 

the IMBA and LUDEP codes.   The IMBA software, in comparison to the LUDEP 

software, yields a higher dose to red bone marrow, bone surface and liver by a factor of 

2.7, 1.7, and 106, respectively.  It yields a dose that is ~27 times higher to most soft 

organs including breast, stomach, gonads, skin, thyroid, urinary bladder and esophagus.  

For lungs, the dose is 27 times higher for large-sized particles (~ 50 µm) and 10 times 
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higher for small size particles (~ 0.1 µm).  Bone is the main location of uranium retention 

and thus red bone marrow and the bone surface receive a higher dose than seen in other 

organs.  Fig 4-2 indicates that a high fraction of effective doses comes from the doses to 

these two tissues.  The main difference of these two codes is the fractional dose 

contribution of other organs or tissues.   For type F P

238
PU, about 90% of the effective dose 

comes from those tissues in the LUDEP software.  However, the fraction decreases to 

39% in the IMBA program.  It means that P

238
PU retention in other organs and tissues is 

much higher in the ICRP 69 biokinetic model than given by the ICRP 30 biokinetic 

model.   

Figs. 4-3 and 4-4 illustrate the uranium biokinetic models in ICRP 30 and 69 (ICRP 

1979; ICRP 1995a).  The old biokinetic model in ICRP Publication 30 is based on 

retention instead of systemic physiology, and it cannot explain uranium behavior at the 

early time after absorption to blood.  This model assumes that uranium entering the 

transfer compartment goes to bone with fractions of 0.2 and 0.023 and remains there with 

biological half-lives of 20 and 5000 days.  Fractions of 0.12 and 0.00052 go to the kidney 

with biological half-lives of 6 and 1500 days.  Fractions of 0.12 and 0.00052 go to all 

other tissues with biological half-lives of 5 and 1500 days.  The remaining fraction is 

excreted with a biological half-life of 6 hours in blood.  In contrast, the new biokinetic 

model of uranium is a recycling model.  Uranium absorbed to blood is transferred to bone, 

kidney, liver, other soft tissues, and excretion routes.  The deposited uranium in each 

tissue can also re-enter the blood stream.  After that, it is transferred to tissues or is 

excreted according to the transfer rates.  Because bone is the main site of deposition and 

retention, it is divided in detail into bone surface, exchangeable bone volume, and non-
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exchangeable bone volume for each cortical and trabecular bone.  Fig. 4-5 shows the 

model prediction of uranium contents in bone, kidneys, liver, and the other soft tissues as 

a function of time after injection into blood.  The retention fractions based on the new 

biokinetic model are higher than those based on the old biokinetic model for all tissues.  

The difference is great for soft tissues and liver.  Liver is included in other tissues in the 

old biokinetic model, while it is described separately from other soft tissues in the latest 

model.  The equivalent dose to each tissue is proportional to the number of radionuclide 

decays in the tissue.  Therefore, the number of uranium decays for 50 years in soft tissues 

was calculated.  The decay number difference between the two biokinetic models is the 

same as the dose difference in soft tissues.   

4.3.3 Effective Dose Scaling Factors 

Tables 4-1 - 4-5 show effective dose scaling factors for uniform and linearly 

changing radioactivity distributions.  The selection of radioactivity distribution type and 

application of effective dose scaling factors are given in Chapter 3.  For a majority of 

radionuclides, particle size ranges, and absorption types, the dose differences in these two 

approaches are less than 10%, and thus no corrections in effective dose per particle stage 

are needed.  Significant corrections (greater than 10%) are necessary within only 1 or 2 of 

the particle size ranges for most cases.  For type F filter-stage particles, the effective dose 

of the mono-size distribution should be scaled upward or downward by factors of 1.17, 

1.30, 1.43, 1.04, and 0.91 to approximate effective doses under the linear radioactivity 

distribution with sub-stage activity ratios of 1:1, 2:1, 5:1, 1:2, and 1:5, respectively.  For 

type M and S radionuclides, greater than 10% corrections must be made for the 3P

rd
P and 

filter stage particles, as well as some 4P

th
P stage particles for uniform and linearly 

decreasing radioactivity distributions.  The scaling factors range 1.04 - 1.24 for the 3P

rd
P 
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stage particles and 1.15 - 1.17 for filter stage particles under the uniform radioactivity 

distribution and increase 1.16 - 1.49 (3P

rd
P stage) and 1.41 - 1.44 (filter stage) under the 

linearly decreasing distribution with activity ratio of 5:1.  Large dose differences are 

irregularly found under the linearly increasing distribution.  The correction to the 

effective dose for end-stage particles is only ~3 - 4% for the activity ratio of 1:2 and 

scales downward by 9 - 10% for the ratio of 1:5.   

The effective dose scaling factors generated using IMBA software is nearly 

identical to those calculated using the LUDEP program.  The difference between them is 

less than 1% for most cases.  The effective dose scaling factor is calculated by comparing 

the dose at the mean particle size of a stage range and doses at the mean particle size of 

each sub-stage.  The relative dose difference between two different particle sizes depends 

on particle deposition, clearance, and biokinetic models, collectively.  However, particle 

deposition and clearance contribute to the relative effective dose difference between two 

different particle sizes more than biokinetic model.  Since IMBA and LUDEP employ the 

same particle deposition and clearance models in ICRP 66 HRTM, the values of scaling 

factors of these two codes are close to each other.  However, these two programs employ 

different biokinetic models thus yielding dose differences up to a factor of 5. 

4.4 Conclusions 

Effective dose scaling factors enable one to improve the accuracy of dose 

assessment with less computational efforts.  The inhalation dose coefficients and dose 

scaling factors were calculated for P

238
PU series using the recent ICRP 66 implementing 

software, IMBA.  The results are compared with LUDEP software outputs.    

Different biokinetic models used in the IMBA and LUDEP codes result in dose 

differences.  The IMBA software yields a higher dose in comparison to the LUDEP 
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software for the same dose calculation scenario.  The difference is the largest for type F 

materials because type F radionuclides yield a relatively small dose to lungs and a high 

dose to the other organs or tissues that depend on the biokinetic model.  The effective 

dose difference between these two programs is a factor of 5 for P

238
PU and P

234
PU, 1.3 for 

P

230
PTh, 1.9 for P

226
PRa, and 1.2 for P

210
PPo for type F and less than 2% for type S.  

The scaling factors generated using the IMBA program are nearly identical to those 

calculated by the LUDEP program because particle deposition and clearance contribute 

to the relative effective dose difference between different particle sizes more than the 

biokinetic model and both programs use the same particle deposition and clearance 

models.  Significant corrections of the effective dose are necessary for only 1 or 2 of the 

particle size ranges for most cases.  They are mainly found in the 3P

rd
P, 4P

th
P and filter stages.  

The effective dose should be scaled upward by factors of 1.0 – 1.24 for the 3P

rd
P stage and 

1.15 – 1.17 for the filter stage to approximate the effective doses for uniform distribution.  

For linearly decreasing distribution, the values range 1.03 – 1.36 (activity ratio of 2:1) 

and 1.05 – 1.49 (activity ratio of 5:1) for the 3P

rd
P stage and 1.28 – 1.30 (activity ratio of 

2:1) and 1.41 – 1.43 (activity ratio of 5:1) for the filter stage.  Large dose differences are 

irregularly found for the linearly increasing distribution.  The effective dose for the end-

stage particles need to be corrected by only ~3 - 4% for activity ratio of 1:2 and scaled 

downward by 9-10% for the ratio of 1:5.  
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Table 4-1. Inhalation effective dose scaling factors (SFBEB) for a uniform activity 
distribution   

Effective Dose Scaling Factor SFBE PB

a 

(Uniform radioactivity distribution per impactor stage)P

 
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PU P

230
PTh P

226
PRa P

210
PPo 

F 1 1.01 1.01 1.01 1.01 1.01 
 2 1.02 1.02 1.02 1.02 1.02 
 3 1.00 1.00 1.00 1.00 1.00 
 4 0.98 0.99 0.98 0.98 0.99 
 5 0.98 0.98 0.99 0.99 0.98 
 6 1.02 1.02 1.02 1.02 1.02 
 7 1.04 1.04 1.04 1.04 1.04 
 F 1.17 1.17 1.17 1.17 1.17 
          

M 1 1.01 1.01 1.01 1.01 1.01 
 2 1.02 1.03 1.02 1.02 1.03 
 3 1.19 1.20 1.11 1.19 1.20 
 4 1.02 1.01 0.99 1.00 0.99 
 5 0.99 0.99 0.98 0.99 0.99 
 6 1.03 1.03 1.01 1.03 1.03 
 7 1.02 1.03 1.03 1.03 1.03 
 F 1.16 1.16 1.17 1.16 1.15 
        

S 1 1.01 1.01 1.01 1.01 1.01 
 2 1.02 1.02 1.02 1.02 1.03 
 3 1.12 1.13 1.04 1.12 1.24 
 4 0.95 0.92 0.98 0.93 1.00 
 5 0.98 0.98 0.98 0.98 0.99 
 6 1.01 1.01 1.01 1.01 1.03 
 7 1.03 1.03 1.03 1.03 1.03 
 F 1.17 1.16 1.17 1.17 1.15 

P

a
P Defined as the ratio of the committed effective dose for a uniform radioactivity 

distribution per impactor stage to that for a mono-size radioactivity distribution per 
impactor stage.  Values of SFBEB given here are specific to particle size ranges of the 
University of Washington Mark III cascade impactor at an air flow rate of 15 L minP

-1
P.  

Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% adjustment in the 
effective dose). 
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Table 4-2. Inhalation effective dose scaling factors (SFBEB) for a linearly decreasing activity 
distribution (AR of 2:1) 

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly decreasing sub-stage distribution with AR P

 
Pof 2:1) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PU P

230
PTh P

226
PRa P

210
PPo 

F 1 1.02 1.02 1.02 1.02 1.02 
 2 1.04 1.04 1.04 1.04 1.04 
 3 1.03 1.03 1.03 1.02 1.03 
 4 0.99 1.00 0.99 0.99 0.99 
 5 0.97 0.97 0.97 0.97 0.96 
 6 0.97 0.97 0.97 0.97 0.97 
 7 1.02 1.01 1.02 1.02 1.01 
 F 1.30 1.30 1.30 1.30 1.30 
          

M 1 1.02 1.02 1.02 1.02 1.02 
 2 1.05 1.05 1.05 1.05 1.06 
 3 1.30 1.31 1.19 1.30 1.31 
 4 1.07 1.07 1.02 1.06 1.06 
 5 0.97 0.96 0.97 0.96 0.96 
 6 1.00 1.00 0.98 1.00 1.00 
 7 1.03 1.03 1.02 1.03 1.04 
 F 1.28 1.28 1.30 1.28 1.28 
        
S 1 1.02 1.01 1.02 1.02 1.02 
 2 1.04 1.04 1.05 1.05 1.06 
 3 1.20 1.21 1.10 1.20 1.36 
 4 0.98 0.96 1.04 0.96 1.07 
 5 0.97 0.97 0.97 0.97 0.96 
 6 0.98 0.98 0.98 0.98 1.00 
 7 1.02 1.03 1.02 1.03 1.04 
 F 1.30 1.30 1.30 1.30 1.28 

P

a 
PDefined as the ratio of the committed effective dose for a linearly decreasing (AR = 2:1) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b
PB BRatio of the activity of the 1P

st
P sub-stage to the activity of the 10P

th
P (last) sub-stage.  
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Table 4-3. Inhalation effective dose scaling factors (SFBEB) for a linearly decreasing activity 
distribution (AR of 5:1) 

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly decreasing sub-stage distribution with AR P

 
Pof 2:1) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PU P

230
PTh P

226
PRa P

210
PPo 

F 1 1.02 1.03 1.02 1.02 1.02 
 2 1.07 1.07 1.07 1.07 1.07 
 3 1.06 1.06 1.06 1.05 1.05 
 4 1.00 1.00 1.00 1.00 1.00 
 5 0.95 0.95 0.95 0.95 0.94 
 6 0.93 0.93 0.93 0.93 0.93 
 7 0.99 0.99 0.99 0.99 0.99 
 F 1.43 1.43 1.43 1.43 1.43 
          

M 1 1.02 1.03 1.02 1.03 1.03 
 2 1.08 1.08 1.07 1.08 1.09 
 3 1.41 1.43 1.26 1.41 1.43 
 4 1.13 1.13 1.06 1.13 1.12 
 5 0.94 0.94 0.96 0.94 0.94 
 6 0.97 0.96 0.94 0.97 0.96 
 7 1.04 1.04 1.01 1.04 1.05 
 F 1.41 1.41 1.44 1.41 1.41 
        
S 1 1.02 1.02 1.02 1.03 1.03 
 2 1.07 1.07 1.07 1.07 1.09 
 3 1.28 1.29 1.16 1.29 1.49 
 4 1.02 0.99 1.10 0.99 1.13 
 5 0.96 0.96 0.97 0.96 0.94 
 6 0.95 0.95 0.95 0.95 0.96 
 7 1.02 1.02 1.02 1.02 1.04 
 F 1.43 1.43 1.43 1.43 1.41 

P

a 
PDefined as the ratio of the committed effective dose for a linearly decreasing (AR = 5:1) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b
PB BRatio of the activity of the 1P

st
P sub-stage to the activity of the 10P

th
P (last) sub-stage.  
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Table 4-4. Inhalation effective dose scaling factors (SFBEB) for a linearly increasing activity 
distribution (AR of 1:2) 

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly increasing sub-stage distribution with AR P

 
Pof 1:2) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PU P

230
PTh P

226
PRa P

210
PPo 

F 1 1.01 1.01 1.01 1.01 1.00 
 2 0.99 0.99 0.99 0.99 0.99 
 3 0.98 0.98 0.97 0.97 0.98 
 4 0.97 0.98 0.97 0.98 0.98 
 5 1.00 1.00 1.01 1.01 1.00 
 6 1.06 1.06 1.06 1.06 1.06 
 7 1.06 1.06 1.06 1.07 1.06 
 F 1.04 1.04 1.04 1.04 1.04 
          

M 1 1.00 1.01 1.01 1.01 1.01 
 2 1.00 1.00 0.99 0.99 1.00 
 3 1.08 1.09 1.03 1.08 1.08 
 4 0.96 0.95 0.95 0.94 0.92 
 5 1.01 1.01 0.99 1.01 1.02 
 6 1.06 1.07 1.04 1.07 1.07 
 7 1.02 1.02 1.05 1.02 1.02 
 F 1.03 1.03 1.04 1.03 1.03 
        
S 1 1.01 1.00 1.00 1.01 1.01 
 2 1.00 0.99 1.00 1.00 1.00 
 3 1.04 1.05 0.97 1.04 1.11 
 4 0.91 0.89 0.93 0.90 0.94 
 5 0.99 0.99 0.99 0.99 1.02 
 6 1.04 1.04 1.04 1.04 1.07 
 7 1.03 1.03 1.04 1.03 1.02 
 F 1.04 1.03 1.04 1.03 1.03 

P

a 
PDefined as the ratio of the committed effective dose for a linearly increasing (AR = 1:2) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b
PB BRatio of the activity of the 1P

st
P sub-stage to the activity of the 10P

th
P (last) sub-stage.  
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Table 4-5. Inhalation effective dose scaling factors (SFBEB) for a linearly increasing activity 
distribution (AR of 1:5) 

Effective Dose Scaling Factor SFBEPB

 a 

(Linearly increasing sub-stage distribution with AR P

 
Pof 1:5) P

b
P
 

Absorption 
Type 

Impactor 
Stage 

P

238
PU P

234
PU P

230
PTh P

226
PRa P

210
PPo 

F 1 1.00 1.00 1.00 1.00 1.00 
 2 0.97 0.97 0.97 0.97 0.97 
 3 0.95 0.95 0.95 0.95 0.95 
 4 0.97 0.97 0.97 0.97 0.97 
 5 1.02 1.02 1.03 1.03 1.02 
 6 1.11 1.11 1.11 1.11 1.11 
 7 1.09 1.09 1.09 1.10 1.09 
 F 0.91 0.91 0.91 0.91 0.91 
          

M 1 1.00 1.00 1.00 1.00 1.00 
 2 0.97 0.97 0.97 0.97 0.97 
 3 0.98 0.98 0.95 0.97 0.97 
 4 0.90 0.89 0.91 0.88 0.86 
 5 1.03 1.04 1.00 1.04 1.05 
 6 1.10 1.10 1.07 1.10 1.11 
 7 1.01 1.01 1.06 1.01 1.01 
 F 0.90 0.90 0.91 0.90 0.90 
        
S 1 1.00 1.00 1.00 1.00 1.00 
 2 0.97 0.97 0.97 0.97 0.97 
 3 0.96 0.96 0.91 0.96 0.98 
 4 0.88 0.86 0.87 0.86 0.87 
 5 1.00 1.00 1.00 1.00 1.04 
 6 1.07 1.07 1.07 1.07 1.11 
 7 1.03 1.04 1.04 1.04 1.01 
 F 0.90 0.90 0.90 0.90 0.90 

P

a 
PDefined as the ratio of the committed effective dose for a linearly increasing (AR = 1:5) 

radioactivity distribution per impactor stage to that for a mono-size radioactivity 
distribution per impactor stage.  Values of SFBEB given here are specific to particle size 
ranges of the University of Washington Mark III cascade impactor at an air flow rate of 
15 L minP

-1
P.  Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% 

adjustment in the effective dose). 
P

b
PB BRatio of the activity of the 1P

st
P sub-stage to the activity of the 10P

th
P (last) sub-stage. 
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Figure 4-1. Inhalation dose coefficients for light exertion per unit intake of a uranium 

series radionuclide: (A) P

238
PU, (B) P

234
PU, (C) P

230
PTh, (D) P

226
PRa, and (E) P

210
PPo.  

Solid and dashed lines indicate results from IMBA and LUDEP softwares, 
respectively.   
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Figure 4-1. Continued  
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Figure 4-1. Continued 
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Figure 4-2. Effective dose and tissue-weighted equivalent doses to bone marrow, bone 

surface, lung, and liver of type F P

238
PU as a function of particle size.  Thick and 

thin lines indicate results from IMBA and LUDEP programs, respectively.   
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Figure 4-3. Biokinetic model of uranium in ICRP Publication 30 (ICRP 1979).  The 

number to each tissue compartment is the distribution fraction from the 
transfer compartment.  The number to excretion is the biological half-life for 
each tissue. 
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Figure 4-4. Biokinetic model of uranium in ICRP Publication 69 (ICRP 1995a).  The 

numbers between two tissues are the transfer rates (dP

-1
P) from one tissue to the 

other. 
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Figure 4-5. Biokinetic model prediction of uranium contents in bone, kidneys, liver, and 

other soft tissues as a function of time after injection into blood.  Solid lines 
are the prediction from new biokinetic model in ICRP Publication 69 and 
dashed lines from the old biokinetic model in ICRP Publication 30 (ICRP 
1979; ICRP 1995a). 
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CHAPTER 5 
INFLUENCE OF PARTICLE SIZE DISTRIBUTION ON INHALATION DOSES TO 

WORKERS IN THE FLORIDA PHOSPHATE INDUSTRY  

5.1 Introduction 

Risk assessments to the workers in the phosphate industry have been carried out by 

calculating radiation doses due to external exposure, radon exposure, and particle 

inhalation (Birky et al. 1998; Gafvert et al. 2001; Johnson and Traub 1996; Khater et al. 

2001; Lipsztein et al. 2001).  Lipsztein et al. (2001) calculated radiation exposure to the 

workers in various phosphate mines in which the effective doses due to particle 

inhalation were calculated via personal air sampler data and dose coefficients given by 

the ICRP (ICRP 2002).  Gafvert et al. (2001) estimated doses to workers at phosphate 

rock facilities where the effective dose due to dust inhalation was estimated through the 

product of the radioactivity mass concentration (Bq gP

-1
P), dust concentration (g mP

-3
P), 

reference breathing rate (m3 hP

-1
P), exposure time (hr yP

-1
P), and inhalation dose coefficient 

(Sv Bq P

-1
P) given in ICRP Publication 71 (ICRP 1995b).  In this study, radioactivity 

concentrations were obtained from raw materials, products, and waste, as opposed to 

those of sampled airborne particles.   

Recently, a comprehensive integrated study on worker exposures from TENORM 

in the Florida phosphate industry was conducted by Birky et al. (1998).  External and 

internal exposures were assessed for workers at mine and chemical plants.  The study 

results showed that particle inhalation was a main contributor to worker radiation 

exposure.  Air sampling and inhalation dose conversion factors given in ICRP 
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Publication 68 were used for dose calculation (ICRP 1994b).  The study emphasized “no 

adjustment for particle size” was made, and that “the inhalation doses are conservative 

and tend to be greater than actual doses.” 

The objective of the present study was to reassess values of the effective dose due 

to TENORM aerosol inhalation across the Florida phosphate industry using more refined 

analysis of sampled aerosols in the worker areas including granulator facilities, storage 

facilities, and shipping areas.  Detailed measurements in Chapter 2 were conducted of the 

particle size distribution, particle shape and density, and radioactivity concentrations 

using cascade impactor, dichotomous sampler, and high-volume sampler measurements 

in duplicate at all three work areas across 6 facilities in the northern and centrals regions 

of the state.  These data were then used to assess the inhalation component of the annual 

effective dose to workers using the ICRP Publication 66 human respiratory tract model 

(HRTM) (ICRP 1994b) as coded within the LUDEP and IMBA programs.  This study 

further reviewed the inhalation dose sensitivity to assumptions on radionuclide-specific 

lung solubility in TENORM aerosols of the Florida phosphate industry. 

5.2 Materials and Methods 

Particle properties characterized in Chapter 1 were integrated into a full internal 

dosimetry assessment of individualized worker doses by both facility and operational 

location.  Radionuclides of concern in this study include those of the P

238
PU series as shown 

in Fig. 2-2.  In a given exposure scenario, a worker may be exposed to individual 

radionuclides in the P

238
PU series, or to segments of the decay chain that remain under 

secular equilibrium.  The dose due to inhalation of particles encompassing a decay-chain 

series can be easily calculated through summation of the doses received by each decay-

chain member.  Furthermore, progeny generated by the decay of inhaled radionuclides 
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will further contribute to internal dose; hence, in-vivo in-growth of progeny must also be 

taken into account.  It is thus useful to generate data regarding inhalation effective doses 

from each radionuclide independently as they can be modified according to their unique 

particle properties and radioactivity concentrations.  Inhalation dose coefficients for the 

uranium series were calculated and then dose rates and total effective doses to workers in 

Florida phosphate processing plants were calculated by plants and locations. 

5.2.1 Inhalation Dose Coefficients  

Fifty-year committed equivalent doses and committed effective doses were 

calculated for occupational workers under light exertion following annual chronic 

inhalation exposures of radioactive aerosols of the P

238
PU series.  The biokinetic behavior of 

gas-phase radionuclides differs from that of solid-phase radionuclides.  P

222
PRn produced 

by decay of P

226
PRa inside the human body is removed to blood and then exhaled quickly 

(ICRP 1993; ICRP 1995b).  Since the P

222
PRn removal rate is much greater than P

222
PRn 

physical decay, it can be assumed that P

222
PRn and its short-lived progeny originating from 

inhaled P

226
PRa contribute very little to the worker internal dose and can thus be 

disregarded in this analysis.  Inhalation dose coefficients were thus calculated for the 

following radionuclides: P

238
PU, P

234
PTh, P

234
PU, P

230
PTh, P

226
PRa, P

210
PPb, P

210
PBi, and P

210
PPo. 

Both the IMBA (James et al. 2003) and LUDEP (Jarvis et al. 1996) programs were 

used to generate inhalation dose coefficients.  While both codes incorporate the full ICRP 

Publication 66 human respiratory tract model, systemic localization of radionuclides 

entering the blood are handled in LUDEP using the biokinetic models of ICRP 

Publication 30 (ICRP 1979), while IMBA incorporates the more recent radionuclide 

biokinetic models of ICRP Publications 56, 67, 69, and 71 (ICRP 1989; ICRP 1993; 

ICRP 1995a; ICRP 1995b).  A limitation of the IMBA program, however, is the number 
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of radionuclides in its current library.  The IMBA Professional (Version 3.0) includes 75 

radionuclides, while the LUDEP program includes all radionuclides in either the ICRP 

Publication 38 (ICRP 1983) or Oak Ridge National Lab (ORNL) database (Eckerman et 

al. 1994).  In this study, inhalation dose coefficients were generated using the IMBA 

program when possible.  LUDEP was then used for the radionuclides not currently 

covered in IMBA program: P

234
PTh, P

210
PPb, and P

210
PBi.  

In the ICRP 66 HRTM, the radioactive aerosol is assumed to be distributed log-

normally with the aerodynamic particle size.  The aerosol size distributions in the Florida 

phosphate industry are generally not found to follow log-normal distributions.  Hence, the 

dose calculation was performed via summation of doses calculated separately using the 

particle size ranges for the Mark III cascade impactor: 

s
s

E E= ∑ and T Ts
s

H H= ∑ ,      Eq. 5-1 

where E and HBT B are, respectively, effective dose and equivalent dose for tissue or organ T, 

s is impactor stage (total of 8 for Mark III cascade impactor), EBs B and HBTs B are doses due to 

inhalation of the particle size range within impactor stage s.  

On the basis of ICRP 66 HRTM, radionuclide absorption to blood can be defined 

explicitly if site-specific particle solubility in the lung fluid is known.  In cases where it is 

not, the ICRP 66 model establishes three general classifications of particle solubility in 

the lung fluids (i.e., absorption types): type F (fast absorption), type M (moderate 

absorption), and type S (slow absorption).  The absorption types of radionuclides are well 

summarized in ICRP Publication 71 (ICRP 1995b), and are classified by the radionuclide 

chemical form.   In the absence of site-specific information, default type M is 

recommended for most elements to avoid either over- or under-estimates of worker dose.  
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As an exception, type S is recommended for radioisotopes of thorium.  The 

physicochemical forms of P

238
PU series radionuclides in Florida phosphate aerosols are not 

known at present, and thus a sensitivity study was employed in which all three default 

absorption types were assumed (types F, M, and S).    

5.2.2 Inhalation Effective Doses to Workers   

In this study, site-specific inhalation doses were calculated using unique values for 

the particle size distribution, particle shape, particle density, and radioactivity 

concentration in granulator, storage, and shipping areas for all 6 Florida phosphate 

facilities.  All databases of particle size distribution and radionuclide concentration used 

for dose calculation are attached in Appendix A.   

Radioactivity concentrations of P

238
PU, P

226
PRa, and P

210
PPb were measured independently 

for sampled airborne particles and settled particles in each facility.  Various assumptions 

were thus applied regarding other radionuclides of the P

238
PU series.  The pathway of a 

given radionuclide in the P

238
PU decay series during chemical processing of phosphate 

materials depends on its elemental type.  For example, both P

238
PU and P

234
PU will selectively 

localize in product materials rather than in by-products of the chemical process.  NCRP 

Report No. 65 indicates that both P

238
PU and P

230
PTh concentrations in fertilizer materials 

made from Florida phosphate ore are essentially identical (NCRP 1987).  Many other 

studies also indicated that thorium isotopes follow product rather than by-product 

materials (Guimond and Windham 1975; Hurst and Arnold 1982; Makweba and Holm 

1993).  In this study, it was thus assumed that the radioactivity concentration of P

234
PU, 

P

234
PTh, and P

230
PTh are equivalent to that measured for P

238
PU.  For both P

210
PBi and P

210
PPo, 

additional considerations were necessary as there are two sources of the parent 

radionuclide P

210
PPb within airborne particles.  The first source is P

210
PPb that exists within 
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the phosphoric acid or bulk product and is carried into the airborne particulates during 

airborne particle generation.  The second source is P

210
PPb from the aerosol attachment of 

ambient P

222
PRn progeny in the worker environment.  Two options thus exist for dose 

assessment: (1) assign the P

210
PBi and P

210
PPo radioactivity per unit mass to that measured for 

P

210
PPb in the aerosol samples, or (2) assign the P

210
PBi and P

210
PPo radioactivity per unit mass 

to that measured for P

210
PPb in settled particles.  In this study, the second option was 

applied as aerosol suspension times are very short in comparison to the physical half-life 

of P

210
PPb, and thus ambient radon-generated P

210
PPb radioactivity attached to airborne 

particles does not have sufficient time to yield appreciable in-growth of additional P

210
PBi 

and P

210
PPo progeny.      

The total effective dose was calculated for all air sampling sites at all 6 Florida 

phosphate chemical plants.  An occupancy factor of 2000 hours per year was assumed for 

the dose calculation.  The total effective dose is the summation of both the internal 

committed effective dose and external doses from gamma-ray exposures.  In a previous 

TENORM study, Birky et al. (1998) indicated that workers in some job classifications 

were noted to receive additional external gamma-ray exposures from TENORM 

radionuclides.  Annual external dose rate of 0.2 mSv yP

-1
P was used for dose estimation.     

The total effective dose was further calculated under two different absorption type 

scenarios: (1) that all radionuclides have the same lung solubility absorption type (either 

type F, M, or S) and (2) that the radionuclides are found in aerosols of the most or least 

conservative absorption types as given by their individual inhalation dose coefficients.  

For each worker location and facility, the radioactivity as a function of particle size was 

constructed based on (1) the radionuclide concentrations seen via gamma-ray 
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spectroscopy, (2) the particle size distribution seen via cascade impactor sampling, and 

(3) effective dose scaling factors.   

5.3 Results and Discussion 

5.3.1 Inhalation Dose Coefficients 

Fig. 5-1 displays inhalation dose coefficients for light-activity workers applicable 

to the P

238
PU decay series as a function of particle size and absorption type.  The values 

were calculated with particle properties for the Florida phosphate chemical plants.  For 

most P

238
PU decay-series radionuclides, dose coefficients are highest for type S aerosols 

and lowest for type F aerosols at particle sizes below ~8 µm (~1 µm for P

210
PPb).  For 

particles of larger diameters, the dose coefficients for some type F aerosols are larger 

than those of type M aerosols (P

238
PU, P

234
PU, and P

210
PPb) or of both type S and type M 

aerosols (P

234
PTh and P

210
PPo).  Unlike all other radionuclides, the dose coefficients for P

230
PTh 

are noted to be highest for type F aerosols and lowest for type S aerosols (see below).   

Inspired particles deposit in the human respiratory tract during both inhalation and 

exhalation.  The deposition component of the ICRP 66 HRTM divides the respiratory 

tract into four anatomical regions: extrathoracic (ET), bronchial (BB), bronchiolar (bb), 

and alveolar-interstitial (Al) regions.  The regional deposition of inhaled particles is 

determined primarily by the particle size distribution.  After radioactive particles are 

deposited on the surfaces of lung airways, they experience several fates: (1) transport to 

the gastrointestinal (GI) tract via the pharynx by mucociliary action, (2) transport to 

regional lymph nodes (LN) via lymphatic channels, and (3) absorption into blood.  These 

mechanisms are competitive, and they occur in various degrees simultaneously 

depending on the nature of the inhaled particles (particle size and shape, numbers or mass 

of deposited particles, intrinsic chemical solubility, and cytotoxicity) (Guilmette 1998).  
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After absorption of radioactive materials into blood, they are taken up by systemic 

tissues, transferred from one tissue to another, circulated or retained in the body, and 

excreted via urine depending on their physicochemical properties.  The distribution and 

retention of various radionuclides are described in ICRP Publications 30, 56, 67, 69, and 

71.   

Particle deposition, clearance, biokinetic behavior, and radioactive decay all 

influence the dose due to particle inhalation.  If it is assumed that all energy from 

radioactive materials is absorbed in the tissue where they reside (applicable to alpha- and 

beta-emitting radionuclides as in the P

238
PU series), the tissue equivalent dose is 

proportional to the number of radionuclide transformations in each tissue.  Consequently, 

the equivalent dose to the lungs is highest if the radionuclide remains within the 

respiratory tract for periods longer than seen at other systemic organs.  Higher lung doses 

are thus seen for radionuclides with (1) higher fractional deposition in the deeper regions 

of the respiratory tract, (2) slow absorption to blood, (3) rapid excretion after absorption 

to blood, and (4) relatively short physical half-lives as compared to the respiratory tract 

residence time.  The effective dose is the summation of the tissue-weighted equivalent 

dose to each tissue, and thus the distribution of a radioactive material to each tissue or 

organ is a major factor determining the overall magnitude of the effective dose.  

Obviously, if a radioactive material is selectively distributed in tissues or organs with 

high tissue weighting factors, the final effective dose will also be high.  By definition, 

radionuclides of type S aerosols remain in the respiratory tract for long periods of time, 

and thus they give higher equivalent doses to the lungs than do radionuclides of type F 

and type M aerosols.  Tissue-weighted equivalent doses to the lung compose ~99% of the 
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effective dose for radionuclides of type S aerosols except for thorium radioisotopes (88% 

for P

234
PTh and 62% for P

230
PTh) at a particle size of ~1 µm.  In contrast, the lung contribution 

to the effective dose decreases to less than 7% for radionuclides of type F aerosols.   

To better understand tissue-specific contributions to the effective dose by 

radionuclide and absorption type, Fig. 5-2 displays the tissue-weighted equivalent doses 

for P

238
PU and P

230
PTh as a function of particle size and absorption type.  For P

238
PU of type S 

(Fig. 5-2A) or type M (Fig. 5-2B) aerosols, the lung dose is by far the highest contributor 

to effective dose at small and medium-sized particles (< 10 µm).  Weighted equivalent 

doses to red bone marrow (RBM) and bone surface cells (BS) are the 2P

nd
P and the 3P

rd
P 

highest contributors, respectively.  However, their contribution to the effective dose is 

negligible compared to that of the weighted equivalent lung dose.  When the particle size 

increases to over 2 to 5 µm, however, the lung dose decreases rapidly with increasing 

particle size.  Deposition within the extrathoracic airways increases with concomitant 

decreases in radioactivity deposition to the deeper airways of the respiratory tract.  

Equivalent doses to the extrathoracic target tissues (ETB1B, ETB2 B and LNBETB) thus contribute 

to the weighted equivalent dose to remainder tissues at larger particle sizes for P

238
PU 

associated with type M and type S aerosols.  The discontinuous rise in the remainder 

tissue contribution is triggered by the “ICRP 60 splitting rule” as described in footnote 3 

of Table 5-2 in ICRP Publication 60 (ICRP 1991). 

For P

238
PU in type F aerosols, the equivalent doses to systemic organs and tissues 

contribute substantially more to the total effective dose than does the lung equivalent 

dose.  Radionuclides of type F aerosols are quickly absorbed to blood within the 

respiratory tract.  Therefore, the effective dose is governed by the biokinetic behavior of 
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these radionuclides following blood absorption, as the lung dose is necessarily small.  

The current ICRP biokinetic model for uranium shows that a high fraction of the element 

is transferred to the kidneys, bone surfaces, and liver (ICRP 1995a; ICRP 1995b).  The 

model prediction for the uranium uptake in bone for adults is ~15% after 1 day, and 

decreases to below 6% after 100 days.  The uranium uptake in kidneys is ~10% after 1 

day, and decreases to 0.1% after 100 days.  The equivalent dose is the highest to the bone 

surfaces (BS), kidneys (KN), liver (LV), and RBM in that order.  When the tissue 

weighting factor is considered in the calculation of the effective dose, the tissues of the 

RBM and BS are the 1P

st
P and 2P

nd
P highest contributors, respectively, to the effective dose. 

For P

230
PTh associated with type S aerosols, the lung equivalent dose is the highest 

contributor to the effective dose for small-sized particles, while the remainder tissues 

become the higher contributors at large-sized particles (as was the case for P

238
PU for type 

M and type S aerosols).  For type M aerosols of P

230
PTh, the lung is no longer the highest 

contributor to the effective dose.  In fact, for type M and type F aerosols of P

230
PTh, the 

bone surfaces and red bone marrow receive the highest equivalent doses.  After 

absorption to blood, thorium preferentially localizes to bone and is retained for long 

periods of time.  Current ICRP biokinetic models of thorium show that the fractional 

uptake in bone after 1 day is ~50%, increases to 70% in 2000 days, and then decreases 

thereafter (ICRP 1995a).  Consequently, equivalent doses to BS and RBM surpass the 

lung equivalent dose in spite of the long residence time of P

230
PTh type M aerosol particles 

in the respiratory tissues.  For similar reasons, the effective dose inhalation coefficient for 

type S aerosols of P

230
PTh is lower than those for type M and type F aerosols of P

230
PTh.  

Longer residence times in the respiratory tract result in a higher fractional removal to the 
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GI tract.  Conversely, rapid absorption to blood results in higher thorium concentrations 

in bone with resulting higher values of the effective dose.  In fact, inhalation effective 

dose coefficients for type S aerosols are highest for P

230
PTh of all the radionuclides of the 

P

238
PU decay series (note ordinate scales in Figs. 5-1A to 5-1H).  The biokinetic behavior of 

P

234
PTh is obviously identical to that for P

230
PTh.  However, the physical half-life of P

234
PTh is 

very short, and thus P

234
PTh decays rapidly in bone after blood absorption in the lungs.   

5.3.2 Inhalation Effective Dose to Workers   

TDose Rates. T  Figs. 5-3A to 5-3C display the effective dose rates to workers in the 

Florida phosphate chemical plants due to particle inhalation in granulator, storage, and 

shipping areas, respectively.  For each area, effective dose rates are calculated under the 

assumption that all radionuclides of the P

238
PU are associated with aerosols of absorption 

types F, M, or S.  These effective dose rates can thus be used to make individualized dose 

assessments given explicit knowledge of worker occupancy factors and cumulative 

working times at various processing areas across a given facility.  Effective dose rates 

from internal exposures at granulator areas range from 5.9 × 10P

-5
P to 4.5 × 10P

-3
P mSv hP

-1
P for 

type F aerosols, from 3.6 × 10 P

-5
P to 7.4 × 10P

-4
P mSv hP

-1
P for type M aerosols, and from 2.8 × 

10P

-5
P to 4.5 × 10P

-4
P mSv hP

-1
P for type S aerosols.  The largest variation in internal effective 

dose rates is seen in storage areas (Fig. 5-3B) and is a direct result of the wide variability 

in sampled particle size distributions as realized through variations in ventilation and 

mechanical activity during sampling periods.  In the storage areas, internal dose rates 

vary by factors of 90, 40 and 40 for aerosols of types F, M, and S, respectively.   

Effective dose rates vary by factors up to 10 depending on the presumed absorption 

type of the TENORM aerosols.  The majority of duplicate samplings at the same worker 

location show small dose rate differences (less than a factor of 2) for type S aerosols.  
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The differences in dose rates for locations A-a and C-a in granulator areas, and locations 

A-b, C, and F at storage areas exceed a factor of 2.  Samplings at these latter locations 

were conducted over a span of several months, and thus aerosol concentrations can vary 

with in-plant external conditions.           

Interestingly, inhalation effective dose rates given in Fig. 5-3 are shown to be 

highest for type F aerosols, while the data of Figs. 5-2A to 5-2H indicate that effective 

doses per unit intake are lowest for type F aerosols for all but one radionuclide of the P

238
PU 

series.  The unique combination of radiological half-life, systemic tissue distribution and 

retention, and alpha-particle energies and yields confirms that P

230
PTh is a major contributor 

to the overall inhalation effective dose to P

238
PU series TENORM aerosols, and thus this 

one radionuclide drives the overall trend in inhalation effective dose sensitivity to the 

lung-fluid solubility of the phosphate aerosols.    

TAnnual total effective doses.T  Fig. 5-4 indicates the annual total effective dose to 

exposed workers at granulator, storage, and shipping areas for aerosols assumed to be of 

absorption types F, M, or S.  For type S aerosols, no individual dose assessment exceeds 

the annual non-occupational dose limit of 1 mSv yP

-1
P. In these cases, the internal dose due 

to particle inhalation is negligible as compared to the external effective dose to the 

workers at these locations and facilities.  The total effective doses for type M aerosols are 

higher in comparison to those for type S: by 7 to 52% at granulator areas, 2 to 33% at 

storage areas, and 2 to 18% at shipping areas.  Only 3 cases (15%) at granulator areas 

exceed the worker annual dose limit.  For type F aerosols, the total effective dose exceeds 

the annual dose limit of 1 mSv yP

-1
P for 8 cases (40%) at granulator areas, 5 cases (31%) at 

storage areas, and 2 cases (15%) at shipping areas.  Ratios of the annual total effective 
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dose between type F and type S aerosols ranges from 1.2 to 8.4 at granulator areas, 1.1 to 

5.7 at storage areas, and 1.2 to 4.2 at shipping areas.  

One cannot rule out the possibility that the lung-fluid solubility and blood 

absorption rate of TENORM aerosols might differ among the various radionuclides of the 

P

238
PU series.  Consequently, it is of further interest to explore the full range of potential 

inhalation doses that can be expected under the most conservative to least conservative 

assumptions of the absorption type by radionuclide.  Based on the data of Fig. 5-1, the 

most conservative assumption (yielding the highest effective doses) would presume that 

P

230
PTh is associated with type F aerosols, while all other radionuclides are of type S 

aerosols.  The least conservative assumption (yielding the lowest estimates of effective 

dose) would make opposing assignments of solubility types.  For the least conservative 

case (open squares in Figs. 5-5A to 5-5C), total effective doses for all worker scenarios 

are below the annual dose limit and very close to the assumed uniform external dose rate 

of 0.2 mSv yP

-1
P.  For the most conservative case (solid circles in Figs 5-5A to 5-5C), the 

total effective dose exceeds the annual dose limit in 44% of the cases at granulator areas, 

31% of the cases at storage areas, and 15% of the cases at shipping areas.  In the later 

case, worker annual doses increase to over 5 mSv at 4 cases at the granulator areas.  

Internal contributions to the total effective dose can thus potentially vary by factors of 7 

to 21 at granulator areas, 8 to 22 at storage areas, and 8 to 21 at shipping areas.  Worker 

effective doses will in reality be between these two extreme cases.  The present study 

thus indicates the importance of knowing the site-specific lung-fluid solubility of 

TENORM aerosols at these Florida phosphate facilities.   Such information can be 
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important for assessing the adequacy of existing radiological protection programs and the 

need for respiratory protection of facility workers. 

5.4 Conclusions 

Workers in the Florida phosphate industry receive radiation exposure both from 

external gamma-ray photons and from aerosol inhalation of TENORM radionuclides of 

the P

238
PU decay series.  In this present study, individualized assessments of worker 

committed effective doses were made using detailed information on the particle size 

distribution, particle density, particle shape, and radioactivity concentrations from 

sampled aerosols at 6 different phosphate facilities and at various worker areas within 

these facilities.  Inhalation dose assessments were performed using the ICRP 66 HRTM 

as implemented in the LUDEP and IMBA computer codes.   

Effective dose rates to workers in Florida phosphate chemical plants due to 

airborne particle inhalation vary widely by 1 to 2 orders of magnitude depending on 

workplace particle concentrations.  Inhalation effective dose rates range from 5.9 × 10P

-5
P 

to 4.5 × 10P

-3
P mSv hP

-1
P (type F aerosols), 3.6 × 10P

-5
P to 7.4 × 10P

-4
P mSv hP

-1
P (type M aerosols), 

and 2.8 × 10P

-5
P to 4.5 × 10P

-4
P mSv hP

-1
P (type S aerosols) at granulator areas.  At storage 

areas, inhalation effective dose rates range from 1.8 × 10P

-5
P to 1.6 × 10P

-3
P mSv hP

-1
P (type F 

aerosols), 9.0 × 10P

-6
P to 3.6 × 10P

-4
P mSv hP

-1
P (type M aerosols), and 6.1 × 10 P

-6
P to 2.4 × 10P

-4
P 

mSv hP

-1
P (type S aerosols).  At shipping areas, inhalation effective dose rates range from 

2.8 × 10P

-5
P to 5.4 × 10P

-4
P mSv hP

-1
P (type F aerosols), 8.1 × 10P

-6
P to 7.9 × 10P

-5
P mSv hP

-1
P (type M 

aerosols), and 5.9 × 10P

-6
P to 5.3 × 10P

-5
P mSv hP

-1
P (type S aerosols).  In each case, controlling 

airborne particle concentrations at these facilities can substantially reduce the committed 

effective dose rate to workers. 
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Under the least conservative assumptions for radionuclide absorption types, the 

annual total effective doses are shown be 0.31 ± 0.12, 0.27 ± 0.07, and 0.22 ± 0.02 mSv 

yP

-1
P at granulator, storage, and shipping areas, respectively, and thus all annual worker 

doses are below the annual limit to the members of the general public of 1 mSv yP

-1
P.  In 

contrast, the most conservative assumptions of the radionuclide absorption type yield 

annual total effective doses of 2.24 ± 2.53 mSv at granulator areas, 1.26 ± 1.19 mSv at 

storage areas, and 0.56 ± 0.36 mSv at shipping areas, and thus 44%, 31%, and 15% of 

individual dose assessments at granulator, storage, and shipping areas, respectively, yield 

worker doses above the annual dose limit.  Values of inhalation effective dose vary by a 

factor of between 7 and 22 depending on the absorption types of the radionuclides within 

sampled aerosols.  P

230
PTh is shown to be a major contributor to the worker effective dose, 

and thus drives the overall trend in dose sensitivity to assumed values of particle lung 

solubility (e.g., type F aerosols yielding the highest effective dose rates in all exposure 

scenarios). 

When information on various site-specific particle properties is limited (size 

distribution, density, shape), conservative values must be utilized from the standpoint of 

radiological protection.  In a dose sensitivity study, the determination of particle 

solubility has been shown to be important to minimizing uncertainties in dose estimates.  

Particle solubility is dependent on many factors including particle size, shape, number or 

mass of the deposited particles, intrinsic chemical solubility of the material, and 

cytotoxicity in the lung tissues.  Consequently, area- and material- specific particle 

solubility data obtained from in vitro experiments should be given high importance in 
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dose assessments for regulatory compliance and decisions regarding worker respiratory 

protection. 
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Figure 5-1 Inhalation dose coefficients for P

238
PU decay series for particle properties of the 

Florida phosphate industry: (A) P

238
PU, (B) P

234
PTh, (C) P

234
PU, (D) P

230
PTh, (E) P

226
PRa, 

(F) P

210
PPb, (G) P

210
PBi, and (H) P

210
PPo.  Values for P

238
PU, P

234
PU, P

230
PTh, P

226
PRa, and 

P

210
PPo and for P

234
PTh, P

210
PPb, and P

210
PBi were, respectively, calculated using 

IMBA and LUDEP softwares. 
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Figure 5-1 Continued 
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Figure 5-1 Continued 
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Figure 5-1 Continued 
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Figure 5-2. Effective dose and weighted equivalent dose to each tissue per unit intake: 

(A) P

238
PU (type S), (B) P

238
PU (type M), (C) P

238
PU (type F), (D) P

230
PTh (type S), (E) 

P

230
PTh (type M), and (F) P

230
PTh (type F).  Abbreviations represent each tissue: 

BT (Breast), BS (Bone Surfaces), CL (Colon), ES (Esophagus), GN (Gonads), 
LN (Lung), LV (Liver), RBM (Red Bone Marrow), REM (Remainder), SK 
(Skin), ST (Stomach), THY (Thyroid), and UB (Urinary Bladder). 
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Figure 5-2. Continued 
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Figure 5-2. Continued  



131 

 

 
 

Figure 5-3. Effective dose rate to workers in Florida phosphate chemical plants due to 
particle inhalation: (A) granulator area, (B) storage area, and (C) shipping 
area.  Solid circles ( ), open circles ( ), and solid triangles ( ) indicate dose 
rates seen when all P

238
PU series radionuclides are assumed to be of absorption 

type F, M, or S, respectively.  On the abscissa, upper-case letters, lower-case 
letters, and numerals indicate plant facility, sampling locations within the 
facility, and sample sequence, respectively. 
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Figure 5-3. Continued  
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Figure 5-4. Annual total effective dose to workers at Florida phosphate chemical plants 

for radionuclide-specific absorption types F, M, and S: (A) granulator area, 
(B) storage area, and (C) shipping area.  Values are given assuming a uniform 
external dose of 0.2 mSv and an occupancy factor of 2000 hours per year. 
Solid circles ( ), open circles ( ), and solid triangles ( ) indicate the annual 
total effective doses seen when all P

238
PU series radionuclides are assumed to be 

of absorption type F, M, or S, respectively. 
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Figure 5-4. Continued  
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Figure 5-5. Annual total effective dose to workers at Florida phosphate chemical plants 

for conservatively assumed radionuclide-specific absorption types: (A) 
granulator area, (B) storage area, and (C) shipping area.  Values are given 
assuming a uniform external dose of 0.2 mSv and an occupancy factor of 2000 
hours per year.  Solid circles ( ) indicate an annual total effective dose for the 
most conservative case (type F for P

230
PTh and type S for all other 

radionuclides).  Open circles ( ) indicate values for the least conservative 
case (type S for P

230
PTh and type F other all other radionuclides). 
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Figure 5-5. Continued  
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CHAPTER 6 
DETERMINATION OF LUNG SOLUBILITY OF RADIONUCLIDES IN PARTICLES 

IN FLORIDA PHOSPHATE PROCESSING FACILITIES 

6.1 Introduction 

Radioactive materials in phosphate industry processes can give rise to internal 

exposures to workers and the general public.  Phosphate rocks, the source material in the 

phosphate industry, contain elevated levels of naturally occurring radionuclides.  

Processing of the materials may increase the concentration of these radionuclides often 

out of secular equilibrium with their parents and daughters and/or increase radiation 

exposure to workers and public through inhalation, particularly during dusty operations.  

Concentrated radionuclides as a result of human industrial practice are referred to as 

Technologically Enhanced Naturally Occurring Radioactive Material or TENORM. 

Many studies have been conducted to characterize the exposure source and to 

assess the dose to workers in the phosphate industry.  Radioactivity concentrations of 

phosphate materials have been the subject of many previous studies  (Burnett et al. 1995; 

EPA 1977; EPA 1978; Guimond 1978; Guimond and Windham 1975; Hull and Burnett 

1996; Laiche and Scott 1991; Lardinoye et al. 1982; Owen and Hyder 1980; Roessler et 

al. 1979; Wagner and Leith 2001).  They measured radioactivity concentrations of matrix, 

products, by-product, and waste and characterized the partitioning of radionuclides 

during chemical processing.  Dose assessment studies were conducted using the data of 

airborne particle concentrations in the air, aerosol or bulk material radioactivity, and 

inhalation dose coefficients (Birky et al. 1998; Gafvert et al. 2001; Johnson and Traub 
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1996; Khater et al. 2001; Lipsztein et al. 2001).  For most cases, there has been no 

consideration of particle properties such as their particle size and lung solubility.  

 In 1994, the International Commission on Radiological Protection (ICRP) issued 

Publication 66, Human Respiratory Tract Model (HRTM) for Radiological Protection 

(ICRP 1994).  Inhalation dose assessments require knowledge of specific particle 

properties, including particle size distribution, density, shape, and absorption type.  These 

parameters influence both particle deposition and clearance within the respiratory tract.  

After radioactive particles are deposited on the surfaces of lung airways, they experience 

several fates: (1) transport to the GI tract, (2) transport to regional Lymph Nodes (LN), 

and (3) absorption into blood.  In the absence of specific information, default values of 

material absorption to blood are given for three general classifications: F – fast, M – 

moderate, and S – slow.  These default categories are in some ways analogous to the 

inhalation Classes D, W, and Y in the ICRP Publication 30 lung model (ICRP 1979).  In 

either case, the ICRP has consistently recommended that, whenever possible, material-

specific absorption parameter values, obtained preferably from in-vivo data, but 

alternatively from in vitro experiments, should be given preference for exposure and 

dosimetry calculations.   

The absorption types of radionuclides are given in ICRP Publications 30 and 71 

(ICRP 1979; ICRP 1980; ICRP 1981; ICRP 1995b).  Consider, for example, uranium 

compounds.  Each compound was assigned to a single absorption type depending on its 

chemical compound type in ICRP Publications 30.  Recent review of studies showed 

considerable variation of the absorption type among various uranium compounds and 

even in the same compound type (Eidson 1994; ICRP 1995b).  Uranium hexafluoride 
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(UFB6 B) and uranyl difluoride (UOB2 BFB2 B) were assigned to type F.  Both type F and M 

characteristics were found for uranyl nitrate (UOB2B(NOB3 B) B2B) and uranium tetrafluoride (UFB4 B).  

The studies about uranium trioxide (UO B3 B), ammonium diuranate (ADU), and uranium 

octoxide (UB3BOB8 B) showed that behavior depends on the particular process that created the 

compound.   

In Chapter 5, doses due to particle inhalation were assessed using particle 

properties characterized in Chapter 1.  The doses were calculated for default absorption 

types given in ICRP 66 HRTM.  The sensitivity analysis to absorption type indicated that 

proper knowledge of absorption type was one of the most critical parameters for 

inhalation dose calculation.  Conservative assumption of absorption types could skew the 

internal dose by factors of 7 to 22.  

In the phosphate industry, the physicochemical form of the radionuclides inhaled is 

not well defined.  In addition, the radioactive material is a minor constituent of the 

inhaled particles.  In this case, absorption of the radionuclide into blood may be 

determined by the properties of the radionuclide-containing matrix rather than by the 

radionuclide compound type (ICRP 1995b).  Lack of information about the radionuclide 

compound types and low radionuclide concentrations in particles make it difficult to 

estimate the absorption type of the radionuclides in the particles in the phosphate industry.   

In the lack of information, the selection of absorption type M is recommended for 

all elements except cesium, iodine, and thorium in order not to over- or under estimate 

dose in ICRP Publication 71 (ICRP 1995b).  Default type S for thorium and type F for 

cesium and iodine are recommended because principal forms of the element exhibit type 

S or F behavior.  
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The best way to determine the dissolution rate of specific materials is, however, to 

use in-vivo human data.  In general, the human data are unavailable or insufficient, 

especially for the particles in non-nuclear industries.  As an alternative method, in vitro 

dissolution tests have been developed and used as research tools to estimate the solubility 

of particulates and aerosols.  

Many in vitro radionuclide dissolution studies have been conducted focusing on 

materials from the nuclear fuel cycle (Allen et al. 1981; Ansoborlo et al. 2002; Cooke 

and Holt 1974; Damon et al. 1984; Dennis et al. 1982; Eidson and Mewhinney 1980; 

Eidson and Mewhinney 1983; Heffernan et al. 2001; Metzger and Cole 2004; Metzger et 

al. 1997; Morrow et al. 1972; Reif 1994).  Types of tested materials are wide, including 

yellow cake, mill tailings, airborne particles, mixed uranium compounds, and nuclear fuel.  

Other studies were carried out using plutonium (Cheng et al. 2004; Miglio et al. 1977), 

metal tritides (Cheng et al. 1997; Zhou and Cheng 2003; Zhou and Cheng 2004), 

contaminated soils (LaMont et al. 2001; Lee et al. 1982), and so on.  Recently, the test 

was broadened to weapons (Guilmette et al. 2002).  

On the contrary, there are only few studies about TENORM solubility.  Kalkarf et 

al. estimated lung clearances of radionuclides in coal fly ash and calcined phosphate rock 

dust (Kalkwarf and Jackson 1984; Kalkwarf et al. 1984).  For particles in the phosphate 

industry, no radionuclide solubility study has been reported in spite of its importance to 

the dose estimation.  

The objective of the present study is to present lung solubility of radionuclides 

contained within the particles from the Florida phosphate industry.  The information 
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enables the assessment of particle inhalation exposures devoid of potentially conservative 

default assumptions.   

6.2 Materials and Methods 

6.2.1 Dose Sensitivity to Radionuclide Solubility 

A sensitivity study was first conducted to determine the degree to which absorption 

type contributes to uncertainties in the effective dose to phosphate workers during 

inhalation exposures of P

238
PU and P

230
PTh aerosols.  Study methods are similar to the dose 

sensitivity study described in Chapter 2.  Values of the 50-year committed effective dose 

per unit intake (e.g., effective dose coefficient) of P

238
PU and P

230
PTh to workers under light 

exertion were computed using the Integrated Modules for Bioassay Analysis (IMBA) 

code of James et al. (James et al. 2003).   

Initially, the effective dose coefficient was calculated using ICRP default aerosol 

parameters as given in Table 2-2.  The particle size distribution was allowed to vary from 

an AMAD of 0.01 µm to an AMAD of 100 µm with corresponding GSD.  Other ICRP 66 

default parameters include a particle density of 3 g cmP

-3 
Pand a shape factor of 1.5.  

Particle solubility within the lung fluids was changed from the default absorption type 

(type M for P

238
PU and type S for P

230
PTh) to the other types: either type F or S for P

238
PU and 

either type F or M for P

230
PTh.   

6.2.2 Tested Samples  

Settled particles, airborne particles, and bulk products were employed for solubility 

testing.  The tested samples are tabulated in Table 6-1.  Settled particles are a source of 

inhalation through re-suspension.  Different types of settled particles, including 

monoammonium phosphate or MAP and diammonium phosphate or DAP, were obtained 

from 6 phosphate processing facilities located in the central and northern regions of 
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Florida.  Each sample was sieved to remove particles larger than 76 µm in diameter.  In 

addition to settled particles, two samples of airborne particles smaller than 10 µm and 

two types of bulk products were tested for size effect on particle solubility.  Airborne 

particles are sampled using a PMB10B high-volume sampler (Sierra-Andersen, Model 1200).  

The diameter of bulk products was about 3 mm.     

6.2.3 In vitro Solubility Test 

Various types of in vitro dissolution techniques, including (1) flow systems, (2) 

static systems, and (3) batch methods, have been used in previous studies (Ansoborlo et 

al. 1999).  The radionuclide mass concentration in phosphate particles is rather low.  For 

example, the mass fraction of uranium in MAP and DAP ranges from 0.014% to 0.025% 

(Birky et al. 1998).  There is a limitation of applicable particle mass for the first two 

methods.  Therefore, the batch method was selected to increase the amount of particles 

thus increasing radionuclide concentration in solution for analysis.   

Previous studies showed successful efforts to estimate particle solubility in the lung 

fluids using serum ultrafiltrate (SUF) (Cheng et al. 2004; Kanapilly et al. 1973).  This 

simulant was used in this study, and its composition of SUF is shown in Table 6-2.  

Reagent grade chemicals are dissolved in 18 MΩ water following the sequence in the 

table.  Each ingredient was completely dissolved before adding the next ingredient.  

The batch method system is depicted in Fig. 6-1.  Samples weighing 5 g were 

suspended in a flask containing 200 mL SUF, which is immersed in a water bath for 

temperature control at 37 P

o
PC.  The suspension was stirred with a Teflon stir bar.  The pH 

value of the suspension was maintained within the range of 7.3 - 7.4 except MAP 

samples during the first 1 day.  High fractional dissolution of MAP within 1 day 
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decreased pH to 5.6 – 5.8 and thus it was difficult to control the pH values.  After 

extracting the solution after 1 day, the pH values can be controlled within 7.3 – 7.4 by 

flowing a gas mixture of 5% carbon dioxide (COB2 B) and 95% air.  The flow rates of COB2 B 

and air were 10 to 50 mL minP

-1
P and 200 to 1000 mL minP

-1
P, respectively.  Increased COB2 B 

flow rate decreased pH values.  Periodically, the suspension was filtered by membrane 

filter with 0.1 µm pore size.  The test was conducted for 50 to 85 days.   

Residues, after dissolution testing, were dissolved with conventional geochemical 

methods using a mixture of hydrofluoric (HF) and nitric (HNOB3 B) acids (Eggins et al. 

1997). About 40 mg residues were placed into Savillex screw-top Teflon vials and then 

0.5 mL of optima grade concentrated HF and 2.5 mL of optima grade concentrated HNOB3 B 

were added.  The vials were heated in an oven at 100 °C for 24 hours and then the 

samples were evaporated on a hot plate.  After complete dryness, 3 mL optima grade 

concentrated HNOB3 B spiked with hydrochloric (HCl) acid was added to the samples and 

the vials were heated on the hot plate for 24 hours, then evaporated again.  The final 

residues were re-dissolved with 4 mL 5% HNOB3 B and diluted about 2000 times before the 

analysis. 

6.2.4 Solubility of Surrounding Material 

Solubility of surrounding material was analyzed before determination of solubility 

of uranium, thorium, and lead.  In ICRP Publication 71, it is stated that if radioactive 

element is present as a minor constituent of inhaled particles, absorption of the 

radionuclide to body fluids may be controlled by the surrounding matrix rather than the 

elemental form of the radionuclide (ICRP 1995b).  Table 2-4 shows the ingredient 

composition of MAP and DAP.  Dry products and particles contain primary components 
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(nitrogen and phosphorus), other impurities (calcium, magnesium, iron and aluminum 

sulfates, phosphates, silicates, and fluorides), and minor constituents including 

radioactive elements, which are embedded in phosphate material.  The solubility of the 

surrounding matrix was determined by measuring the phosphate ion (POB4 PB

-3
P) concentration 

in leachates.  However, it was impossible to measure the phosphate ion concentration in 

residues because the phosphate ion can be changed into another form when dissolved in 

concentrated acids.  The remaining phosphate ions after dissolution tests for 50 – 85 days 

would be minute.  Therefore, it was assumed that there is no remaining phosphate in the 

residues.  Ion Chromatography (IC) (Dionex, ICS-1500) was employed for ion 

concentration measurement.    

6.2.5 Solubility of Uranium, Thorium, and Lead  

The solubility of uranium, thorium, and lead in particles was characterized by 

measuring mass concentrations of P

238
PU, P

232
PTh, and P

208
PPb in leachates and residues.  

Phosphate product contains P

238
PU decay series.  Redistribution of the P

238
PU decay series 

occurs from its original state of secular equilibrium within the phosphate rock during the 

product manufacturing processes.  Uranium selectively localizes in product materials, 

while radium and lead tend to localize in the by-product.  The previous dose assessment 

study in Chapter 5 showed that most inhalation dose to workers in the Florida phosphate 

industry was caused by P

230
PTh in particles.  The second and the third contributors to dose 

were P

234
PU and P

238
PU.  The other radionuclide contributions to dose were trivial due to low 

inhalation dose coefficients (P

234
PTh and P

210
PBi) or low concentrations in particles (P

226
PRa and 

P

210
PPo).  The chemical behavior of a given radionuclide, and thus its absorption type 

within the ICRP 66 clearance model, is given by the element type rather than its 

particular isotope.  Although radioactivity of P

234
PU, P

230
PTh, and P

210
PPb in solution is 
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comparable to that of P

238
PU, those mass concentrations are too low to count by mass-

spectroscopy because the physical half-lives of the radionuclides are short in comparison 

to that of P

238
PU.  The mass concentrations are the highest in P

238
PU among uranium isotopes, 

in P

232
PTh among thorium isotopes, and in P

208
PPb in lead isotopes.  Therefore, the solubilites 

of uranium, thorium, and lead were determined by P

238
PU, P

232
PTh, and P

208
PPb.   

The measurement was performed on high resolution inductively coupled plasma 

mass spectrometry (HR-ICP-MS) (Thermo Electron Corp., Finnigan Element 2).  

Recently, the use of ICP-MS for health physics studies has increased due to its high 

sensitivity and rapid procedure (Bouvier-Capely et al. 2003; Galletti et al. 2003; Karpas 

et al. 2005; Roth et al. 2005).  The intensities of the isotopes were measured at medium 

resolution.  The measurement was calibrated with gravimetrically prepared uranium, 

thorium, and lead calibration standards.  

The concentration of P

232
PTh in most leachate samples was below detection limit of 

1.15 µg L-1 because SUF already contains P

232
PTh.  For these cases, the concentration of 

P

232
PTh was assumed to be the same as the detection limit from the aspect of radiation 

protection because rapid absorption results in a higher dose for P

230
PTh.  

6.2.6 Data Analysis 

The remaining fraction at each time interval was calculated using the following 

equation:  

T

T

M
Remaining fraction=

M

i
i

M− ∑
,     Eq. 6-1 
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where MBTB is total amount of phosphate ion, P

238
PU, P

232
PTh, or P

208
PPb in particles and MBi B is the 

dissolved amount at each extraction.  MBT Bwas calculated by summation of total dissolved 

amount during the test and remaining amount in the residues.  

The kinetics of dissolution was expressed by two exponential functions: 

Remaining fraction = sr s ts t
r sf e f e−− + ,     Eq. 6-2 

where fB and s B are dissolution fractions and rate constants, and t is collapsed time 

(Ansoborlo et al. 1999).  Each exponential function represents the rapid or slow 

dissolution compartment, represented by subscripts r and s, modeled in the ICRP 66 

clearance model (ICRP 1994).  The retention fraction was plotted by time using the data 

of element concentration in solution, and then the curve was fitted using Sigma plot 

(SPSS Inc., SigmaPlot V. 8.0) (Cheng et al. 2004).   

It is necessary to set the rapid dissolution rate unless dissolution fractions at early 

time points within 10 minutes are not characterized.  In this study, solution samples were 

first collected after 1 day.  Therefore, it was impossible to predict solubility behavior 

before that first collection.  Fitting data of the rapid dissolution rate change depending on 

the first sample collection time.   A previous dissolution study of plutonium aerosol 

changed the fitting data of rapid dissolution rate to 100 per day, which is the default value 

given in ICRP 66 HRTM (Cheng et al. 2004).  After the modification, their in vitro 

measurement data agreed well with their bioassay data.  As a result, in this study the 

rapid dissolution rate constant (sBr B) was set as 100 per day.    
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6.3 Results and Discussion 

6.3.1 Dose Sensitivity to Radionuclide Solubility  

Figure 6-2 displays the inhalation dose coefficients of P

238
PU and P

230
PTh for absorption 

types F, M, and S.  The single solid circle and solid triangle indicate dose coefficients for 

ICRP default aerosol values for general public exposures and workplace exposures, 

respectively.  

Deposited particles of P

238
PU that are slowly absorbed in the lung fluids (type S) 

remain in the respiratory tract for long periods of time, and thus deliver higher absorbed 

doses to the lung tissues than do either type M or type F P

238
PU particles.  Once absorbed 

into pulmonary blood, the P

238
PU atoms are distributed to the kidney, mineral bone, and 

other soft tissues of the body.  However, their organ dose contributions to the effective 

dose are small compared to the absorbed dose to the lung tissues.  Therefore, type S, type 

M, and type F materials result in the highest, next highest, and lowest effective dose 

coefficients for P

238
PU, respectively.  Type S P

238
PU results in an effective dose per unit intake 

that is 2.9 and 3.4 times that of type M for 1 µm AMAD distribution and 5 µm AMAD 

distribution, respectively.  Conversely, type F P

238
PU has an effective dose coefficient that 

is 5.2 (1 µm AMAD) and 2.9 (5 µm AMAD) times less than Type M P

238
PU aerosol 

particles.  

Dose coefficients for P

230
PTh are noted to be the highest for type F and the lowest for 

type S.  Like P

238
PU, type S P

230
PTh longer stays in the respiratory tract thus giving higher 

dose to lung.  The main difference is its biokinetic behavior after absorption into blood.  

A high fraction of absorbed thorium preferentially localizes to bone and is retained for 

longer periods of time.  Longer residence times in the respiratory tract result in a higher 
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fractional removal to the GI tract.  Conversely, rapid absorption to blood results in higher 

thorium concentrations in bone with resulting higher effective dose.  For this case, the 

main contributor to effective dose is red bone marrow or bone surface rather than lung.   

Types F and M P

230
PTh result in higher effective doses by factors of 8.0 and 3.2 (for 1 µm 

AMAD) and 16.7 and 3.9 (for 5 µm AMAD).  The difference increases with increasing 

particle size.  Type F P

230
PTh with 100 µm AMAD yields effective an dose 42 times that of 

type S P

230
PTh of the same size.   

This effective dose sensitivity study indicates that the absorption type of an inhaled 

radionuclide, in addition to the particle size distribution characterized in Chapter 2, is one 

of the most critical parameters for dose assessment.  An incorrect selection of absorption 

type can over- or under-estimate dose to workers by an order of magnitude.     

6.3.2 Lung Solubility of Particles  

Fig. 6-3 shows the remaining fraction of phosphate in the sampled particles as a 

function of time.  More than 94% of phosphate is dissolved within 1 day for all samples.  

Phosphate solubility differences were noted among different types of products and 

particle sizes.  

Fig. 6-4 shows the average retention of P

238
PU, P

232
PTh, and P

208
PPb in particles for all 

plants as a function of time.  Minor constituents of uranium, thorium, and lead in 

phosphate product particles are not rapidly dissolved with the surrounding matrix.  They 

are retained in particles for longer times, while the surrounding phosphate materials are 

dissolved rapidly.  For most samples, the retention of P

238
PU is between those under types 

M and S assumptions given in the ICRP 66 HRTM, although somewhat close to type M 

rather than type S.  Retention of P

232
PTh is close to type S.  As mentioned earlier, the 
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retention data of P

232
PTh was obtained under a conservative assumption.  In reality, it will 

be retained longer than the estimation.  Therefore, selection of type S for thorium is 

reasonable for dose assessment to workers in the phosphate industry.  For P

208
PPb, the 

retention trend is similar to that of type M in ICRP 66 HRTM.  

Sample-specific retention fitting data are given in Table 6-3 where the rP

2
P values of 

the fit range from 0.8775 to 0.9966.  Rapid and slow dissolution fractions of P

238
PU range 

3% - 14% and 86% – 97 %, respectively.  The slow dissolution rates range from 0.0022 

to 0.0076 dayP

-1
P.  For P

232
PTh, less than 1.4% is dissolved with a half-life of 10 minutes.  

The remaining fraction is dissolved with half-lives of more than 866 days.  For P

208
PPb, the 

slow dissolution fraction ranges as low as 59% to as high as 97% with dissolution rates of 

0.0008 to 0.0183 dayP

-1
P.  The results of radionuclide solubility show no noticeable 

correlation to product types and particle sizes, rather it is sample-dependant.  The 

variation of solubility among samples is the greatest for P

208
PPb and the smallest for P

232
PTh.  

In general, solubility of radioactive particles depends on the nature of the inhaled 

particles, including particle size and shape, intrinsic chemical solubility, generation 

condition, and other factors.  The chemical form of the radionuclide in the sampled 

particles is one of the most critical parameters to determine solubility.  It is thus 

instructive to look at radionuclide chemistries in the phosphate product processes.  

Phosphate products are produced from phosphate ore.  The ore from Florida is a 

sedimentary apatite commonly known as francolite, which is described as follows (Van 

Kauwenbergh 1997): 

 10 4 6 3 2 0.4( ) ( )x y x y z z zCa Na Mg PO CO F F− − − .  
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The contents of Ca, Na, Mg, P, COB2 B, and F describe most francolites.  In addition, the 

rocks contain minor constituents of radionuclides such as uranium series.  However, their 

exact position is speculative.  They may substitute within the apatite structure, substitute 

in other mineral associated with the phosphate, or be adsorbed on the surface of these 

minerals.  Divalent calcium may be substituted with divalent uranium, thorium, and lead.  

The phosphate ore reacts with sulfuric acid to produce phosphoric acid and hydrated 

phosphogypsum (Osmond et al. 1984): 

10 4 6 2 2 4 2 4 2 3 4( ) 10 20 10 2 6 2Ca PO F H SO H O CaSO H O H PO HF+ + → ⋅ + + . 

It has been reported that most of the uranium and thorium goes with the phosphoric acid 

as soluble salts and most of the radium and lead goes with the phosphogypsum (Birky et 

al. 1998; Burnett et al. 1995; Guimond and Windham 1975; Laiche and Scott 1991; 

Lardinoye et al. 1982; Roessler et al. 1979).  During the reaction between phosphate rock 

and sulfuric acid, uranium remains in liquid as uranyl phosphate, sulfate, and fluoride 

complexes (Mazzilli et al. 2000). Thorium forms sparingly soluble salts with hydroxides, 

fluoride, and phosphate.  Sulfate compounds are relatively soluble.  Most of the thorium 

goes with acid during acidulation process (Burnett et al. 1995).  Radium is localized on 

phosphogypsum because chemical properties of radium are similar to calcium (Lardinoye 

et al. 1982).  Chemically, lead is expected to be lead sulfate, which is quite insoluble.  

Major granulated products, DAP and MAP, are formed by the reaction of ammonium 

hydroxide with phosphoric acid.  There are a lot of possibilities for uranium, thorium, and 

lead to form oxides or to combine with plenty of phosphate ions.  However, it is not 

known how these compounds are fractionated.  In addition, some gypsum and other 

impurities get through the filtration process and into the acid.  Therefore, it is difficult to 
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define the exact chemical form of radionuclides in phosphate product, which is a source 

of inhalation particles.  

If a radionuclide exists in particles as a minor constituent, the solubility of the 

radionuclide may depend on both solubility of surrounding matrix and the radionuclide 

itself.  Kalkwarf and Jackson tested solubility of radionuclides in coal fly ash (Kalkwarf 

et al. 1984).  They proposed two reasons for the slow dissolution.  The first one is the 

chemical form of the radionuclides.  Inherently insoluble radionuclides on the surface of 

the fly ash are slowly dissolved in the lung fluids.  The other reason is radionuclide 

protection by fly ash components.  They partially shield radionuclides from contact with 

the lung fluids.  The latter case cannot be applied to the phosphate product particles 

because most of surrounding matrix is dissolved in a short time and thus does not prevent 

radionuclides from contacting the SUF.   If so, there should be a relation between particle 

size and solubility because the radionuclides in larger sized particles, in comparison with 

smaller particles, will have less chance to contact with SUF and thus they will dissolve 

more slowly.  Consequently, it is concluded that the main parameter governing 

radionuclide solubility in phosphate particles is the chemical forms of the radionuclides 

rather than that of the surrounding matrix.   

6.4 Conclusions 

Blood absorption of radionuclides in particles deposited in the respiratory tract is 

one of the most critical parameters for inhalation dose calculation.  The absorption to 

blood can be modeled by data of the radionuclide solubility in the lung fluid.  Lung 

solubility of the radionuclides in the particles from the Florida phosphate processing 

facilities has been determined using a batch method.   
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A fraction of 0.03 – 0.14 of P

238
PU is dissolved rapidly.  The remaining fraction is 

dissolved with half-lives of 91 – 315 days.  The dissolution kinetics is close to that of 

absorption type M material defined in ICRP 66 HRTM.  Less than 0.014 of P

232
PTh is 

dissolved rapidly.  The remaining fraction is dissolved with half-lives of more than 866 

days.  The retention data of P

232
PTh is obtained under a conservative assumption.  Therefore, 

selection of type S is recommended for dose assessment.  The solubility data of P

208
PPb 

have a wide variation among samples.  The fraction of 0.03 – 0.41 is dissolved rapidly 

with the remainder being slowly dissolved with half-lives of 38 – 866 days.   

Lung solubility of radionuclides in phosphate product particles is mainly governed 

by their chemical forms.  Measurements show no correlation between solubility and 

product type or particle size.  Most of the surrounding matrix of the particles, phosphate, 

is dissolved in a short time.  Therefore, particle size does not influence the solubility.  

However, it is difficult to define the exact chemical forms of radionuclides and their 

fractions in particles because there are many complexes for the radionuclides to form 

during a series of mechanical and chemical processes for product generation.  Their 

characterization will be helpful in understanding the kinetics and mechanisms of the 

radionuclide solubility in the lung fluid.  

For the purpose of dose assessment to workers in the phosphate chemical plants 

and to members of the general public, the specific values characterizing the radionuclide 

solubility can be used at a specific facility.  Otherwise, it is recommended to select type 

M for uranium and lead and type S for thorium.  
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Table 6-1. Samples employed for solubility test  
Settled Particles 

(≤ 76 µm) 
Airborne Particles 

(≤ 10 µm) 
Bulk Products 

(≤ 3 mm) 
Plant 

MAP DAP MAP DAP MAP DAP 
Plant A O O  O O O 
Plant B O      
Plant C  O     
Plant D O O O    
Plant E O      
Plant F  O     
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Table 6-2. Composition of serum ultrafiltrate simulant  
Chemical Formula Weight Concentration (g LP

-1
P) 

NaCl 58.44 6.7790 
NHB4 BCl 53.49 0.5349 
NaHCOB3 B 84.01 2.2683 
NaHB2 BPOB4 B·HB2 BO 137.99 0.1656 
Na B3 B Citrate·2HB2 BO 294.10 0.0588 
Glycine 75.07 0.3754 
L-cysteine hydrochloride 175.63 0.1756 
DTPAP

a
P
 393.34 0.0787 

HB2 BSOB4 B 98.08 0.03 mL LP

-1
P
 

CaCl B2 B·2HB2 BO 147.02 0.0294 
ABDCP

b
P
 471.50 0.1 mL LP

-1
P
 

P

a 
PDiethylene-triamine-pentaacetic acid 

P

b 
PAlkylbenzyl-dimethyl-ammonium chloride 
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Table 6-3. Retention fitting data of P

238
PU, P

232
PTh, and P

20
PP

8
PPb in serum ultrafiltrate as a 

function of time 
Retention Parameters Radio- 

nuclide Plant Product 
Type Sample Type 

f BrB f BsB sBr B rP

2
P
 

P

238U A MAP Settled particles  0.0319 0.9681 0.0022 0.9162 
 A DAP Settled particles  0.0450 0.9550 0.0068 0.9760 
 A DAP Airborne particles 0.0918 0.9082 0.0058 0.8777 
 A MAP Bulk products 0.0807 0.9193 0.0047 0.9755 
 A DAP Bulk products 0.0700 0.9300 0.0045 0.9758 
 B MAP Settled particles  0.0559 0.9441 0.0028 0.9588 
 C DAP Settled particles  0.1379 0.8621 0.0076 0.9710 
 D MAP Settled particles  0.0811 0.9189 0.0035 0.9868 
 D DAP Settled particles  0.0503 0.9497 0.0025 0.9575 
 D MAP Airborne particles 0.0661 0.9339 0.0030 0.9752 
 E MAP Settled particles  0.0330 0.9670 0.0030 0.9799 
 F DAP Settled particles  0.0794 0.9206 0.0026 0.9744 
        

P

232
PTh A MAP Settled particles  0.0053 0.9947 0.0001 0.9162 
 A DAP Settled particles  0.0143 0.9857 0.0008 0.8775 
 A DAP Airborne particles 0.0111 0.9889 0.0003 0.9274 
 A MAP Bulk products 0.0108 0.9892 0.0008 0.9879 
 A DAP Bulk products 0.0090 0.9910 0.0006 0.9858 
 B MAP Settled particles  0.0080 0.9920 0.0003 0.9102 
 C DAP Settled particles  0.0084 0.9916 0.0007 0.9869 
 D MAP Settled particles  0.0067 0.9933 0.0004 0.9816 
 D DAP Settled particles  0.0059 0.9941 0.0001 0.9475 
 D MAP Airborne particles 0.0045 0.9955 0.0003 0.9846 
 E MAP Settled particles  0.0008 0.9992 0.0005 0.9647 
 F DAP Settled particles  0.0030 0.9970 0.0002 0.9795 
        

P

208
PPb A MAP Settled particles  0.0186 0.9814 0.0012 0.9248 
 A DAP Settled particles  0.4083 0.5917 0.0039 0.9966 
 A DAP Airborne particles 0.0634 0.9366 0.0022 0.9316 
 A MAP Bulk products 0.0928 0.9072 0.0068 0.9924 
 A DAP Bulk products 0.2746 0.7254 0.0055 0.9944 
 B MAP Settled particles  0.0998 0.9002 0.0045 0.9750 
 C DAP Settled particles  0.1239 0.8761 0.0183 0.9904 
 D MAP Settled particles  0.0646 0.9354 0.0017 0.9845 
 D DAP Settled particles  0.0808 0.9192 0.0008 0.9786 
 D MAP Airborne particles 0.0463 0.9537 0.0016 0.9660 
 E MAP Settled particles  0.0317 0.9683 0.0121 0.9894 
 F DAP Settled particles  0.2688 0.7312 0.0043 0.9925 
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Figure 6-1. Schematic of system for in vitro solubility testing 
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Figure 6-2 Inhalation dose coefficients for absorption types F, M, and S: (A) P

238
PU and (B) 

P

230
PTh.  The other particle properties follow the ICRP 66 HRTM default 

particle values.  
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Figure 6-3. Fraction of remaining phosphate (POB4 PB

-3
P) in particles as a function of time in 

serum ultrafiltrate. 
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Figure 6-4. Fraction of remaining P

238
PU, P

232
PTh, and P

208
PPb in particles as a function of time 

in serum ultrafiltrate: (A) P

238
PU and P

232
PTh and (B) P

208
PPb.  Retentions of default 

absorption type materials in ICPR 66 HRTM are depicted for comparison. 
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CHAPTER 7 
RISK ASSESSMENT OF AIRBORNE PARTICULATES TO WORKERS IN THE 

FLORIDA PHOSPHATE INDUSTRY 

7.1 Introduction 

The overall objective of this investigation is to evaluate the health risks to workers 

in the Florida phosphate industry due to inhalation of particulates containing radioactive 

materials.  The health risks can be assessed by estimating radiation exposure to workers.   

There has been no detailed study of dose assessment to workers in the phosphate 

industry due to particle inhalation.  Previous studies adopted conservative assumptions 

due to the lack of particle property information thus having possibility to skew dose to 

unrealistic values (Gafvert et al. 2001; Lipsztein et al. 2001).  A comprehensive 

integrated study was conducted by Birky et al. (Birky et al. 1998).  However, there was 

no consideration of particle properties, including particle size distribution, density, shape, 

and lung solubility of radionuclides in the particles.  

In the previous chapters, all particle information needed for inhalation dose 

assessment was measured.  In addition, dose calculation methods were introduced to 

apply measured data.  They enable to make practical dose assessment to workers in the 

Florida phosphate industry without skewing dose to unrealistic values by adopting 

conservative assumptions.  

The objective of the present study is to assess inhalation dose due to TENORM 

aerosol inhalation across the Florida phosphate industry.  Specific areas of potential 

internal dose concern include granulator, storage, and shipping areas in phosphate 
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chemical plants.  In addition, total effective doses are estimated to demonstrate 

compliance with standards or regulations.  

7.2 Materials and Methods 

Inhalation dose assessment was conducted using all particle database and dose 

calculation methods established in this study.  In Chapter 2, particle property database 

were established.  The properties include particle size distribution, particle shape, density, 

and radionuclide concentration in particles at specific working locations in Florida 

phosphate chemical plants.  In Chapters 3 and 4, effective dose scaling factor was 

introduced to apply airborne particle sampling data to dose assessment.  In Chapter 5, 

dose due to inhalation of particles encompassing P

238
PU series was assessed via particle 

properties established in Chapter 1.  In Chapter 6, solubility of radionuclides in particles 

in the lung fluid was determined.  All these measurement data and dose calculation 

methods were integrated into a full internal dosimetry assessment of individualized 

worker doses by both plants and operational locations.   

Table 7-1 shows scaling factors used for dose assessment.  Scaling factors given in 

Chapters 3 and 4 were generated on the basis of particle density of 1.0 g cmP

-3 
Pand unity 

particle shape factor.  The change of particle density shifts the cutoff size of each 

impactor stage thus changing effective dose scaling factors.  Scaling factors specifically 

applicable to the particles in the Florida phosphate chemical plants were generated using 

the measured particle properties, particle density of 1.6 g cmP

-3
P and unity shape factor.  

Dose contributions of P

214
PTh and P

210
PBi were less than 0.1% of total estimated dose to 

workers due to the inhalation of particles containing P

238
PU series because those 

radionuclides have low inhalation dose coefficients.  Therefore, scaling factors were 

generated for the radionuclides of P

238
PU, P

234
PU, P

230
PTh, P

226
PRa, P

210
PPb, and P

210
PPo.  Radionuclide 
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solubility study showed that uranium and lead are dissolved like type M materials defined 

in ICRP 66 HRTM and thorium is dissolved like type S materials.  The values in Table 7-

1 are scaling factors of absorption type M P

238
PU, P

234
PU, P

226
PRa, P

210
PPb, and P

210
PPo and 

absorption type S P

230
PTh.  Scaling factors for all absorption types are given in Appendix B.  

For dose assessment, it was assumed that radium and polonium is classified into 

absorption type M.  Solubility of radium and polonium were not determined in solubility 

study in Chapter 6 due to the low mass concentration and trivial contribution to dose.  

Initial dose calculations were conducted under the least conservative assumption (type F 

P

226
PRa and P

210
PPo), intermediate conservative assumption (type M P

226
PRa and P

210
PPo), and the 

most conservative assumption (type S P

226
PRa and P

210
PPo).  Dose discrepancy between the 

least or the most conservative case and the intermediate case is less than 2% for the most 

dose calculation cases.  A maximum difference of 6% was found in Plant E.  

Consideration of P

226
PRa and P

210
PPo solubility does not influence the dose estimation much 

and thus inhalation dose calculation was conducted under the assumption of type M P

226
PRa 

and P

210
PPo.   

7.3 Results and Discussion 

Table 7-2 shows particle inhalation dose rates at granulator, storage, and shipping 

areas in the Florida phosphate chemical plants.  The dose rates range 2.5×10P

-5
P - 2.4×10P

-4
P 

(6.8×10P

-5
P ± 6.0×10P

-5
P) mSv hP

-1
P at granulator area, 5.5× 10 P

-6
P – 1.5×10P

-4
P (4.9×10P

-5
P ± 5.0×10P

-

5
P) mSv hP

-1
P at storage area, and 4.4×10P

-6
P – 3.3×10P

-5
P (1.4×10P

-5
P ± 9.8×10P

-6
P) mSv hP

-1
P at 

shipping area.  The values are widely deviated depending on locations.  These effective 

dose rates can be used to make individualized dose assessment with worker’s occupancy 

factors at various processing areas across a given facility.  
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Estimated annual dose are also given in Table 7-2.  Annual particle inhalation dose 

ranges 0.04 – 0.48 (0.14 ± 0.12) mSv yP

-1
P at granulator area, 0.01 – 0.29 (0.10 ± 0.10) 

mSv yP

-1 
Pat storage area, and 0.01 – 0.07 (0.03 ± 0.02) mSv yP

-1
P at shipping area.  The 

annual doses are estimated by assuming occupancy factor of 2000 hours per year at each 

area.  The results would be conservative since the workers employed in the phosphate 

industry are involved in several types of job assignments and thus exposure time at the 

dusty area should be shorter than the assumed time duration.  Birky et al. collected 

information about worker time, motion, and position in order to estimate radiation dose to 

various workers in the Florida phosphate industry (Birky et al. 1998).  Only 5 types of 

job classifications in dry product area among 16 were exposed at dusty area and 7 at 

shipping/storage area among 10.  The employees in the other job classifications work at 

office, control room, or open plant thus having low possibility to inhale particles.  

Exposure time of the employees working at dusty area is summarized in Table 7-3.  Most 

workers are involved in the assignments at dusty area for shorter than 2000 hours per 

year.  Laborers in both areas are exposed longest for 1875 – 2000 hours per year.    

An extensive external dosimetry study in the Florida phosphate industry was 

reviewed because total effective dose is summation of external dose and internal dose.  

Birky et al. monitored external exposure using lithium fluoride (LiF) thermoluminescent 

dosimeter (TLD), and aluminum oxide (AlO) TLD (Birky et al. 1998).  They reported 

four series of statistical results, one from the LiF TLD data set and three from AlO TLD 

data sets.  The 4 series of data sets were averaged in this study.  The averaged external 

doses are 0.121 (with GSD of 2.27) mSv yP

-1
P at dry product areas and 0.161 (with GSD of 

2.42) mSv yP

-1
P at shipping areas.  The data were obtained from all job classifications.  
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Consideration of all external dosimetry data showed that certain job classifications 

consistently incurred doses higher than 0.2 mSv y P

-1
P.  They included granulator operator, 

chief operator, maintenance mechanics, bobcat operator, laborer, dry products utility 

operator, DAP supervisor, and DAP car loader at dry product area and payload operator, 

wet rock operator, maintenance, rock rail supervisor, rock conveyor operator, car loader, 

rock tractor operator, and shipping process operator at shipping area.   

Total effective dose is a scale to show compliance with standards or regulations.   

Total effective dose limits are 1 mSv yP

-1 
Pfor members of the public and 50 mSv yP

-1 
Pfor 

occupational radiation workers by Florida State regulations – Florida Administrative 

Code 64E-5.  Although annual external dose rate of 0.2 mSv y P

-1 
Pis assumed in the 

granulator, storage, and shipping areas, total effective dose is much lower than 

occupational exposure limit.  The values are even lower than the dose limit to general 

public. 

7.4 Conclusions 

Radiation doses to workers due to TENORM particle inhalation were assessed 

across the Florida phosphate chemical plants.  Individualized dose assessments were 

made using site specific particle information.  Directly measured particle properties were 

used for the dose calculation without conservative assumption of the properties.     

Particle inhalation dose rates have wide variations depending on plants and 

locations, ranging 2.5×10 P

-5
 P – 2.4×10P

-4
P mSv hP

-1
P at granulator areas, 5.5× 10 P

-6
P – 1.5×10P

-4
P 

mSv hP

-1
P at storage areas, and 4.4×10P

-6
P – 3.3×10P

-5
P mSv hP

-1
P at shipping areas.  Total 

effective doses ranges 0.24 – 0.68 mSv yP

-1
P at granulator areas, 0.21 – 0.49 mSv yP

-1
P at 

storage areas, and 0.21 – 0.27 mSv yP

-1
P at shipping areas.  The finding of this study is that 



 

 

165

effective dose to workers is lower than dose limit to general public regulated by the state 

of Florida and extremely unlikely to approach or exceed the occupational dose limit. 
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Table 7-1. Inhalation effective dose scaling factors (SFBEB) applicable to particles in the 
Florida phosphate chemical plants   

Effective Dose Scaling Factor SFBE PB

a
P
 Radioactivity  

Distribution 
Impactor 

Stage 
P

238
PUP

b
P
 

P

234
PUP

b
P
 

P

230
PThP

b
P
 

P

226
PRaP

b
P
 

P

210
PPbP

b
P
 

P

210
PPoP

b
P
 

        
Uniform  1 1.03 1.02 1.02 1.03 1.02 1.02 
distribution 2 1.03 1.04 1.03 1.04 1.02 1.05 

 3 1.15 1.13 0.95 1.13 1.08 1.15 
 4 0.96 0.96 0.96 0.96 0.97 0.96 
 5 1.01 1.01 0.99 1.01 0.99 1.01 
 6 1.03 1.03 1.02 1.04 1.03 1.04 
 7 1.02 1.02 1.03 1.02 1.03 1.02 
 F 1.08 1.08 1.07 1.09 1.07 1.08 
        

Linearly  1 1.04 1.03 1.03 1.04 1.03 1.04 
decreasing  2 1.07 1.08 1.06 1.08 1.05 1.10 
distribution 3 1.28 1.25 1.03 1.25 1.15 1.29 
(AR = 2:1) 4 0.96 0.96 0.98 0.96 0.97 0.95 
 5 0.98 0.97 0.97 0.97 0.97 0.97 

 6 1.02 1.02 1.00 1.03 1.00 1.02 
 7 1.05 1.05 1.05 1.05 1.05 1.05 
 F 1.19 1.19 1.18 1.19 1.18 1.19 
        

Linearly  1 1.05 1.05 1.04 1.05 1.05 1.05 
decreasing  2 1.11 1.12 1.10 1.12 1.08 1.14 
distribution 3 1.40 1.38 1.11 1.38 1.23 1.43 
(AR = 5:1) 4 0.96 0.96 1.00 0.96 0.98 0.95 

 5 0.95 0.94 0.95 0.94 0.94 0.94 
 6 1.01 1.01 0.98 1.02 0.97 1.01 
 7 1.08 1.08 1.07 1.08 1.07 1.08 
 F 1.30 1.30 1.28 1.30 1.28 1.30 

P

a
P Values of SFBEB given here are specific to particle size ranges of the University of 

Washington Mark III cascade impactor at an air flow rate of 15 L minP

-1
P, particle density 

of 1.6 g cmP

-3
P, and unity particle shape factor.  Bolded values indicate scaling factors 

≥1.10 or ≤0.9 (more than a 10% adjustment in the effective dose).P
 

b Scaling factors are generated assuming absorption type M for 238U, 234U, 226Ra, 210Pb, 
and 210Po and absorption type S for 230Th.  Scaling factors for all absorption types are 
given in appendix B.  
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Table 7-1. Continued 
Effective Dose Scaling Factor SFBE B

a Radioactivity 
Distribution 

Impactor 
Stage 238Ub 234Ub 230Thb 226Rab 210Pbb 210Pob 

        
Linearly  1 1.01 1.01 1.01 1.02 1.01 1.01 
increasing  2 1.00 1.00 1.00 1.00 0.99 1.01 
distribution 3 1.02 1.00 0.87 1.00 1.01 1.01 
(AR = 1:2) 4 0.95 0.96 0.94 0.96 0.96 0.96 
 5 1.04 1.04 1.00 1.04 1.02 1.05 

 6 1.04 1.05 1.04 1.05 1.06 1.05 
 7 0.99 0.99 1.01 0.99 1.01 0.99 
 F 0.98 0.98 0.97 0.98 0.97 0.98 
        

Linearly  1 1.00 1.00 1.00 1.00 1.00 1.00 
increasing  2 0.96 0.96 0.96 0.96 0.96 0.96 
distribution 3 0.90 0.88 0.79 0.88 0.93 0.86 
(AR = 1:5) 4 0.95 0.96 0.92 0.96 0.95 0.96 

 5 1.07 1.07 1.02 1.07 1.05 1.08 
 6 1.05 1.06 1.06 1.06 1.08 1.07 
 7 0.97 0.96 0.99 0.96 0.99 0.96 
 F 0.87 0.87 0.86 0.87 0.86 0.87 
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Table 7-2. Dose rate and annual inhalation dose to workers in the Florida phosphate chemical plants due to particle inhalation 

a Capital alphabets are plant identifiers.  Plant A-a and Plant A-b refer to the same company plant (Plant A), but two different 
locations within the plant.  A-b (1) and A-b (2) indicate two different samplings at the same location.  
b Annual dose rate is calculated by assuming an occupancy factor of 2000 hours per year.  

Inhalation Dose Inhalation Dose Inhalation Dose 
Dose Rate Annual Dose b Dose Rate Annual Dose b Dose Rate Annual Dose bGranulator 

Area a (mSv h-1) (mSv y-1) 

Storage 
Area a ( mSv h-1) (mSv y-1) 

Shipping 
Area a ( mSv h-1) (mSv y-1) 

A-a (1) 2.7E-05 0.05 A-a (1) 1.6E-05 0.03 A-a (1) 2.4E-05 0.047 
A-a (2) 5.3E-05 0.11 A-a (2) 2.9E-05 0.06 A-a (2) 3.0E-05 0.060 
A-a (3) 5.7E-05 0.11 A-b (1) 5.5E-06 0.01 A-b (1) 5.2E-06 0.010 
A-b (1) 4.8E-05 0.10 A-b (2) 2.5E-05 0.05 B (1) 2.1E-05 0.041 
A-b (2) 3.2E-05 0.06 B (1) 2.3E-05 0.05 B (2) 3.3E-05 0.067 
B (1) 8.6E-05 0.17 B (2) 1.4E-05 0.03 D-a (1) 8.0E-06 0.016 
B (2) 8.3E-05 0.17 C (1) 5.6E-05 0.11 D-a (2) 6.6E-06 0.013 

C-a (1) 5.3E-05 0.11 C (2) 2.2E-05 0.04 D-b (1) 1.8E-05 0.035 
C-a (2) 1.2E-04 0.25 D-a (1) 1.5E-04 0.29 D-b (2) 1.0E-05 0.021 
C-b (1) 1.6E-04 0.31 D-a (2) 1.1E-04 0.21 E (1) 6.6E-06 0.013 
C-c (1) 2.4E-04 0.48 D-b (1) 1.2E-04 0.23 E (2) 1.3E-05 0.026 
C-c (2) 1.7E-04 0.34 D-b (2) 1.5E-04 0.29 F (1) 4.4E-06 0.009 
D-a (1) 3.0E-05 0.06 E (1) 5.7E-06 0.01 F (2) 6.4E-06 0.013 
D-a (2) 2.7E-05 0.05 E (2) 9.7E-06 0.02    
D-b (1) 3.5E-05 0.07 F (1) 5.2E-05 0.10    
D-b (2) 3.8E-05 0.08 F (2) 1.2E-05 0.02    
E (1) 3.1E-05 0.06       
E (2) 2.8E-05 0.06       
F (1) 3.0E-05 0.06       
F (2) 2.1E-05 0.04       

Average 6.8E-05 0.14  4.9E-05 0.10  1.4E-05 0.03 
Deviation 6.0E-05 0.12  5.0E-05 0.10  9.8E-06 0.02 
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Table 7-3. Occupancy times for workers at dry product, shipping, and storage areas in the 
Florida phosphate chemical plants 

 
Job Classification 

Working Time 
at Dusty Area a 

(h y-1) 

 
Job Classification 

Working Time 
at Dusty Area a 

(h y-1) 
Dry Product Area 
- Laborer 
- Bobcat operator 
- Granulator 
maintenance mechanic 
- Reclaim process  
operator 
- Operator trainee 

 
1875 
750 
200 

 
150 

 
125 

Shipping/Storage Area 
- Laborer 
- Reclaim operator 
- Payload operator 
- Chief operator 
- Car loader 
- Locomotive engineer 
- Production & shipping 
supervisor 

 
2000 
1600 
600 
400 
200 
125 
100 

a Source (Birky et al. 1998)  
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

Health risks to workers in the Florida phosphate industry due to inhalation of 

particulates containing radioactive materials have been studied.  The heath risks have 

been investigated by assessing particle inhalation dose and estimating effective dose.  

Dose assessment due to particle inhalation requires detailed knowledge of airborne 

particle properties.  Dose calculation is complex and requires use of specialized computer 

programs. The particle property database is used to populate input parameters to these 

software programs so that the calculated doses are as realistic as possible.  This study 

established database of particle size distribution, particle shape, particle elemental 

composition, particle density, radionuclide concentration in particles, and lung solubility 

of radionuclides in the particles.  In addition, dose calculation methods are presented for 

use with sampling data in inhalation exposure assessment.  All measurement data and 

dose calculation methods were fully integrated into an internal dosimetry assessment 

using ICRP 66 HRTM.   

In Chapter 2, particle properties including size distribution, shape, density, and 

radionuclide concentration were characterized.  The size distribution, density, and shape 

factor are each quite different from reference particle properties in ICRP 66 HRTM 

(ICRP 1994b).  Therefore, adoption of dose coefficients calculated for reference particle 

properties can skew dose to unrealistic values.  From the aspect of particle size 

distribution, it does not follow a lognormal pattern in the phosphate industry, which is not 
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consistent with other industries.  Dose calculation without consideration of particle size 

distribution results in higher estimates because smaller particle sizes of 1 µm AMAD 

(environmental) and 5 µm AMAD (workplace) are used as defaults in ICRP 66 HRTM, 

in comparison with particles in the Florida phosphate industry that do not follow this 

trend.  The airborne particle concentration at each phosphate chemical processing plant 

and location varies widely to the magnitude of 3 orders.    

Chapter 3 explains dose calculation methods using sampling data in inhalation 

exposure and effective dose scaling factors.  Traditionally, dose assessments made using 

internal dosimetry codes such as IMBA and LUDEP utilize air sampling information by 

assigning the radioactivity measured at each stage as concentrated at a single 

representative size central to the size interval.  In this study, more realistic assumptions 

that the measured radioactivity distributes uniformly, linearly increases, or linearly 

decreases across the particle size interval for each impactor stage were explored.    The 

concept of an effective dose scaling factor, SFBEB, is thus introduced whereby (1) the 

former approach can be used (which requires less computational effort using computer 

codes), and (2) the resulting values of effective dose per stage can then be rescaled to 

values appropriate to a linear radioactivity distribution per stage.  For a majority of 238U-

series radionuclides, particle size ranges, and absorption classes, differences in these two 

approaches are less than 10%, and thus no corrections in effective dose per particle stage 

are needed.  Significant corrections, however, were noted in select cases.  For uniform or 

linearly decreasing radioactivity distributions, they are found in the 3rd and end-filter 

stage particles with SFBEB ranging from 1.11 to 1.53.  When the cascade impactor 

measurements indicate a linear increase of activity across a given impactor-stage size 
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range, values of SFBEB range from a high of 1.11 to a low of 0.85.  In these cases, the 

inhalation dose coefficient varies non-linearly across the particle size range, and the 

assumption of a mono-size distribution per impactor stage either underestimates (SFBEB > 

1) or overestimates (SFBEB < 1) that stage’s contribution to the worker effective dose.  

In Chapter 4, differences between IMBA and LUDEP were explained and effective 

dose scaling factors were generated using IMBA, the more recent program implementing 

the ICRP 66 HRTM.  Under the same dosimetry conditions, the IMBA program yields 

higher effective doses by a factor of 5 for 238U and 234U, 1.3 for 230Th, 1.9 for 226Ra, and 

1.2 for 210Po for type F.  The effective dose difference between the two programs is less 

than 2% for most type S radionuclides.  The difference is caused by biokinetic models.  

The IMBA program employs the latest biokinetic models, while LUDEP employs 

biokinetic models in ICRP 30.  The biokinetic models of uranium indicate that uranium 

retention and decay in bone and kidney is slightly higher in the new model, but much 

greater in liver and other soft tissues by an order of 1-2.  The scaling factors generated 

using IMBA are almost identical to those calculated by LUDEP because the scaling 

factor depends more on the particle deposition and clearance model than the biokinetic 

model.   

In Chapter 5, inhalation doses were calculated via particle properties characterized 

in Chapter 1.  In addition, dose sensitivity to radionuclide absorption type was studied.  

Effective dose rates to workers in Florida phosphate chemical plants due to airborne 

particle inhalation vary widely by 1 to 2 orders of magnitude depending on workplace 

airborne particle concentrations.  Under the least conservative assumptions of 

radionuclide-specific lung solubility, all assessed effective doses are below the annual 
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limits to the members of the general public (1 mSv y-1).  In the most conservative cases, 

some 44%, 31%, and 15% of individual dose assessments yield worker doses above the 

annual dose limit.  All doses are far below the annual limit for radiation workers of 50 

mSv y-1.  Effective dose varies by a factor of 7 - 22 depending on the absorption types of 

the radionuclides within sampled aerosols.  The study thus demonstrates the importance 

of site-specific particle solubility data in dose assessments.  

In Chapter 6, lung solubility of the radionuclides in particles from phosphate 

industry was determined by in vitro testing.  Lung fluid was mimicked using chemicals, 

and lung conditions were maintained by controlling temperature and pH values of the 

mimicked lung fluid.  Uranium, thorium, and lead are not dissolved rapidly with the 

surrounding matrix while most phosphate, the main component of surrounding matrix, is 

dissolved in 1 day.  Roughly, uranium and lead are dissolved similarly to type M material 

defined in ICRP 66 HRTM and thorium dissolves like type S material.  There are no 

noticeable correlations between solubility and product type or particle size.  Chemical 

forms of the radionuclides and their fractions in the particles are supposed to be 

governing parameters of the solubility kinetics and mechanisms.   

In Chapter 7, all measurement data and dose calculation methods were integrated 

into a full internal dosimetry assessment.  Particle inhalation dose ranges 0.04 – 0.48 mSv 

y-1 at granulator areas, 0.01 – 0.29 mSv y-1 at storage areas, and 0.01 – 0.07 mSv y-1 at 

shipping areas under the assumption of 2000 hours y-1 occupancy factor.  Including an 

average external dose rate of 0.2 mSv y-1, the effective dose to workers is lower than dose 

limit to general public and extremely unlikely to approach or exceed the occupational 

dose limit.  
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8.2 Recommendations 

Most particle properties necessary for inhalation dose assessment were 

characterized in this study.  However, there were limitations of some particle property 

measurements.  Once they are characterized, it will strongly confirm the conclusion, 

“effective dose to workers is lower than dose limit to general public and extremely 

unlikely to approach or exceed the occupational dose limit”  

The element analysis study in Chapter 2 showed different elemental composition 

by particle size.  Sulphur and silicon rather than phosphorus, the main component of the 

phosphate product, was dominant within small size particles.  The result hints that 

radionuclides may be concentrated differently by particle size.  The small mass of air 

samples collected at each cascade impactor stage resulted in radioactivity loadings that 

were generally below detectable limits using high-efficiency gamma-ray spectroscopy.  

Therefore, it was assumed that radionuclide concentration is the same in all size particles.  

A database of radioactivity linked to particle size enables one to understand the kinetics 

of radionuclide concentration on particles and assess dose more accurately.  

The radioactivities of 238U series members other than 238U, 226Ra, and 210Pb were 

not measured due to their low gamma emissions.  Therefore, concentrations of the other 

radionuclides were inferred by assuming secular equilibrium with the parent radionuclide.  

It is a reasonable approach for dose assessment.  This assumption can be verified for 

other radionuclides, especially for 230Th and 210Po, using techniques other than gamma 

spectroscopy.   
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APPENDIX A 
PARTICLE SAMPLING AND RADIOACTIVITY DATA USED FOR DOSE 

ASSESSMENT 

The radionuclide concentration of particles within an impactor stage is inferred by 

the collected particle mass and facility-specific radioactivity data of airborne particles 

and settled particles.  There is no difference between 226Ra and 238U concentrations for 

larger-sized particles (≤ 100 µm) and smaller-sized (≤10 µm) airborne particles 

collected by the high-volume sampler.  Therefore, average values are used to infer 226Ra 

and 238U concentrations in particles.   

It is found that the 210Pb concentration is higher for smaller-sized particles.  

Therefore, the 210Pb radioactivity measurement data of larger-sized airborne particles (≤ 

100 µm) is used to estimate radioactivity of larger-sized particles collected on impactor 

stages from 1 –  2 (particle size ranging 9.4 – 100 µm).  For smaller-sized particles on 

impactor stages from 3 – end filter (particle size ranging 0.03 – 9.4 µm), the 210Pb data of 

smaller-sized airborne particles (≤ 10 µm) is employed.       

There are two sources of 210Pb within airborne particles.  The first source is 210Pb 

radioactivity that exists within the phosphoric acid or bulk product and was carried into 

the airborne particulates during aerosol generation.  The second source is 210Pb 

radioactivity from the aerosol attachment of ambient 222Rn progeny in the worker 

environment.  Therefore, two values of the radioactivity data for 210Pb are given in the 

tables. The first one is inferred from radioactivity data of airborne particles and denoted 

as 210PbBairB.  The other is inferred from the data of settled particles and denoted as 
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210PbBsettled B.  For dose assessment purpose, 210Pb radioactivity inferred from settled 

particles can be used to estimate 210Po and 210Bi concentration in airborne particles.    
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Table A-1. Particle size distribution and radionuclide concentration (Granulator area) 
Particle Size Distribution Radionuclide Concentration (Bq m-3) Sampling 

Site Size Range 
(µm) 

Concentration 
∆M/∆logdBp B (µg/L) 

238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant A-a 21.50 - 100.0 8.78E-01 1.53E-03 2.24E-05 1.53E-04 1.71E-04 DAP 
(1st sampling)   9.38 - 21.50 7.42E-01 8.20E-04 1.21E-05 8.23E-05 9.17E-05   
   3.57 -  9.38 3.27E-01 4.18E-04 6.14E-06 1.14E-04 4.67E-05   
   1.76 -  3.57 1.94E-01 1.82E-04 2.67E-06 4.97E-05 2.03E-05   
   0.97 -  1.76 1.02E-01 7.87E-05 1.16E-06 2.15E-05 8.80E-06   
   0.51 -  0.97 1.68E-02 1.40E-05 2.06E-07 3.82E-06 1.56E-06   
   0.26 -  0.51 3.42E-02 2.80E-05 4.11E-07 7.64E-06 3.13E-06   
   0.03 -  0.26 2.34E-02 7.87E-05 1.16E-06 2.15E-05 8.80E-06   
              
Plant A-a 21.50 - 100.0 8.40E-01 1.50E-03 2.20E-05 1.50E-04 1.67E-04 DAP 
(2nd sampling)   9.38 - 21.50 4.22E-01 4.79E-04 7.03E-06 4.80E-05 5.35E-05   
   3.57 -  9.38 6.07E-01 7.96E-04 1.17E-05 2.17E-04 8.90E-05   
   1.76 -  3.57 3.19E-01 3.07E-04 4.51E-06 8.38E-05 3.43E-05   
   0.97 -  1.76 1.68E-01 1.33E-04 1.96E-06 3.64E-05 1.49E-05   
   0.51 -  0.97 7.81E-02 6.66E-05 9.79E-07 1.82E-05 7.45E-06   
   0.26 -  0.51 8.36E-02 7.01E-05 1.03E-06 1.91E-05 7.84E-06   
   0.03 -  0.26 6.67E-02 2.30E-04 3.37E-06 6.27E-05 2.57E-05   
              
Plant A-a 21.50 - 100.0 5.67E+00 9.84E-03 1.45E-04 9.87E-04 1.10E-03 DAP 
(3rd sampling)   9.38 - 21.50 1.83E+00 2.03E-03 2.98E-05 2.03E-04 2.27E-04   
   3.57 -  9.38 7.08E-01 9.05E-04 1.33E-05 2.47E-04 1.01E-04   
   1.76 -  3.57 3.02E-01 2.83E-04 4.16E-06 7.73E-05 3.17E-05   
   0.97 -  1.76 1.75E-01 1.35E-04 1.99E-06 3.69E-05 1.51E-05   
   0.51 -  0.97 1.07E-01 8.91E-05 1.31E-06 2.43E-05 9.96E-06   
   0.26 -  0.51 1.09E-01 8.91E-05 1.31E-06 2.43E-05 9.96E-06   
   0.03 -  0.26 1.95E-02 6.54E-05 9.60E-07 1.78E-05 7.31E-06   
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Table A-1. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant A-b 21.50 - 100.0 7.14E-01 1.24E-03 1.82E-05 1.24E-04 1.39E-04 DAP 
(1st sampling)   9.38 - 21.50 4.46E-01 4.93E-04 7.24E-06 4.94E-05 5.51E-05   
   3.57 -  9.38 4.24E-01 5.42E-04 7.97E-06 1.48E-04 6.06E-05   
   1.76 -  3.57 1.95E-01 1.83E-04 2.69E-06 4.99E-05 2.05E-05   
   0.97 -  1.76 9.90E-02 7.63E-05 1.12E-06 2.08E-05 8.54E-06   
   0.51 -  0.97 1.05E-01 8.75E-05 1.29E-06 2.39E-05 9.78E-06   
   0.26 -  0.51 1.09E-01 8.91E-05 1.31E-06 2.43E-05 9.96E-06   
   0.03 -  0.26 8.33E-02 2.80E-04 4.11E-06 7.64E-05 3.13E-05   
              
Plant A-b 21.50 - 100.0 1.30E+00 2.27E-03 3.33E-05 2.27E-04 2.53E-04 DAP 
(2nd sampling)   9.38 - 21.50 1.94E-01 2.15E-04 3.16E-06 2.15E-05 2.40E-05   
   3.57 -  9.38 3.69E-01 4.72E-04 6.93E-06 1.29E-04 5.28E-05   
   1.76 -  3.57 1.57E-01 1.47E-04 2.17E-06 4.02E-05 1.65E-05   
   0.97 -  1.76 1.30E-01 1.00E-04 1.47E-06 2.73E-05 1.12E-05   
   0.51 -  0.97 9.96E-02 8.28E-05 1.22E-06 2.26E-05 9.26E-06   
   0.26 -  0.51 9.90E-02 8.09E-05 1.19E-06 2.21E-05 9.05E-06   
   0.03 -  0.26 2.88E-02 9.68E-05 1.42E-06 2.64E-05 1.08E-05   
              
Plant B 21.50 - 100.0 5.13E+00 5.76E-03 2.68E-04 1.43E-03 4.45E-04 DAP 
(1st sampling)   9.38 - 21.50 4.51E-01 3.22E-04 1.50E-05 8.03E-05 2.49E-05  
   3.57 -  9.38 1.56E+00 1.29E-03 5.98E-05 7.53E-04 9.93E-05  
   1.76 -  3.57 6.41E-01 3.89E-04 1.81E-05 2.28E-04 3.00E-05  
   0.97 -  1.76 7.18E-01 3.58E-04 1.66E-05 2.10E-04 2.76E-05   
   0.51 -  0.97 5.54E-01 2.97E-04 1.38E-05 1.74E-04 2.30E-05   
   0.26 -  0.51 1.67E-01 8.83E-05 4.11E-06 5.17E-05 6.82E-06   
   0.03 -  0.26 1.05E-01 2.28E-04 1.06E-05 1.34E-04 1.76E-05   
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Table A-1. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant B 21.50 - 100.0 4.43E+00 4.97E-03 2.31E-04 1.24E-03 3.84E-04 DAP 
(2nd sampling)   9.38 - 21.50 4.06E-01 2.90E-04 1.35E-05 7.22E-05 2.24E-05  
   3.57 -  9.38 1.75E+00 1.45E-03 6.72E-05 8.47E-04 1.12E-04  
   1.76 -  3.57 7.46E-01 4.52E-04 2.10E-05 2.65E-04 3.49E-05  
   0.97 -  1.76 6.15E-01 3.06E-04 1.42E-05 1.79E-04 2.37E-05   
   0.51 -  0.97 3.84E-01 2.06E-04 9.59E-06 1.21E-04 1.59E-05   
   0.26 -  0.51 1.37E-01 7.21E-05 3.36E-06 4.22E-05 5.57E-06   
   0.03 -  0.26 1.05E-01 2.28E-04 1.06E-05 1.34E-04 1.76E-05   
              
Plant C-a 21.50 - 100.0 1.32E+00 2.62E-03 6.54E-05 4.65E-04 1.56E-04 MAP 
(1st sampling)   9.38 - 21.50 1.84E-01 2.32E-04 5.79E-06 4.12E-05 1.38E-05   
   3.57 -  9.38 2.48E-01 3.62E-04 9.03E-06 6.42E-05 2.15E-05   
   1.76 -  3.57 1.34E-01 1.44E-04 3.59E-06 2.55E-05 8.55E-06   
   0.97 -  1.76 1.40E-01 1.23E-04 3.07E-06 2.18E-05 7.32E-06   
   0.51 -  0.97 1.72E-01 1.63E-04 4.06E-06 2.89E-05 9.69E-06   
   0.26 -  0.51 1.20E-01 1.12E-04 2.79E-06 1.98E-05 6.65E-06   
   0.03 -  0.26 8.15E-02 3.12E-04 7.79E-06 5.54E-05 1.86E-05   
              
Plant C-a 21.50 - 100.0 1.09E+01 2.16E-02 5.38E-04 3.83E-03 1.28E-03 MAP 
(2nd sampling)   9.38 - 21.50 2.72E+00 3.43E-03 8.56E-05 6.08E-04 2.04E-04   
   3.57 -  9.38 1.23E+00 1.80E-03 4.48E-05 3.18E-04 1.07E-04   
   1.76 -  3.57 2.88E-01 3.08E-04 7.69E-06 5.46E-05 1.83E-05   
   0.97 -  1.76 1.92E-01 1.69E-04 4.21E-06 2.99E-05 1.00E-05   
   0.51 -  0.97 2.30E-01 2.18E-04 5.44E-06 3.87E-05 1.30E-05   
   0.26 -  0.51 2.44E-01 2.27E-04 5.67E-06 4.03E-05 1.35E-05   
   0.03 -  0.26 1.15E-01 4.42E-04 1.10E-05 7.84E-05 2.63E-05   
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Table A-1. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant C-b 21.50 - 100.0 1.07E+01 2.11E-02 5.27E-04 3.75E-03 1.26E-03 DAP 
(1st sampling)   9.38 - 21.50 1.45E+00 1.83E-03 4.56E-05 3.24E-04 1.09E-04   
   3.57 -  9.38 1.95E+00 2.85E-03 7.10E-05 5.05E-04 1.69E-04   
   1.76 -  3.57 4.66E-01 4.99E-04 1.24E-05 8.85E-05 2.97E-05   
   0.97 -  1.76 2.01E-01 1.77E-04 4.41E-06 3.13E-05 1.05E-05   
   0.51 -  0.97 2.00E-01 1.90E-04 4.73E-06 3.36E-05 1.13E-05   
   0.26 -  0.51 1.20E-01 1.12E-04 2.79E-06 1.98E-05 6.65E-06   
   0.03 -  0.26 1.96E-01 7.52E-04 1.88E-05 1.33E-04 4.47E-05   
              
Plant C-c 21.50 - 100.0 1.97E+01 3.90E-02 9.73E-04 6.92E-03 2.32E-03 GTSP 
(1st sampling)   9.38 - 21.50 3.36E+00 4.24E-03 1.06E-04 7.52E-04 2.52E-04   
   3.57 -  9.38 3.69E+00 5.38E-03 1.34E-04 9.54E-04 3.20E-04   
   1.76 -  3.57 1.36E+00 1.46E-03 3.63E-05 2.58E-04 8.66E-05   
   0.97 -  1.76 7.73E-01 6.80E-04 1.70E-05 1.21E-04 4.04E-05   
   0.51 -  0.97 3.90E-01 3.70E-04 9.23E-06 6.56E-05 2.20E-05   
   0.26 -  0.51 2.16E-01 2.01E-04 5.02E-06 3.57E-05 1.20E-05   
   0.03 -  0.26 8.27E-02 3.17E-04 7.90E-06 5.62E-05 1.88E-05   
              
Plant C-c 21.50 - 100.0 1.26E+01 2.50E-02 6.24E-04 4.44E-03 1.49E-03 GTSP 
(2nd sampling)   9.38 - 21.50 1.93E+00 2.44E-03 6.08E-05 4.32E-04 1.45E-04   
   3.57 -  9.38 3.84E+00 5.60E-03 1.40E-04 9.93E-04 3.33E-04   
   1.76 -  3.57 8.70E-01 9.31E-04 2.32E-05 1.65E-04 5.54E-05   
   0.97 -  1.76 4.13E-01 3.63E-04 9.06E-06 6.44E-05 2.16E-05   
   0.51 -  0.97 1.54E-01 1.46E-04 3.65E-06 2.59E-05 8.69E-06   
   0.26 -  0.51 1.57E-01 1.46E-04 3.65E-06 2.59E-05 8.70E-06   
   0.03 -  0.26 6.61E-02 2.53E-04 6.32E-06 4.49E-05 1.51E-05   
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Table A-1. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant D-a 21.50 - 100.0 2.47E+00 2.72E-03 1.52E-04 1.38E-03 4.11E-04 DAP 
(1st sampling)   9.38 - 21.50 3.66E-01 2.57E-04 1.44E-05 1.30E-04 3.88E-05   
   3.57 -  9.38 5.59E-01 4.54E-04 2.54E-05 2.77E-04 6.85E-05   
   1.76 -  3.57 1.65E-01 9.84E-05 5.50E-06 6.01E-05 1.49E-05   
   0.97 -  1.76 1.24E-01 6.07E-05 3.39E-06 3.71E-05 9.16E-06   
   0.51 -  0.97 8.07E-02 4.26E-05 2.38E-06 2.60E-05 6.44E-06   
   0.26 -  0.51 6.84E-02 3.55E-05 1.98E-06 2.17E-05 5.36E-06   
   0.03 -  0.26 4.97E-02 1.06E-04 5.93E-06 6.48E-05 1.60E-05   
              
Plant D-a 21.50 - 100.0 1.25E+00 1.38E-03 7.73E-05 6.99E-04 2.09E-04 DAP 
(2nd sampling)   9.38 - 21.50 3.42E-01 2.41E-04 1.34E-05 1.22E-04 3.63E-05   
   3.57 -  9.38 2.14E-01 1.74E-04 9.73E-06 1.06E-04 2.63E-05   
   1.76 -  3.57 1.36E-01 8.13E-05 4.55E-06 4.97E-05 1.23E-05   
   0.97 -  1.76 1.76E-01 8.60E-05 4.81E-06 5.26E-05 1.30E-05   
   0.51 -  0.97 1.40E-01 7.41E-05 4.14E-06 4.53E-05 1.12E-05   
   0.26 -  0.51 8.45E-02 4.39E-05 2.45E-06 2.68E-05 6.63E-06   
   0.03 -  0.26 6.20E-02 1.32E-04 7.40E-06 8.09E-05 2.00E-05   
              
Plant D-b 21.50 - 100.0 2.62E+00 2.89E-03 1.61E-04 1.46E-03 4.36E-04 DAP 
(1st sampling)   9.38 - 21.50 6.58E-01 4.63E-04 2.59E-05 2.34E-04 6.99E-05   
   3.57 -  9.38 3.51E-01 2.85E-04 1.59E-05 1.74E-04 4.30E-05   
   1.76 -  3.57 2.18E-01 1.30E-04 7.27E-06 7.95E-05 1.97E-05   
   0.97 -  1.76 2.51E-01 1.23E-04 6.88E-06 7.52E-05 1.86E-05   
   0.51 -  0.97 2.02E-01 1.07E-04 5.96E-06 6.52E-05 1.61E-05   
   0.26 -  0.51 1.06E-01 5.52E-05 3.08E-06 3.37E-05 8.34E-06   
   0.03 -  0.26 4.77E-02 1.02E-04 5.68E-06 6.21E-05 1.54E-05   
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Table A-1. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant D-b 21.50 - 100.0 1.93E+00 2.13E-03 1.19E-04 1.08E-03 3.22E-04 DAP 
(2nd sampling)   9.38 - 21.50 1.28E+00 9.00E-04 5.03E-05 4.55E-04 1.36E-04   
   3.57 -  9.38 4.92E-01 4.00E-04 2.23E-05 2.44E-04 6.04E-05   
   1.76 -  3.57 1.92E-01 1.15E-04 6.41E-06 7.01E-05 1.73E-05   
   0.97 -  1.76 2.16E-01 1.06E-04 5.91E-06 6.47E-05 1.60E-05   
   0.51 -  0.97 1.24E-01 6.57E-05 3.67E-06 4.02E-05 9.93E-06   
   0.26 -  0.51 1.20E-01 6.24E-05 3.49E-06 3.81E-05 9.42E-06   
   0.03 -  0.26 6.92E-02 1.48E-04 8.25E-06 9.02E-05 2.23E-05   
             
Plant E 21.50 - 100.0 2.69E+00 2.95E-03 1.79E-04 3.52E-03 1.09E-03 MAP 
(1st sampling)   9.38 - 21.50 8.23E-01 5.74E-04 3.49E-05 6.84E-04 2.12E-04  
   3.57 -  9.38 8.12E-01 6.55E-04 3.98E-05 1.08E-03 2.42E-04   
   1.76 -  3.57 2.11E-01 1.25E-04 7.59E-06 2.06E-04 4.61E-05   
   0.97 -  1.76 1.18E-01 5.75E-05 3.49E-06 9.49E-05 2.12E-05   
   0.51 -  0.97 5.48E-02 2.88E-05 1.75E-06 4.75E-05 1.06E-05   
   0.26 -  0.51 7.08E-02 3.65E-05 2.22E-06 6.03E-05 1.35E-05   
   0.03 -  0.26 2.14E-02 4.53E-05 2.75E-06 7.49E-05 1.67E-05   
             
Plant E 21.50 - 100.0 1.79E+00 1.96E-03 1.19E-04 2.34E-03 7.25E-04 MAP 
(2nd sampling)   9.38 - 21.50 3.73E-01 2.60E-04 1.58E-05 3.10E-04 9.60E-05  
   3.57 -  9.38 7.56E-01 6.09E-04 3.70E-05 1.01E-03 2.25E-04   
   1.76 -  3.57 1.88E-01 1.11E-04 6.74E-06 1.83E-04 4.10E-05   
   0.97 -  1.76 1.01E-01 4.91E-05 2.98E-06 8.11E-05 1.81E-05   
   0.51 -  0.97 7.98E-02 4.18E-05 2.54E-06 6.91E-05 1.55E-05   
   0.26 -  0.51 8.03E-02 4.14E-05 2.52E-06 6.84E-05 1.53E-05   
   0.03 -  0.26 2.98E-02 6.32E-05 3.84E-06 1.04E-04 2.33E-05   
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Table A-1. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant F 21.50 - 100.0 1.48E-01 1.00E-04 3.09E-06 5.32E-05 5.32E-05 DAP 
(1st sampling)   9.38 - 21.50 6.76E-02 2.93E-05 9.01E-07 1.55E-05 1.55E-05 Scrubber system  
   3.57 -  9.38 4.70E-02 2.35E-05 7.24E-07 1.84E-05 1.25E-05 operation 
   1.76 -  3.57 3.12E-02 1.15E-05 3.53E-07 8.99E-06 6.08E-06   
   0.97 -  1.76 3.93E-02 1.19E-05 3.65E-07 9.29E-06 6.28E-06   
   0.51 -  0.97 6.11E-02 1.99E-05 6.13E-07 1.56E-05 1.05E-05   
   0.26 -  0.51 1.58E-01 5.05E-05 1.55E-06 3.96E-05 2.68E-05   
   0.03 -  0.26 2.55E-01 3.35E-04 1.03E-05 2.63E-04 1.78E-04   
              
Plant F 21.50 - 100.0 1.00E-01 6.83E-05 2.10E-06 3.62E-05 3.62E-05 DAP 
(2nd sampling)   9.38 - 21.50 4.42E-02 1.91E-05 5.89E-07 1.01E-05 1.01E-05 Scrubber system  
   3.57 -  9.38 3.63E-02 1.82E-05 5.60E-07 1.42E-05 9.63E-06 operation 
   1.76 -  3.57 3.54E-02 1.30E-05 4.01E-07 1.02E-05 6.89E-06   
   0.97 -  1.76 2.91E-02 8.80E-06 2.71E-07 6.89E-06 4.66E-06   
   0.51 -  0.97 5.17E-02 1.68E-05 5.18E-07 1.32E-05 8.92E-06   
   0.26 -  0.51 4.96E-02 1.59E-05 4.89E-07 1.24E-05 8.41E-06   
   0.03 -  0.26 1.87E-01 2.46E-04 7.57E-06 1.93E-04 1.30E-04   
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Table A-2. Particle size distribution and radionuclide concentration (Storage area) 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant A-a 21.50 - 100.0 1.53E-01 2.66E-04 3.91E-06 2.67E-05 2.98E-05 MAP 
(1st sampling)   9.38 - 21.50 6.89E-02 7.62E-05 1.12E-06 7.65E-06 8.52E-06 Conveyor and reclaimer 
   3.57 -  9.38 1.32E-01 1.69E-04 2.48E-06 4.61E-05 1.89E-05 operation 
   1.76 -  3.57 4.86E-02 4.56E-05 6.70E-07 1.24E-05 5.10E-06 Closed door  
   0.97 -  1.76 4.55E-02 3.51E-05 5.16E-07 9.59E-06 3.93E-06   
   0.51 -  0.97 2.34E-02 1.94E-05 2.86E-07 5.31E-06 2.17E-06   
   0.26 -  0.51 4.02E-02 3.29E-05 4.83E-07 8.98E-06 3.68E-06   
   0.03 -  0.26 3.05E-02 1.02E-04 1.50E-06 2.80E-05 1.14E-05   
             
Plant A-a 21.50 - 100.0 5.34E-02 9.85E-04 1.45E-05 9.88E-05 1.10E-04 MAP 
(2nd sampling)   9.38 - 21.50 6.10E-02 1.32E-04 1.94E-06 1.32E-05 1.47E-05 Conveyor and reclaimer 
   3.57 -  9.38 7.48E-02 3.92E-04 5.77E-06 1.07E-04 4.39E-05 operation 
   1.76 -  3.57 5.81E-02 9.47E-05 1.39E-06 2.59E-05 1.06E-05 Closed door  
   0.97 -  1.76 1.01E-01 4.48E-05 6.59E-07 1.22E-05 5.01E-06   
   0.51 -  0.97 3.07E-01 6.22E-05 9.14E-07 1.70E-05 6.96E-06   
   0.26 -  0.51 1.19E-01 4.99E-05 7.33E-07 1.36E-05 5.58E-06   
   0.03 -  0.26 5.67E-01 1.80E-04 2.64E-06 4.90E-05 2.01E-05   
             
Plant A-b 21.50 - 100.0 3.75E-03 6.51E-06 9.57E-08 6.53E-07 7.28E-07 DAP 
(1st sampling)   9.38 - 21.50 1.10E-02 1.22E-05 1.79E-07 1.22E-06 1.37E-06 No activity 
   3.57 -  9.38 1.02E-02 1.30E-05 1.91E-07 3.56E-06 1.46E-06 Closed door 
   1.76 -  3.57 1.47E-02 1.38E-05 2.03E-07 3.78E-06 1.55E-06   
   0.97 -  1.76 1.79E-02 1.38E-05 2.03E-07 3.78E-06 1.55E-06   
   0.51 -  0.97 1.86E-02 1.55E-05 2.27E-07 4.22E-06 1.73E-06   
   0.26 -  0.51 2.79E-02 2.28E-05 3.35E-07 6.22E-06 2.55E-06   
   0.03 -  0.26 1.04E-02 3.50E-05 5.14E-07 9.56E-06 3.91E-06   
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Table A-2. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant A-b 21.50 - 100.0 6.44E-01 1.12E-03 1.64E-05 1.12E-04 1.25E-04 DAP 
(2nd sampling)   9.38 - 21.50 1.22E-01 1.35E-04 1.98E-06 1.35E-05 1.51E-05 Payloader operation 
   3.57 -  9.38 2.22E-01 2.84E-04 4.17E-06 7.74E-05 3.17E-05 Open door 
   1.76 -  3.57 9.06E-02 8.50E-05 1.25E-06 2.32E-05 9.51E-06   
   0.97 -  1.76 8.58E-02 6.62E-05 9.73E-07 1.81E-05 7.40E-06   
   0.51 -  0.97 1.18E-01 9.82E-05 1.44E-06 2.68E-05 1.10E-05   
   0.26 -  0.51 1.22E-01 9.95E-05 1.46E-06 2.72E-05 1.11E-05   
   0.03 -  0.26 2.68E-02 8.99E-05 1.32E-06 2.45E-05 1.01E-05   
             
Plant B 21.50 - 100.0 1.19E+00 1.33E-03 6.20E-05 3.32E-04 1.03E-04 MAP 
(1st sampling)   9.38 - 21.50 1.50E-01 1.07E-04 4.98E-06 2.67E-05 8.27E-06 Payloader operation 
   3.57 -  9.38 1.31E-01 1.08E-04 5.04E-06 6.35E-05 8.38E-06 Open door 
   1.76 -  3.57 1.06E-01 6.42E-05 2.99E-06 3.76E-05 4.96E-06   
   0.97 -  1.76 8.60E-02 4.28E-05 1.99E-06 2.51E-05 3.31E-06   
   0.51 -  0.97 2.82E-01 1.51E-04 7.03E-06 8.86E-05 1.17E-05   
   0.26 -  0.51 1.93E-01 1.02E-04 4.73E-06 5.96E-05 7.86E-06   
   0.03 -  0.26 3.70E-02 8.03E-05 3.74E-06 4.70E-05 6.20E-06   
             
Plant B 21.50 - 100.0 1.81E+00 2.03E-03 9.43E-05 5.05E-04 1.57E-04 MAP 
(2nd sampling)   9.38 - 21.50 1.00E-01 7.18E-05 3.34E-06 1.79E-05 5.54E-06 Payloader operation 
   3.57 -  9.38 1.62E-01 1.34E-04 6.22E-06 7.83E-05 1.03E-05 Open door 
   1.76 -  3.57 7.59E-02 4.60E-05 2.14E-06 2.69E-05 3.55E-06   
   0.97 -  1.76 5.42E-02 2.70E-05 1.26E-06 1.58E-05 2.09E-06   
   0.51 -  0.97 5.48E-02 2.94E-05 1.37E-06 1.72E-05 2.27E-06   
   0.26 -  0.51 4.18E-02 2.21E-05 1.03E-06 1.29E-05 1.71E-06   
   0.03 -  0.26 1.47E-02 3.19E-05 1.48E-06 1.87E-05 2.46E-06   
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Table A-2. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant C 21.50 - 100.0 6.36E-01 1.26E-03 3.14E-05 2.24E-04 7.50E-05 GTSP 
(1st sampling)   9.38 - 21.50 8.47E-02 1.07E-04 2.66E-06 1.89E-05 6.35E-06 Conveyor operation 
   3.57 -  9.38 1.89E-01 2.75E-04 6.86E-06 4.88E-05 1.64E-05 Open door 
   1.76 -  3.57 6.95E-02 7.44E-05 1.85E-06 1.32E-05 4.42E-06  
   0.97 -  1.76 2.04E-01 1.80E-04 4.48E-06 3.19E-05 1.07E-05   
   0.51 -  0.97 5.59E-01 5.31E-04 1.32E-05 9.41E-05 3.16E-05   
   0.26 -  0.51 3.31E-01 3.08E-04 7.69E-06 5.47E-05 1.83E-05   
   0.03 -  0.26 5.04E-02 1.93E-04 4.81E-06 3.42E-05 1.15E-05   
             
Plant C 21.50 - 100.0 6.73E-01 1.33E-03 3.32E-05 2.36E-04 7.93E-05 GTSP 
(2nd sampling)   9.38 - 21.50 6.95E-02 8.76E-05 2.19E-06 1.55E-05 5.21E-06 Conveyor operation 
   3.57 -  9.38 1.08E-01 1.58E-04 3.93E-06 2.79E-05 9.37E-06 Open door 
   1.76 -  3.57 5.03E-02 5.39E-05 1.34E-06 9.55E-06 3.20E-06   
   0.97 -  1.76 4.66E-02 4.10E-05 1.02E-06 7.27E-06 2.44E-06   
   0.51 -  0.97 1.05E-01 9.97E-05 2.49E-06 1.77E-05 5.93E-06   
   0.26 -  0.51 1.27E-01 1.18E-04 2.95E-06 2.10E-05 7.03E-06   
   0.03 -  0.26 2.48E-02 9.49E-05 2.37E-06 1.68E-05 5.64E-06   
             
Plant D-a 21.50 - 100.0 3.98E+00 4.39E-03 2.45E-04 2.22E-03 6.63E-04 DAP 
(1st sampling)   9.38 - 21.50 6.37E-01 4.48E-04 2.50E-05 2.26E-04 6.76E-05 Reclaimer operation 
   3.57 -  9.38 2.20E+00 1.79E-03 9.97E-05 1.09E-03 2.70E-04 Closed door 
   1.76 -  3.57 1.22E+00 7.27E-04 4.06E-05 4.44E-04 1.10E-04   
   0.97 -  1.76 7.09E-01 3.48E-04 1.94E-05 2.12E-04 5.25E-05   
   0.51 -  0.97 8.33E-01 4.40E-04 2.46E-05 2.69E-04 6.65E-05   
   0.26 -  0.51 7.45E-01 3.87E-04 2.16E-05 2.36E-04 5.84E-05   
   0.03 -  0.26 2.92E-01 6.24E-04 3.49E-05 3.81E-04 9.43E-05   
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Table A-2. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant D-a 21.50 - 100.0 5.21E+00 5.75E-03 3.21E-04 2.91E-03 8.68E-04 DAP 
(2nd sampling)   9.38 - 21.50 1.02E+00 7.14E-04 3.99E-05 3.61E-04 1.08E-04 Reclaimer operation 
   3.57 -  9.38 3.45E+00 2.80E-03 1.56E-04 1.71E-03 4.23E-04 Closed door 
   1.76 -  3.57 1.18E+00 7.02E-04 3.92E-05 4.29E-04 1.06E-04   
   0.97 -  1.76 6.95E-01 3.40E-04 1.90E-05 2.08E-04 5.14E-05   
   0.51 -  0.97 3.01E-01 1.59E-04 8.90E-06 9.73E-05 2.41E-05   
   0.26 -  0.51 2.88E-01 1.50E-04 8.36E-06 9.14E-05 2.26E-05   
   0.03 -  0.26 7.86E-02 1.68E-04 9.37E-06 1.02E-04 2.53E-05   
             
Plant D-b 21.50 - 100.0 1.06E+01 1.17E-02 6.54E-04 5.92E-03 1.77E-03 MAP 
(1st sampling)   9.38 - 21.50 2.02E+00 1.42E-03 7.92E-05 7.17E-04 2.14E-04 Payloader operation 
   3.57 -  9.38 2.76E+00 2.24E-03 1.25E-04 1.37E-03 3.38E-04 Closed door 
   1.76 -  3.57 1.12E+00 6.65E-04 3.72E-05 4.07E-04 1.00E-04   
   0.97 -  1.76 5.39E-01 2.64E-04 1.48E-05 1.61E-04 3.99E-05   
   0.51 -  0.97 2.68E-01 1.42E-04 7.92E-06 8.66E-05 2.14E-05   
   0.26 -  0.51 1.94E-01 1.01E-04 5.62E-06 6.15E-05 1.52E-05   
   0.03 -  0.26 8.93E-02 1.91E-04 1.06E-05 1.16E-04 2.88E-05   
             
Plant D-b 21.50 - 100.0 4.05E+00 4.47E-03 2.50E-04 2.26E-03 6.75E-04 MAP 
(2nd sampling)   9.38 - 21.50 1.27E+00 8.94E-04 4.99E-05 4.52E-04 1.35E-04 Payloader operation 
   3.57 -  9.38 6.58E+00 5.35E-03 2.99E-04 3.27E-03 8.07E-04 Closed door 
   1.76 -  3.57 1.65E+00 9.81E-04 5.48E-05 5.99E-04 1.48E-04   
   0.97 -  1.76 7.09E-01 3.48E-04 1.94E-05 2.12E-04 5.25E-05   
   0.51 -  0.97 3.55E-01 1.87E-04 1.05E-05 1.15E-04 2.83E-05   
   0.26 -  0.51 3.08E-01 1.60E-04 8.94E-06 9.78E-05 2.42E-05   
   0.03 -  0.26 1.22E-01 2.61E-04 1.46E-05 1.59E-04 3.94E-05   
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Table A-2. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant E 21.50 - 100.0 6.21E-02 6.80E-05 4.13E-06 8.11E-05 2.51E-05 MAP 
(1st sampling)   9.38 - 21.50 3.98E-02 2.78E-05 1.69E-06 3.31E-05 1.03E-05 Payloader operation 
   3.57 -  9.38 5.55E-03 4.47E-06 2.72E-07 7.38E-06 1.65E-06 Open door 
   1.76 -  3.57 4.43E-02 2.62E-05 1.59E-06 4.33E-05 9.67E-06  
   0.97 -  1.76 3.28E-02 1.60E-05 9.70E-07 2.64E-05 5.90E-06   
   0.51 -  0.97 5.24E-02 2.75E-05 1.67E-06 4.54E-05 1.01E-05   
   0.26 -  0.51 4.89E-02 2.52E-05 1.53E-06 4.17E-05 9.32E-06   
   0.03 -  0.26 9.80E-03 2.08E-05 1.26E-06 3.43E-05 7.67E-06   
             
Plant E 21.50 - 100.0 4.83E-01 5.29E-04 3.21E-05 6.30E-04 1.95E-04 MAP 
(2nd sampling)   9.38 - 21.50 7.86E-02 5.48E-05 3.33E-06 6.53E-05 2.02E-05 Payloader operation 
   3.57 -  9.38 7.92E-02 6.39E-05 3.88E-06 1.05E-04 2.36E-05 Open door 
   1.76 -  3.57 3.16E-02 1.87E-05 1.14E-06 3.09E-05 6.91E-06  
   0.97 -  1.76 3.85E-02 1.87E-05 1.14E-06 3.09E-05 6.91E-06   
   0.51 -  0.97 7.58E-02 3.98E-05 2.42E-06 6.57E-05 1.47E-05   
   0.26 -  0.51 7.07E-02 3.64E-05 2.21E-06 6.02E-05 1.35E-05   
   0.03 -  0.26 1.78E-02 3.78E-05 2.29E-06 6.24E-05 1.40E-05   
             
Plant F 21.50 - 100.0 2.03E+01 1.38E-02 4.26E-04 7.33E-03 7.33E-03 DAP 
(1st sampling)   9.38 - 21.50 1.53E+00 6.65E-04 2.05E-05 3.52E-04 3.52E-04 Payloader operation 
   3.57 -  9.38 3.33E-01 1.67E-04 5.13E-06 1.31E-04 8.83E-05 Open door 
   1.76 -  3.57 1.03E-01 3.77E-05 1.16E-06 2.95E-05 2.00E-05  
   0.97 -  1.76 1.09E-01 3.31E-05 1.02E-06 2.59E-05 1.75E-05   
   0.51 -  0.97 1.08E-01 3.52E-05 1.09E-06 2.76E-05 1.87E-05   
   0.26 -  0.51 1.67E-01 5.36E-05 1.65E-06 4.20E-05 2.84E-05   
   0.03 -  0.26 3.16E-02 4.15E-05 1.28E-06 3.25E-05 2.20E-05   
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Table A-2. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant F 21.50 - 100.0 3.49E+00 2.37E-03 7.30E-05 1.26E-03 1.26E-03 DAP 
(2nd sampling)   9.38 - 21.50 2.91E-01 1.26E-04 3.88E-06 6.68E-05 6.68E-05 Payloader operation 
   3.57 -  9.38 1.44E-01 7.23E-05 2.23E-06 5.67E-05 3.83E-05 Open door 
   1.76 -  3.57 5.73E-02 2.10E-05 6.48E-07 1.65E-05 1.11E-05   
   0.97 -  1.76 5.89E-02 1.78E-05 5.48E-07 1.39E-05 9.42E-06   
   0.51 -  0.97 5.46E-02 1.78E-05 5.48E-07 1.39E-05 9.42E-06   
   0.26 -  0.51 5.32E-02 1.70E-05 5.24E-07 1.33E-05 9.02E-06   
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Table A-3. Particle size distribution and radionuclide concentration (Shipping area) 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant A-a 21.50 - 100.0 1.69E+00 2.94E-03 4.31E-05 2.95E-04 3.28E-04 MAP 
(1st sampling)   9.38 - 21.50 6.70E-01 7.41E-04 1.09E-05 7.43E-05 8.29E-05 Rail car loading 
   3.57 -  9.38 3.06E-01 3.91E-04 5.75E-06 1.07E-04 4.37E-05   
   1.76 -  3.57 7.98E-02 7.49E-05 1.10E-06 2.04E-05 8.37E-06   
   0.97 -  1.76 4.85E-02 3.74E-05 5.50E-07 1.02E-05 4.19E-06   
   0.51 -  0.97 3.17E-02 2.64E-05 3.88E-07 7.21E-06 2.95E-06   
   0.26 -  0.51 3.93E-02 3.22E-05 4.72E-07 8.78E-06 3.60E-06   
   0.03 -  0.26 2.37E-02 7.97E-05 1.17E-06 2.18E-05 8.91E-06   
             
Plant A-a 21.50 - 100.0 1.96E+00 3.40E-03 5.00E-05 3.41E-04 3.81E-04 MAP 
(2nd sampling)   9.38 - 21.50 3.48E-01 3.84E-04 5.65E-06 3.86E-05 4.30E-05 Rail car loading 
   3.57 -  9.38 3.97E-01 5.08E-04 7.46E-06 1.39E-04 5.68E-05   
   1.76 -  3.57 1.18E-01 1.11E-04 1.63E-06 3.03E-05 1.24E-05   
   0.97 -  1.76 6.99E-02 5.39E-05 7.92E-07 1.47E-05 6.02E-06   
   0.51 -  0.97 4.98E-03 4.14E-06 6.09E-08 1.13E-06 4.63E-07   
   0.26 -  0.51 4.56E-02 3.73E-05 5.48E-07 1.02E-05 4.17E-06   
   0.03 -  0.26 3.73E-02 1.25E-04 1.84E-06 3.42E-05 1.40E-05   
             
Plant A-b 21.50 - 100.0 4.27E-03 2.83E-04 4.15E-06 2.84E-05 3.16E-05 DAP 
(1st sampling)   9.38 - 21.50 7.10E-03 8.70E-05 1.28E-06 8.73E-06 9.73E-06 Rail car loading 
   3.57 -  9.38 4.98E-03 9.45E-05 1.39E-06 2.58E-05 1.06E-05   
   1.76 -  3.57 1.61E-02 5.22E-05 7.67E-07 1.43E-05 5.84E-06   
   0.97 -  1.76 5.57E-02 1.24E-05 1.83E-07 3.39E-06 1.39E-06   
   0.51 -  0.97 7.39E-02 4.14E-06 6.09E-08 1.13E-06 4.63E-07   
   0.26 -  0.51 7.87E-02 5.80E-06 8.53E-08 1.58E-06 6.49E-07   
   0.03 -  0.26 1.63E-01 1.43E-05 2.11E-07 3.92E-06 1.60E-06   
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Table A-3. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant B 21.50 - 100.0 1.77E+00 1.99E-03 9.24E-05 4.94E-04 1.53E-04 MAP 
(1st sampling)   9.38 - 21.50 2.93E-01 2.09E-04 9.72E-06 5.20E-05 1.61E-05 Rail car loading 
   3.57 -  9.38 2.38E-01 1.96E-04 9.13E-06 1.15E-04 1.52E-05   
   1.76 -  3.57 1.06E-01 6.43E-05 2.99E-06 3.77E-05 4.97E-06   
   0.97 -  1.76 9.45E-02 4.71E-05 2.19E-06 2.76E-05 3.63E-06   
   0.51 -  0.97 1.17E-01 6.31E-05 2.93E-06 3.69E-05 4.87E-06   
   0.26 -  0.51 7.21E-02 3.81E-05 1.77E-06 2.23E-05 2.94E-06   
   0.03 -  0.26 2.83E-02 6.15E-05 2.86E-06 3.60E-05 4.75E-06   
             
Plant B 21.50 - 100.0 5.04E+00 5.65E-03 2.63E-04 1.41E-03 4.37E-04 MAP 
(2nd sampling)   9.38 - 21.50 8.13E-01 5.81E-04 2.70E-05 1.45E-04 4.49E-05 Rail car loading 
   3.57 -  9.38 7.10E-01 5.86E-04 2.73E-05 3.43E-04 4.53E-05   
   1.76 -  3.57 1.17E-01 7.11E-05 3.31E-06 4.16E-05 5.49E-06   
   0.97 -  1.76 7.17E-02 3.57E-05 1.66E-06 2.09E-05 2.76E-06   
   0.51 -  0.97 5.66E-02 3.04E-05 1.41E-06 1.78E-05 2.35E-06   
   0.26 -  0.51 5.81E-02 3.07E-05 1.43E-06 1.80E-05 2.37E-06   
   0.03 -  0.26 1.63E-02 3.54E-05 1.65E-06 2.07E-05 2.73E-06   
             
Plant D-a 21.50 - 100.0 6.55E-02 7.23E-05 4.04E-06 3.65E-05 1.09E-05 DAP 
(1st sampling)   9.38 - 21.50 2.33E-02 1.64E-05 9.16E-07 8.29E-06 2.48E-06 Rail car loading 
   3.57 -  9.38 3.00E-02 2.44E-05 1.36E-06 1.49E-05 3.68E-06  
   1.76 -  3.57 4.09E-02 2.44E-05 1.36E-06 1.49E-05 3.68E-06   
   0.97 -  1.76 2.71E-02 1.33E-05 7.43E-07 8.13E-06 2.01E-06   
   0.51 -  0.97 3.61E-02 1.91E-05 1.07E-06 1.16E-05 2.88E-06   
   0.26 -  0.51 3.33E-02 1.73E-05 9.66E-07 1.06E-05 2.61E-06   
   0.03 -  0.26 2.94E-02 6.28E-05 3.51E-06 3.84E-05 9.48E-06   
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Table A-3. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant D-a 21.50 - 100.0 1.18E-01 1.30E-04 7.28E-06 6.59E-05 1.97E-05 DAP 
(2nd sampling)   9.38 - 21.50 2.36E-01 1.66E-04 9.25E-06 8.37E-05 2.50E-05 Rail car loading 
   3.57 -  9.38 1.10E-01 8.96E-05 5.01E-06 5.48E-05 1.35E-05   
   1.76 -  3.57 3.72E-02 2.22E-05 1.24E-06 1.35E-05 3.35E-06   
   0.97 -  1.76 2.73E-02 1.34E-05 7.47E-07 8.17E-06 2.02E-06   
   0.51 -  0.97 3.10E-02 1.64E-05 9.17E-07 1.00E-05 2.48E-06   
   0.26 -  0.51 2.34E-02 1.22E-05 6.79E-07 7.42E-06 1.84E-06   
   0.03 -  0.26 1.44E-02 3.07E-05 1.71E-06 1.87E-05 4.63E-06   
             
Plant D-b 21.50 - 100.0 5.85E-01 1.87E-03 1.04E-04 9.43E-04 2.82E-04 DAP 
(1st sampling)   9.38 - 21.50 1.38E-01 4.71E-04 2.63E-05 2.38E-04 7.11E-05 Truck loading 
   3.57 -  9.38 2.36E-01 2.48E-04 1.39E-05 1.52E-04 3.75E-05   
   1.76 -  3.57 1.52E-01 4.76E-05 2.66E-06 2.91E-05 7.18E-06   
   0.97 -  1.76 1.01E-01 2.38E-05 1.33E-06 1.45E-05 3.59E-06   
   0.51 -  0.97 1.14E-01 1.68E-05 9.37E-07 1.02E-05 2.53E-06   
   0.26 -  0.51 9.13E-02 2.04E-05 1.14E-06 1.25E-05 3.08E-06   
   0.03 -  0.26 3.83E-02 5.06E-05 2.83E-06 3.09E-05 7.64E-06   
             
Plant D-b 21.50 - 100.0 8.21E-01 9.06E-04 5.06E-05 4.58E-04 1.37E-04 DAP 
(2nd sampling)   9.38 - 21.50 9.78E-02 6.87E-05 3.84E-06 3.47E-05 1.04E-05 Truck loading 
   3.57 -  9.38 3.10E-01 2.52E-04 1.41E-05 1.54E-04 3.81E-05   
   1.76 -  3.57 4.96E-02 2.96E-05 1.65E-06 1.81E-05 4.47E-06   
   0.97 -  1.76 4.15E-02 2.03E-05 1.14E-06 1.24E-05 3.07E-06   
   0.51 -  0.97 4.96E-02 2.62E-05 1.46E-06 1.60E-05 3.96E-06   
   0.26 -  0.51 4.15E-02 2.16E-05 1.21E-06 1.32E-05 3.26E-06   
   0.03 -  0.26 1.19E-02 2.54E-05 1.42E-06 1.55E-05 3.83E-06   
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Table A-3. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant E 21.50 - 100.0 3.26E-02 1.65E-04 1.00E-05 1.97E-04 6.11E-05 MAP 
(1st sampling)   9.38 - 21.50 8.78E-02 4.40E-05 2.67E-06 5.25E-05 1.63E-05 Rail car loading 
   3.57 -  9.38 9.56E-02 3.98E-05 2.42E-06 6.58E-05 1.47E-05  
   1.76 -  3.57 5.66E-02 1.65E-05 1.00E-06 2.72E-05 6.08E-06  
   0.97 -  1.76 5.69E-02 1.35E-05 8.18E-07 2.23E-05 4.98E-06  
   0.51 -  0.97 1.01E-01 2.46E-05 1.49E-06 4.05E-05 9.07E-06   
   0.26 -  0.51 1.29E-01 2.22E-05 1.35E-06 3.66E-05 8.18E-06   
   0.03 -  0.26 3.08E-01 3.38E-05 2.06E-06 5.59E-05 1.25E-05   
             
Plant E 21.50 - 100.0 2.21E-01 2.43E-04 1.47E-05 2.89E-04 8.96E-05 MAP 
(2nd sampling)   9.38 - 21.50 1.06E-01 7.37E-05 4.47E-06 8.78E-05 2.72E-05 Rail car loading 
   3.57 -  9.38 2.90E-02 2.34E-05 1.42E-06 3.86E-05 8.63E-06  
   1.76 -  3.57 2.73E-02 1.62E-05 9.82E-07 2.67E-05 5.97E-06  
   0.97 -  1.76 5.91E-02 2.88E-05 1.75E-06 4.75E-05 1.06E-05  
   0.51 -  0.97 2.06E-02 1.08E-05 6.55E-07 1.78E-05 3.98E-06   
   0.26 -  0.51 1.60E-01 8.27E-05 5.02E-06 1.36E-04 3.05E-05   
   0.03 -  0.26 3.39E-02 7.19E-05 4.36E-06 1.19E-04 2.65E-05   
             
Plant F 21.50 - 100.0 2.45E-01 1.66E-04 5.12E-06 8.81E-05 8.81E-05 DAP 
(1st sampling)   9.38 - 21.50 4.64E-02 2.01E-05 6.18E-07 1.06E-05 1.06E-05 Rail car loading 
   3.57 -  9.38 6.69E-02 3.35E-05 1.03E-06 2.62E-05 1.77E-05  
   1.76 -  3.57 3.46E-02 1.27E-05 3.91E-07 9.95E-06 6.73E-06  
   0.97 -  1.76 4.55E-02 1.37E-05 4.23E-07 1.08E-05 7.28E-06  
   0.51 -  0.97 5.48E-02 1.79E-05 5.50E-07 1.40E-05 9.46E-06   
   0.26 -  0.51 4.77E-02 1.53E-05 4.70E-07 1.20E-05 8.09E-06   
   0.03 -  0.26 1.58E-02 2.08E-05 6.40E-07 1.63E-05 1.10E-05   
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Table A-3. Continued 
Particle Size Distribution Radionuclide Concentration (Bq m-3) 

Sampling 
site Size range 

(µm) 
Concentration 

∆M/∆logdBp B (µg/L) 
238U 226Ra 210PbBairB 

210PbBsettled B 

Remarks 

Plant F 21.50 - 100.0 1.53E-01 1.04E-04 3.21E-06 5.52E-05 5.52E-05 DAP 
(2nd sampling)   9.38 - 21.50 3.73E-02 1.62E-05 4.98E-07 8.57E-06 8.57E-06 Rail car loading 
   3.57 -  9.38 7.50E-02 3.76E-05 1.16E-06 2.94E-05 1.99E-05  
   1.76 -  3.57 6.28E-02 2.31E-05 7.10E-07 1.81E-05 1.22E-05  
   0.97 -  1.76 7.20E-02 2.18E-05 6.70E-07 1.70E-05 1.15E-05  
   0.51 -  0.97 8.45E-02 2.75E-05 8.47E-07 2.16E-05 1.46E-05  
   0.26 -  0.51 4.65E-02 1.49E-05 4.58E-07 1.17E-05 7.88E-06   
   0.03 -  0.26 2.83E-02 3.72E-05 1.15E-06 2.91E-05 1.97E-05   
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APPENDIX B 
EFFECTIVE DOSE SCALING FACTORS APPLICABLE TO PARTICLES IN THE 

FLORIDA PHOSPHATE CHEMICAL PLANTS 

The effective dose scaling factor, SFBEB, is the ratio of the effective dose determined 

under a linear radioactivity distribution to that under a single mono-size radioactivity 

distribution for each stage of the cascade impactor.  When inhalation dose coefficients are 

given as a function of particle size, effective dose scaling factors are calculated by 

definition: 

1
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= =
∑

,      Eq. B-1 

where EBi B is effective dose for particle size at ith sub stage and  f(i) represent functions of 

linear radioactivity distributions.  In the present study, (1) uniform distribution, (2) 

linearly decreasing distribution with activity ratios (AR) of 2:1 and 5:1 (shallow and 

steep slopes, respectively), and (3) linearly increasingly distribution with ARs of 1:2 and 

1:5 are considered.  Linear radioactivity distributions are approximated as a series of 10 

sub-stages each containing a different fraction of the total activity measured at that 

impactor stage. 

Effective dose scaling factors specifically applicable to the particles in the Florida 

phosphate chemical plants are generated.  Values of SFBEB given here are specific to 

particle size ranges of the University of Washington Mark III cascade impactor at an air 

flow rate of 15 L min-1, particle density of 1.6 g cm-3, and unity particle shape factor.   
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Table B-1. Effective dose scaling factors (SFBEB) applicable to particles in the Florida 
phosphate chemical plants for uniform radioactivity distribution 

Effective Dose Scaling Factor SFBE B

a Absorption 
Type 

Impactor 
Stage 238U 234U 230Th 226Ra 210Pb 210Po 

        
F 1 1.02 1.02 1.02 1.03 1.02 1.02 
 2 1.01 1.01 1.01 1.01 1.01 1.01 
 3 1.00 1.00 1.01 1.00 1.00 1.00 
 4 0.98 0.98 0.97 0.98 0.98 0.98 
 5 1.00 0.99 0.99 1.00 1.00 1.00 
 6 1.03 1.03 1.03 1.04 1.04 1.03 
 7 1.04 1.04 1.04 1.04 1.04 1.04 
 F 1.07 1.07 1.07 1.07 1.07 1.07 
          

M 1 1.03 1.02 1.02 1.03 1.02 1.02 
 2 1.03 1.04 1.02 1.04 1.02 1.05 
 3 1.15 1.13 1.09 1.13 1.08 1.15 
 4 0.96 0.96 0.97 0.96 0.97 0.96 
 5 1.01 1.01 0.99 1.01 0.99 1.01 
 6 1.03 1.03 1.02 1.04 1.03 1.04 
 7 1.02 1.02 1.03 1.02 1.03 1.02 
 F 1.08 1.08 1.07 1.09 1.07 1.08 
         

S 1 1.02 1.02 1.02 1.02 1.02 1.05 
 2 1.02 1.02 1.03 1.03 1.02 1.07 
 3 1.13 1.13 0.95 1.13 1.08 1.14 
 4 1.04 1.02 0.96 1.02 0.97 0.96 

 5 0.99 0.99 0.99 0.99 0.99 1.01 
 6 1.02 1.03 1.02 1.03 1.02 1.04 
 7 1.03 1.03 1.03 1.03 1.03 1.02 
 F 1.08 1.07 1.07 1.07 1.07 1.08 

a Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% adjustment in 
the effective dose). 
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Table B-2. Effective dose scaling factors (SFBEB) applicable to particles in the Florida 
phosphate chemical plants for linearly decreasing radioactivity distribution 
(AR = 2:1) 

Effective Dose Scaling Factor SFBE B

a Absorption 
Type 

Impactor 
Stage 238U 234U 230Th 226Ra 210Pb 210Po 

        
F 1 1.03 1.03 1.03 1.04 1.03 1.03 
 2 1.04 1.04 1.04 1.04 1.04 1.04 
 3 1.03 1.03 1.03 1.02 1.03 1.03 
 4 0.98 0.97 0.97 0.97 0.97 0.97 
 5 0.96 0.96 0.96 0.96 0.96 0.96 
 6 0.99 0.99 0.99 0.99 0.99 0.99 
 7 1.05 1.05 1.05 1.05 1.05 1.05 
 F 1.18 1.17 1.18 1.18 1.18 1.18 
          

M 1 1.04 1.03 1.03 1.04 1.03 1.04 
 2 1.07 1.08 1.05 1.08 1.05 1.10 
 3 1.28 1.25 1.18 1.25 1.15 1.29 
 4 0.96 0.96 0.99 0.96 0.97 0.95 
 5 0.98 0.97 0.97 0.97 0.97 0.97 
 6 1.02 1.02 1.00 1.03 1.00 1.02 
 7 1.05 1.05 1.05 1.05 1.05 1.05 
 F 1.19 1.19 1.17 1.19 1.18 1.19 
         

S 1 1.03 1.03 1.03 1.03 1.03 1.06 
 2 1.05 1.05 1.06 1.06 1.04 1.11 
 3 1.23 1.24 1.03 1.23 1.15 1.27 
 4 1.04 1.02 0.98 1.02 0.99 0.96 

 5 0.97 0.97 0.97 0.97 0.97 0.97 
 6 1.01 1.01 1.00 1.01 1.00 1.03 
 7 1.05 1.05 1.05 1.05 1.05 1.05 
 F 1.18 1.18 1.18 1.18 1.17 1.19 

a Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% adjustment in 
the effective dose). 
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Table B-3. Effective dose scaling factors (SFBEB) applicable to particles in the Florida 
phosphate chemical plants for linearly decreasing radioactivity distribution 
(AR = 5:1) 

Effective Dose Scaling Factor SFBE B

a Absorption 
Type 

Impactor 
Stage 238U 234U 230Th 226Ra 210Pb 210Po 

        
F 1 1.04 1.04 1.04 1.05 1.04 1.05 
 2 1.06 1.06 1.06 1.06 1.06 1.06 
 3 1.06 1.06 1.06 1.05 1.05 1.05 
 4 0.97 0.97 0.97 0.97 0.97 0.97 
 5 0.93 0.93 0.93 0.93 0.93 0.93 
 6 0.95 0.95 0.95 0.95 0.95 0.95 
 7 1.06 1.06 1.06 1.06 1.05 1.06 
 F 1.28 1.28 1.28 1.28 1.28 1.28 
          

M 1 1.05 1.05 1.04 1.05 1.05 1.05 
 2 1.11 1.12 1.09 1.12 1.08 1.14 
 3 1.40 1.38 1.27 1.38 1.23 1.43 
 4 0.96 0.96 1.00 0.96 0.98 0.95 
 5 0.95 0.94 0.95 0.94 0.94 0.94 
 6 1.01 1.01 0.97 1.02 0.97 1.01 
 7 1.08 1.08 1.07 1.08 1.07 1.08 
 F 1.30 1.30 1.28 1.30 1.28 1.30 
         

S 1 1.04 1.04 1.04 1.04 1.04 1.07 
 2 1.08 1.08 1.10 1.09 1.07 1.16 
 3 1.33 1.34 1.11 1.34 1.22 1.41 
 4 1.04 1.02 1.00 1.02 1.00 0.95 

 5 0.95 0.95 0.95 0.95 0.96 0.94 
 6 0.99 0.99 0.98 0.99 0.97 1.01 
 7 1.07 1.07 1.07 1.07 1.07 1.08 
 F 1.29 1.28 1.28 1.28 1.27 1.30 

a Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% adjustment in 
the effective dose). 
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Table B-4. Effective dose scaling factors (SFBEB) applicable to particles in the Florida 
phosphate chemical plants for linearly increasing radioactivity distribution 
(AR = 1:2) 

Effective Dose Scaling Factor SFBE B

a Absorption 
Type 

Impactor 
Stage 238U 234U 230Th 226Ra 210Pb 210Po 

        
F 1 1.01 1.01 1.01 1.02 1.01 1.01 
 2 0.98 0.98 0.98 0.98 0.98 0.98 
 3 0.98 0.98 0.98 0.98 0.98 0.98 
 4 0.98 0.98 0.97 0.98 0.98 0.98 
 5 1.03 1.03 1.02 1.03 1.03 1.03 
 6 1.07 1.07 1.07 1.08 1.08 1.08 
 7 1.03 1.03 1.03 1.03 1.03 1.03 
 F 0.97 0.97 0.97 0.97 0.97 0.97 
          

M 1 1.01 1.01 1.01 1.02 1.01 1.01 
 2 1.00 1.00 0.99 1.00 0.99 1.01 
 3 1.02 1.00 1.00 1.00 1.01 1.01 
 4 0.95 0.96 0.95 0.96 0.96 0.96 
 5 1.04 1.04 1.01 1.04 1.02 1.05 
 6 1.04 1.05 1.05 1.05 1.06 1.05 
 7 0.99 0.99 1.01 0.99 1.01 0.99 
 F 0.98 0.98 0.96 0.98 0.97 0.98 
         

S 1 1.01 1.01 1.01 1.01 1.01 1.03 
 2 0.99 0.99 1.00 0.99 0.99 1.02 
 3 1.02 1.03 0.87 1.03 1.00 1.00 
 4 1.04 1.02 0.94 1.02 0.95 0.96 

 5 1.01 1.01 1.00 1.02 1.00 1.04 
 6 1.04 1.05 1.04 1.04 1.05 1.05 
 7 1.00 1.00 1.01 1.00 1.01 0.99 
 F 0.97 0.97 0.97 0.97 0.96 0.98 

a Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% adjustment in 
the effective dose). 
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Table B-5. Effective dose scaling factors (SFBEB) applicable to particles in the Florida 
phosphate chemical plants for linearly increasing radioactivity distribution 
(AR = 1:5) 

Effective Dose Scaling Factor SFBE B

a Absorption 
Type 

Impactor 
Stage 238U 234U 230Th 226Ra 210Pb 210Po 

        
F 1 1.00 1.00 1.00 1.00 1.00 1.00 
 2 0.96 0.96 0.96 0.96 0.96 0.96 
 3 0.95 0.95 0.95 0.96 0.96 0.95 
 4 0.98 0.98 0.97 0.98 0.98 0.98 
 5 1.06 1.06 1.05 1.06 1.06 1.06 
 6 1.11 1.11 1.11 1.12 1.12 1.12 
 7 1.02 1.02 1.02 1.02 1.02 1.02 
 F 0.86 0.86 0.86 0.86 0.86 0.86 
        

M 1 1.00 1.00 1.00 1.00 1.00 1.00 
 2 0.96 0.96 0.96 0.96 0.96 0.96 

 3 0.90 0.88 0.92 0.88 0.93 0.86 
 4 0.95 0.96 0.93 0.96 0.95 0.96 
 5 1.07 1.07 1.03 1.07 1.05 1.08 
 6 1.05 1.06 1.08 1.06 1.08 1.07 
 7 0.97 0.96 1.00 0.96 0.99 0.96 
 F 0.87 0.87 0.86 0.87 0.86 0.87 
        

S 1 1.00 1.00 1.00 1.00 1.00 1.02 
 2 0.96 0.96 0.96 0.96 0.96 0.98 
 3 0.92 0.92 0.79 0.92 0.93 0.86 
 4 1.05 1.02 0.92 1.02 0.94 0.96 

 5 1.03 1.04 1.02 1.04 1.02 1.08 
 6 1.06 1.06 1.06 1.06 1.07 1.07 
 7 0.98 0.98 0.99 0.98 0.99 0.97 
 F 0.87 0.86 0.86 0.86 0.86 0.87 

a Bolded values indicate scaling factors ≥1.10 or ≤0.9 (more than a 10% adjustment in 
the effective dose). 
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