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SECTION 1 INTRODUCTION 

Rare Element Resources, Inc. (RER) proposes to build a rare earth element (REE) mining facility 
in the Bear Lodge Mountains in Crook County, Wyoming, and a processing facility near Upton, 
in Weston County, Wyoming. The proposed mining facility consists of an open pit mine called 
the Bull Hill Mine (BHM) and a physical upgrade plant (PUG). The proposed processing facility 
will consist of a hydrometallurgical plant (Hydromet) and tailings storage facility (TSF). In this 
report, the mining and processing facilities are collectively referred to as the Bear Lodge Project 
(BLP). 

1.1 Project Overview 

The BHM site is located in central Crook County, northeastern Wyoming (see Figure 1.1), in the 
north-western portion of the Black Hills uplift. The property is situated in the central Bear Lodge 
Mountains. The BLP lies about 7 air miles (11 kilometers [km]) or 12 road miles (19 km) 
northwest of the town of Sundance, Wyoming. The Hydromet is located in north-central Weston 
County, in northeastern Wyoming. The property is located 3 road miles (5 km) northwest of 
Upton, Wyoming and approximately 30 road miles (64 km) southwest of Sundance, Wyoming.   

In addition to REE, the BHM ore contains naturally occurring radioactive material (NORM) 
consisting of thorium, uranium, and their associated radioactive decay products. NORM is 
ubiquitous and present in rocks and soils in varying concentrations, with United States (U.S.) 
background concentrations typically on the order of 1 to 10 parts per million (ppm) 
(UNSCEAR, 2000). Uranium and thorium concentrations in the BHM ore average 
approximately 125 and 450 ppm (RER, 2013), respectively: above typical background levels. 
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Figure 1.1  Bear Lodge Property Site Layout and Geographic Setting 
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1.2 Report Objective 

The purpose of this report is to identify potential human exposure pathways to naturally 
occurring radioactivity associated with mining and processing of the Bear Lodge ore and to 
provide a conservative estimate of the magnitude of expected radiation doses to workers 
resulting from the proposed actions at the BLP. It includes a perspective on the significance of 
this estimate.  

NORM --in ore and ore concentrates-- poses potential risks to workers because it emits and/or 
contains ionizing radiation. The predominant pathways by which a worker can receive internal 
doses from the ionizing radiation are inhalation and/or inadvertent ingestion of NORM in dust 
and exposure to radon gas. Doses from gamma radiation from sources external to the body are 
also a potential pathway. To help put these potential exposures in context, regulations applicable 
to radioactive materials and potentially relevant to NORM are discussed. A regulatory basis for 
the development of an occupational radiation protection program (RPP) is also provided. 

1.3 Naturally Occurring Sources of Radiation and Radioactivity 

A brief overview and description of important radiological terms is provided in this section to 
assist readers who may be unfamiliar with the concepts of natural radiation and radioactivity. 

1.3.1 Types of Ionizing Radiation 

This report addresses occupational doses from ionizing radiation, which is radiation that has 
sufficient energy to create ion pairs when interacting with matter. Ultraviolet, infrared, and 
microwaves are non-ionizing forms of electromagnetic radiations and not addressed herein. 
Henceforth, radiation is meant to include only ionizing forms of radiation. 

There are three types of radiation that are important when considering radiation emitted from 
naturally occurring radionuclides present in all environmental media, including soil and rocks. 
These are alpha, beta and gamma radiation. Alpha radiation is a particle (in the form of a charged 
helium atom) emitted from the nucleus of an atom. Alpha radiation interacts with matter quickly 
and frequently; therefore, they do not travel far before depositing all their energy. Alpha 
radiation is readily stopped by air or a sheet of paper. Beta radiation is a particle (electron) 
emitted from the nucleus of an atom that is smaller than alpha radiation and can travel farther in 
matter. Beta radiation can be stopped by a few inches of water or by the skin of the body. 
Gamma radiation is electromagnetic and more penetrating than alpha or beta radiation. Gamma 
radiation can be stopped by dense materials such as concrete, lead, or a sufficient thickness of 
soil or rock. Typically, alpha and beta radiation is only a concern if radioactive material is taken 
into the body by inhalation or ingestion. Generally, they are not an external (outside the body) 
radiation hazard. Higher energy beta particles are an exception to this, because they can deliver a 
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radiation dose to the skin from an external source. Gamma radiation is a concern from ingestion 
and inhalation of radioactive material and external sources.  

Figure 1.2 shows nominal penetrating capabilities for each type of radiation with different 
material types. Neutrons are shown in Figure 1.2 but are not an important particle for radiation 
doses from NORM and will not be discussed in this report. 

 

Figure 1.2  Penetrating Distances of Different Types of Radiation 
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1.3.2 Sources of Naturally Occurring Radiation 

Radiation is produced from naturally occurring radionuclides contained in all environmental 
media. Natural uranium and thorium and their associated radioactive decay products are major 
constituents of NORM and are most important when considering the ore at the BLP. Natural 
uranium; i.e., uranium with natural isotopic abundances, consists primarily of uranium-238 and 
uranium-234 (based on radioactivity) and to a lesser degree uranium-235. Table 1.1 shows the 
natural isotopic abundance of each important uranium isotope based on mass and radioactivity. 

Table 1.1   Natural Abundances of Uranium Isotopes 

Uranium Isotope Abundance (%)a  
Mass Radioactivity Half-Life (y)a 

Uranium-238 99.28 48.6 4.5 x 109 
Uranium-235 0.71 2.2 7.0 x 108 
Uranium-234 0.0058 49.2 2.5 x105 
aAdopted from  Eisenbud and Gesell, 1997 

 

Starting with uranium-238, a series of 14 different radionuclides (including uranium-234) are 
produced through radioactive decay until non-radioactive lead-206 is reached. This radioactive 
decay chain is called the uranium-238 decay series and its radionuclides emit alpha, beta and 
gamma radiation (Figure 1.3). 

In terms of radiation dose to workers, one important member of the uranium-238 decay series is 
radon-222. As a noble gas, radon-222 is chemically inert and --if formed in near-surface soil or 
rock from the decay of radium-226-- is free to diffuse into the atmosphere. Radon-222 (and its 
short-lived decay products) can accumulate inside homes or other structures and in the U.S. is 
the largest contributor to background radiation dose from natural sources. Generally, radon-222 
is not a concern in the outdoor environment because of atmospheric dispersion. Buildings with 
industrial processes often have high ventilation rates compared to residential houses thereby 
mitigating the potential impacts of radon-222 within these facilities. 

Natural thorium consists almost entirely of thorium-232 by mass. Like uranium-238, thorium-
232 is the first radionuclide in a decay series ending in non-radioactive lead-208. As shown in 
Figure 1.4, there are 11 radionuclides in the series with decays resulting in emission of alpha, 
beta and gamma radiation. Radon-220, known historically as thoron because it is in the thorium-
232 decay series, is an isotope of radon that is released to the atmosphere from radium-224 in 
near-surface soil and rock. Due to its half-life of 55 seconds, radon-220 and its short lived decay 
products decay rapidly and --coupled with atmospheric diffusion-- a generally not considered an 
occupational or environmental concern. 
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Figure 1.3  Uranium-238 Decay Series 
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Figure 1.4  Thorium-232 Decay Series 
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1.3.3 Units of Radioactivity and Dose 

The U.S. has not consistently adopted the International System of Units (SI) units for 
radioactivity or radiation dose. The unit for radioactivity in the U.S. is the curie (Ci). The Ci is 
based on the decay rate of 1 gram (g) of radium-226 and is equal to 3.7 x 1010 radioactive decays 
per second. The Ci is a large amount of radioactivity, consequently environmental levels of 
NORM are often expressed in picocuries (1x10-12 Ci), which are twelve orders of magnitude less 
than a Ci. The amount of radioactivity is directly related to the amount of the radionuclide and 
inversely related to its half-life. The specific activity of a radionuclide relates the amount of 
radioactivity per unit mass and can be expressed in units of Ci g-1. For example, the specific 
activity of natural uranium is 7.1 x 10-7 Ci g-1; therefore a concentration of 1 milligram (mg) per 
kilogram (kg) of natural uranium in soil is equal to 710 picocuries (pCi) per kg of soil. Similarly, 
the specific activity of natural thorium is 2.2 x 10-7 Ci g-1; therefore 1 mg kg-1 of natural thorium 
in soil is equal to 220 pCi kg-1 of soil. The activities of specific isotopes of uranium can be 
determined by multiplying the radioactivity percent abundance in Table 1.1 by the activity of 
natural uranium. For natural thorium, the activity is split equally between thorium-232 and 
thorium-228 provided equilibrium (i.e., the radioactivity is the same) of the series radionuclides 
exist. 

The U.S. unit for dose equivalent is the rem and is equal to the absorbed dose in rad (100 ergs g-

1) multiplied by a radiation quality factor. The dose equivalent, hereafter referred to as “dose”, is 
also often expressed as millirem [mrem (10-3 rem)]. The risk of detrimental effects resulting from 
a dose of radiation is assumed to be proportional to the dose (ICRP, 1990), although this has not 
been demonstrated at low doses typical of routine occupational exposures to NORM. 

1.3.4 Background Radiation Doses in the United States 

Background radiation doses from natural sources, while variable, will always occur to some 
degree. Sources of background radiation dose include the following: 

 Cosmic radiation from the sun and other sources, 
 Terrestrial gamma radiation from radionuclides present in earth, 
 Radon and its short-lived decay products in indoor and outdoor air, and 
 Radionuclides in the body from the air we breathe, the food we eat, and the water we 

drink. 

The global average background dose rate from naturally occurring sources is approximately 240 
mrem y-1: some places in the world have dose rates of up to 1000 mrem y -1 (UNSCEAR, 2000). 

Table 1.2 lists the average annual dose from natural background radiation in the U.S. (NCRP, 
2009). 
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Table 1.2  Background Doses in the U.S. from Natural Sourcesa (mrem y-1)a 

Source Mean  
(mrem y-1) 

Standard Deviation 
(mrem y-1) 

Percentiles 
2.5 97.5 

Cosmic 33 8 20 52 
Terrestrial 21 6 12 35 
Internal 29 2 23 36 
Radon ( includes radon-222 
and radon-220) 228 400 9 1110 

Composite 311 361 94 1200 
aAdopted from NCRP, 2009 

 

Exposure to radon, primarily indoors, accounts for approximately 73 percent of the dose from 
natural sources of background radiation. Background dose rates vary according to factors such as 
elevation, radionuclide concentrations in soil and rock, construction materials in residential 
buildings, and lifestyle. Background radiation doses in the Mountain West states, including 
Wyoming, are higher than the background radiation doses in the west, east and Gulf Coast states. 

1.4 Radiological Issues at Rare Earth Facilities 

Many ores processed for their mineral content, including REE, contain NORM such as 
potassium-40 and the uranium and thorium decay series radionuclides (NRC, 2001; IAEA, 2006; 
UNSCEAR, 2000). The minerals used for commercial sources of REE contain elevated 
concentrations of radionuclides in the thorium decay series and --to a lesser degree-- the uranium 
decay series. These minerals include monazite and bastnasite ores (IAEA, 2006). During 
processing operations, radionuclides may mobilize and migrate to dust, scales and other process 
residues, leading to the possibility of increased radionuclide concentrations in these materials 
when compared to the feedstock. This potential increase in radionuclide concentration can 
change the magnitude of radiological hazards to workers involved in the recovery of REE. 
Implementing an appropriate radiation protection program (RPP) is a useful way to reduce 
worker exposure to radiation to acceptable levels. A RPP typically includes engineering and 
administrative controls for important work processes and practices coupled with workplace and 
employee monitoring to evaluate the effectiveness of these controls. 

SECTION 2 PROJECT DESCRIPTION 

The planned scope of the BLP consists of three principal components (RER, 2013): 

 An open-pit mine operation at Bull Hill and associated support facilities. The proposed 
mine operation is located approximately 12 miles north of Sundance, Wyoming. 

 A PUG for mineral pre-concentration adjacent to the mine. 
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 A Hydromet plant for recovery of REE’s from the pre-concentrate to form an RE 
concentrate product in Upton, Wyoming. 

2.1 Radionuclide Content of Ore and Concentrates 

Three general types of material will be produced by the BLP and include ore mined from the 
BHM, a pre-concentrate generated from the PUG, and a concentrate product from the Hydromet. 

2.1.1 Bull Hill Ore 

Ore from the BHM can be grouped into four general types including: 

 An oxide high grade ore containing a mass percentage of Total Rare Earth Oxide (TREO) 
greater than 1.5 percent 

 An oxide-carbonate ore (OXCA) containing a mass percent of TREO greater than 1.5. 
 An oxide stockwork containing a mass percent of TREO greater than 1. 
 An oxide low grade ore containing a mass percent of TREO greater than 0.5. 

Table 2.1 summarizes the natural thorium and uranium content of these materials. These data 
demonstrate that thorium is much more abundant than uranium in the BHM ores.  

Table 2.1 Average Thorium and Uranium Content of Important Materials at  
Proposed Bear Lodge Project 

Process Material Thorium Content 
(wt %) 

Uranium Content 
(wt %) 

Bull Hill Mine a 

High grade oxide ore 0.043 0.012 
OXCA ore 0.041 0.011 
Oxide Stockwork 0.013 0.004 
Oxide low grade 0.008 0.002 

PUG b 
Waste Rock 0.025 0.008 
Crushed Ore 0.083 0.008 
Pre-concentrate 0.061 0.009 

Hydromet b 

REO product <0.005 <0.000 
Acid Regeneration 
Solids 0.000 0.040 

Thorium Hydroxide 42.14 0.000 
Tailings to TSF 0.019 0.004 

aAdapted from Technical Report on the Mineral Reserves and Development of the Bull Hill Mine (RER,2013) 
b Adapted  from mass balance information from RER in July 2014. 

 

2.1.2 PUG process 

The PUG process will generate three types of material:1) a crushed ore (Phase 1),  2) a pre-
concentrate material (Phase 2) and 3) a waste rock with a REE mass percent less than 0.5. Table 
2.1 summarizes the natural thorium and uranium content of these materials. The waste rock 
stream contains about half of the thorium and uranium concentrations in the ore, respectively. 
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Other radionuclides in the thorium and uranium decay series are expected to be present at low 
levels, because REE is physically concentrated in the PUG (i.e., there is no chemical treatment). 
The pre-concentrate thorium and uranium content is much higher and with the ratio of thorium to 
uranium concentrations increasing when compared to the incoming ore. 

2.1.3 Hydromet Process 

The Hydromet plant will generate a REE oxide concentrate with a TREO mass percentage 
greater than 90 percent, a thorium hydroxide waste and tailings. Thorium is removed from the 
REE oxalate solution by precipitation as a hydroxide.  The thorium mass percentage of this 
precipitate is approximately 42 percent. The tailings will be comprised of two intermediate 
materials, generated independently within the process but conveyed collectively to the TSF as a 
mixture. Table 2.1 summarizes the natural thorium and uranium content of the material produced 
at the Hydromet. Clearly, the thorium hydroxide contains the highest amount of natural thorium. 
As mentioned earlier, the Hydromet is the first point where feed material is chemically treated. 
As a result, radionuclides in the thorium and uranium decay series that have differing chemical 
characteristics can preferentially collect at different points within the process stream. Radium, 
for example, has been shown at other rare earth processing facilities to concentrate in other 
process streams.  It is expected all radionuclides except for thorium will be contained in the acid 
regeneration solids which are mixed with the solids from the leach tanks and treated prior to 
going to the TSF as tailings. 

SECTION 3 REGULATORY BACKGROUND 

The presence of NORM in the BLP ore does not intrinsically trigger any regulatory requirements 
in the U.S. The Atomic Energy Act (AEA) provides the framework for regulating certain types 
of radioactive materials and gives the authority to regulate these materials to the U.S. 
Department of Energy (DOE) and U.S. Nuclear Regulatory Commission (NRC). NORM --
specifically natural uranium and thorium below a concentration of 0.05% by weight-- is not 
considered an important amount of source material and is not subject to NRC regulations. The 
Occupational Health and Safety Administration (OSHA) regulates all aspects of occupational 
hazards, including radiation sources exempt from NRC regulations. The Mine Safety and Health 
Administration (MSHA) regulates occupational hazards associated with underground and surface 
mining, but in the case of surface mines such as the BHM, does not specifically address 
occupational exposures to radioactive materials. 

Currently, specific regulation of NORM not subject to NRC regulation is left up to individual 
states, although OSHA has authority to limit occupational radiation doses from NORM. 
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Currently, 14 states have adopted regulations specifically applicable to NORM. Wyoming is not 
one of these. 
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3.1 U.S. Nuclear Regulatory Commission  

The NRC regulates radioactive materials subject to the AEA as amended. This includes source, 
byproduct, and special nuclear material. Of these three types of radioactive material, only source 
material could potentially apply to the BLP. The NRC defines source material in 10 Code of 
Federal Regulations (CFR) 40 is as follows: 

Source Material means: (1) Uranium or thorium, or any combination thereof, in any 
physical or chemical form or (2) ores which contain by weight one-twentieth of one 
percent (0.05%) or more of: (i) Uranium, (ii) thorium or (iii) any combination thereof. 
Source material does not include special nuclear material. 

The NRC excludes from regulation source material in “unrefined or unprocessed ore” and “in 
any chemical mixture, compound, solution, or alloys in which the source material is by weight 
less than 0.05 percent of the mixture, compound, solution or alloy”. Based on this definition and 
exclusion, the BLP ore is not subject to NRC regulation. Some material produced at the PUG and 
Hydromet potentially meet the NRC’s definition of source material and would not be excluded 
from regulation under the “unrefined or unprocessed ore” exemption. If determined appropriate 
by the NRC, this material could  require specific licensing and the radiation protection standards 
in 10 CFR 20 would apply. The occupational radiation dose limits in 10 CFR 20 are: 

 An annual limit, which is the more limiting of a Total Effective Dose Equivalent of 5 rem 
or the sum of the deep-dose equivalent and the committed dose equivalent to any organ 
or tissue other than the lens of the eye being equal to 50 rem, 

 An annual limit of 15 rem to the lens of the eye, 
 An annual limit of 50 rem to the skin, and 
 A 10 mg per week limit of soluble uranium 

The NRC also requires, to the extent practical, implementation of procedures and engineering 
controls based on sound radiation protection principle to achieve occupational doses that are as 
low as is reasonably achievable (ALARA). ALARA is the optimization component of radiation 
protection principles. If an NRC license is issued, the occupational dose limits and ALARA 
requirement are applicable to all radionuclides, not just uranium and thorium. 

3.2 Occupational Safety and Health Administration 

OSHA regulates all aspects of occupational health and safety in the U.S. with the exception of 
the mining industry and the radiation protection component for NRC licensees. In the absence of 
a radioactive materials license issued by the NRC or an Agreement State, OSHA has authority to 
regulate and limit occupational doses from radiation resulting from NORM sources for non-
mining industries. These regulations are contained in 29 CFR 1910.1096 and are not consistent 
with the radiation protection regulations adopted by the NRC.  
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The occupational radiation dose limits contained in 29 CFR 1910.1096 are: 

 1.25 rem per calendar quarter to the whole body. 
 18.75 rem per calendar quarter to the hands (including forearms), feet and ankles. 
 7.5 rem per calendar quarter to the skin of whole body. 
 Worker exposure to airborne radioactive material are to be kept below concentrations in 

Table 1 of Appendix B to 10 CFR 20 (1971 publication) based on a 40-hour average. 

There are no requirements in the OSHA regulations to maintain occupational doses to levels that 
are ALARA. 

3.3 Mine Safety and Health Administration 

MSHA is responsible for implementation and enforcement of the Federal Mine Safety and 
Health Act of 1977 (Mine Act). This act and MSHA’s implementation and enforcement 
regulations are applicable to all mineral processing operations in the U.S. The occupational 
health and safety requirements for surface metal and non-metal mines are in 30 CFR 56. There 
are no specific regulations regarding occupational exposure to radiation within the MSHA rules 
for metal and non-metal surface mines. 

3.4  Guidance on Occupational Exposures to NORM or TENORM 

There are several organizations within the U.S. and internationally that provide guidance on 
occupational exposures to NORM or Technologically Enhanced Naturally Occurring 
Radioactive Material (TENORM), defined according to the standard below). These include but 
are not limited to the following organizations: 

 American National Standards Institute, Inc. (ANSI) 
 National Council on Radiation Protection and Measurement (NCRP) 
 National Academy of Sciences-National Research Council (NAS-NRC) 
 Conference of Radiation Control Program Directors (CRCPD) 
 International Commission on Radiological Protection (ICRP) 
 International Atomic Energy Agency (IAEA) 

The guidance documents regarding occupational exposure limits for each of these agencies are 
described briefly below. 

3.4.1 American National Standards Institute, Inc. 

ANSI Standard N13.53-2009 Control and Release of Technologically Enhanced Naturally 
Occurring Radioactive Material (TENORM) (ANSI, 2009) provides guidance on occupational 
exposure to TENORM. This document defines TENORM as: 
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“Naturally occurring radioactive material disturbed or altered from natural settings 
or present in a technologically enhanced state due to past or present human 
activities and practices, which may result in a relative increase in radionuclide 
concentrations, radiation exposures and risks to the public and threat to the 
accessible environment above background level. Technologically enhanced means 
that the radiological, physical, and chemical properties of the radioactive material 
have been altered such that there exists a potential for: 

a) redistribution and contamination of environmental media (soil, water, air, 
biota), 

b) increased environmental mobility in soils and surface and groundwater, 
c) incorporation of elevated levels of radioactivity or increased accessibility in 

products and construction material, or 
d) improper disposal or use of disposal methods that may result in unnecessary 

or elevated exposures to individuals and populations via the accessible 
environment. 

TENORM does not include radiation emanating from or radioactivity present in 
ores, rocks, soils and materials containing uranium and thorium subject to 
regulations under the Atomic energy Act, as amended” (ANSI, 2009). 

Given the above definition of TENORM, all material containing thorium or uranium generated at 
the BLP would be considered TENORM unless it is regulated by the NRC as source material. 
ANSI-N13-53-2009 provides the following recommendations for occupational radiation 
protection: 

“Occupational doses received from TENORM shall be controlled under normally 
encountered conditions such that the following limits shall not be exceeded: 
- annual dose limit of 100 mrem above background  
- annual average radon-222 concentrations in air of 4 pCi/L” 

When work conditions are likely to result in doses or exposure to radon in excess of the above 
limits under routine conditions, a formal occupational radiation protection and monitoring 
program and use of appropriate engineering controls is warranted. In such cases the occupational 
dose limits established for radiation workers in state or federal regulations, such as OSHA or 
MSHA shall apply. 

3.4.2 National Council on Radiation Protection and Measurement (NCRP) 

NCRP No. 116 Limitation of Exposure to Ionizing Radiation provides recommendations for 
occupational dose limits that are essentially identical to the limits the NRC currently has in place 
(NCRP, 1993). There have been no revisions to these recommendations. 



 

Revised Occupational Dose Evaluation in Support of the Development of the  August 2014 
Rare Element Resources, Inc. Bear Lodge Project   

22 
   

3.4.3 National Academy of Science-National Research Council (NAS-NRC) 

At the request of the U.S. Environmental Protection Agency (EPA), the NAS-NRC developed an 
evaluation of guidelines for exposure to NORM (NAS-NRC, 1999). It concluded that 
occupational exposure to NORM is no different than occupational exposure to other types of 
radiation, including material licensed by the NRC, and that differences between agencies in 
regulating exposure to NORM have no scientific or technical basis and are largely based on 
differences in policies for risk management. It also concludes that ALARA is the most important 
concept for occupational exposure to NORM or any radioactive material. 

3.4.4 Conference of Radiation Control Program Directors 

The CRCPD has developed recommendations regarding the regulation and licensing of 
TENORM. These are contained in Subpart N of its Suggested State Regulations for Control of 
Radiation (CRCPD, 2004). The CRCPD recommends that the standards for protection of 
workers from TENORM comply with Subpart D, Standards for Protection Against Radiation, 
which are generally consistent with NRC regulations for radiation protection. 

3.4.5 International Guidance 

The ICRP recommends in ICRP Report 75 General Principles for the Radiation Protection of 
Workers (ICRP 1997) that the limits of occupational exposures to workers handling TENORM 
be consistent with recommendations of ICRP Report 60 Recommendations of the International 
Commission on Radiological Protection (ICRP, 1991). The adult dose limits in ICRP Report 60 
are as follows: 

 An effective dose of 2 rem y-1 averaged over a 5 y period with a 5 rem maximum in any 
single y 

 An equivalent dose to the lens of the eye of 15 rem y-1 
 An equivalent dose to the skin and hands and feet of 50 rem y-1 

The ICRP also incorporates the “optimization” component of radiation protection principles, 
which is keeping radiation doses to levels that are ALARA. The ICRP published an update on 
radiation protection in 2007, but the recommended limits in ICRP Report 60 did not change. 

The IAEA published occupational radiation protection guidelines in Report No GSR Part 3 
(Interim) Radiation Protection and Safety of Radiation Sources: International Basic Safety 
Standards, Interim Edition (IAEA, 2007a).  
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The IAEA recommends the following dose limits for adult workers, for planned exposures to 
radiation: 

 An effective dose of 2 rem y-1 averaged over five consecutive years, and of 5 rem in any 
single year; 

 An equivalent dose to the lens of the eye of 2 rem y-1 averaged over 5 consecutive years 
and of 5 rem in any single year; 

 An equivalent dose to the extremities (hands and feet) or the skin of 50 rem in a year. 

These recommended limits are consistent with those in ICRP Report 60, with the exception of 
the 2 rem y-1 equivalent dose limit to the lens of the eye. This is more restrictive than the ICRP 
recommendation. The IAEA also incorporates the “optimization” component of radiation 
protection principles which is keeping radiation doses to level that are ALARA. 

3.5 Regulations on the Transport of Radioactive Material 

Transportation of radioactive materials within the U.S. is regulated by the U.S. Department of 
Transportation (DOT). These regulations are in 49 CFR 173, Subpart I. The requirements in 
Subpart I are specific to radioactive materials as defined therein as follows: 

Radioactive material means any material containing radionuclides where both the 
activity concentration and the total activity in the consignment exceed the values 
specified in the table in §173.436 or values derived according to the instructions 
in §173.433. 

Table 3.1 lists the activity concentration and total activity specified in 49 CFR 173.436 
for natural uranium and thorium. 

Table 3.1 Exempt Activity Concentrations and Activity Limits for Transportation 

Radionuclide 

Activity 
concentration 

for exempt 
material 
(pCi/g) 

Activity limit 
for exempt 

consignment 
(pCi) 

Mass 
concentration 

for exempt 
material 
(wt %) 

Mass limit 
for exempt 

consignment 
(mg) 

10 x Mass 
concentration 

for exempt 
material 
(wt %) 

Natural 
Thorium ≤ 27 ≤ 27,000 ≤  0.012 ≤ 123 ≤  0.12 

Natural 
Uranium ≤ 27 ≤ 27,000 ≤ 0.004 ≤ 38 ≤ 0.04 
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Based on the concentrations of natural uranium and thorium in Table 2.1 and the amount of 
material typically transported, most materials generated from the mining, PUG and Hydromet 
operations would meet the DOT definition of radioactive material. Exemptions to the 
requirements in 49 CFR 173, Subpart I are contained in 49 CFR 173.401. An exemption for 
NORM is included as stated below: 

(b) This subpart does not apply to: 

 (4) Natural material and ores containing naturally occurring radionuclides 
which are not intended to be processed for use of these radionuclides, provided 
the activity concentration of the material does not exceed 10 times the values 
specified in §173.436 

Table 3.1 provides the mass-based concentration in percent weight, below which NORM would 
be exempted from DOT regulations for radioactive materials. If material requiring off-site 
transport were to be produced at concentrations exceeding the exemption limits contained in 
Table 3.1, the material would be classified as Low Specific Activity (LSA-1) material.  The pre-
concentrate from the PUG process, thorium hydroxide and REE concentrate are the only material 
to be transported on public roadways and based on the information in Table 2.1, only the thorium 
hydroxide would be subject to DOT regulation and would be classified as LSA-1 material. The 
transport requirements for LSA-1 are straightforward and are in 49 CFR 173.427.   These 
regulations include requirements for but not limited to the following items: 

1 Packaging 
2 Placarding 
3 Marking 
4 Instructions to maintain shipment exclusive use 
5 Shipping Papers 
6 Emergency Response 
7 External dose rate and removable contamination levels 

Since the pre-concentrate is licensed at the PUG by the NRC, the transportation regulations 
contained in 10 CFR 71 would apply. 

SECTION 4 OCCUPATIONAL WORKER DOSE ASSESSMENT 

This section is intended to provide an overview of the kinds and magnitudes of potential 
radiological exposure associated with the proposed BLP. At this stage of project development, 
specific estimates of worker exposures to radiation and radioactivity based on measured values 
are not available. Based on data in Table 2.1, the concentrations of NORM in ore, intermediate 



 

Revised Occupational Dose Evaluation in Support of the Development of the  August 2014 
Rare Element Resources, Inc. Bear Lodge Project   

25 
   

concentrates, and tailings, with the exception of thorium hydroxide, are low although there is 
potential for workers to receive a radiation dose more than 100 mrem in a year, exclusive of 
thorium hydroxide, resulting in a need to develop and implement a RPP to control worker 
exposure to ionizing radiation to levels that are below regulatory limits (NRC occupational dose 
limits described in Section 3) and as low as is reasonably achievable. 

Radiation exposure (i.e., dose) can occur from being exposed to gamma radiation from sources 
outside of the body and also through radiation that is taken into the body through inhalation or 
ingestion. The following general comments apply with respect to possible pathways of exposure 
at the BLP. 

 External Doses: As discussed previously, gamma emitting radionuclides are 
present in both the uranium and thorium decay series. An external dose can be 
received from the gamma radiation generated from these radionuclides. The 
magnitude of the external dose is directly related to the amounts of uranium 
and/or thorium in the material being processed and inversely related to the 
distance from the material or source. If external gamma levels are unacceptably 
elevated, external doses can be reduced using administrative controls (e.g., 
increasing distance from source and/or reducing time near source) or engineering 
controls such as shielding. 

 Internal Doses from Particulate Inhalation:  An important pathway for internal 
doses is inhalation. The processes at the BLP have the potential to create dust 
containing radionuclides in the thorium and uranium decay series. Engineering 
controls such as water sprays will be used to control dust in the mine area and 
haul roads. Scrubbers and bag houses will be located at key points in the PUG and 
Hydromet, and active ventilation of process buildings will occur. The BHM is an 
open pit so unlike underground mining, natural ventilation will also mitigate the 
concentration of dust in the mine area.  

 Inhalation of radon (both radon-222 and radon-220) and their short-lived decay 
products is another potential pathway for internal dose at the BLP. Active 
ventilation of process buildings and natural ventilation of the mine area will 
control workplace work place radon and radon decay products to acceptable 
levels. 

 Another potential pathway for internal doses --but less important than inhalation-- 
is the unintended ingestion of dust containing thorium and uranium and their 
decay products. This pathway is typically controlled administratively, by using 
workplace rules and best practices such as prohibiting smoking in the workplace 
and providing a clean lunch and break area. Contamination in the process plants 
will be controlled via good housekeeping practices, to minimize the migration of 
NORM from the plant to clean areas such as lunch/break rooms. 
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4.1 Worker Dose Estimates 

The workers at BLP will be exposed to the NORM in both the ore and other materials 
such as REE pre-concentrates, tailings, thorium hydroxide and  other material in 
intermediate process streams at various work locations. The magnitude of the potential 
exposures will depend on the concentrations of radionuclides in the materials being 
mined and/or processed.  

Table 4.1 provides the activity-based concentrations used for this dose assessment. 

Table 4.1 Thorium-232 and Uranium-238 Activity Concentrations 
for Material Used in Dose Evaluation 

Material Thorium Content 
(wt %) 

Uranium Content 
(wt %) 

Thorium-232 
Concentration 

(pCi/g)a 

Uranium-238 
Concentration 

(pCi/g) a 
High grade oxide 
ore 

0.043 0.012 47 40 

Pre-concentrate 0.061 0.009 67 30 
Thorium 
Hydroxide 

42.12 0.000 4.6 x 104 0 

aMass units were converted to activity units using specific activity of 1.1 x 10-7 and 3.3 x 10-7 Ci/g for thorium-232 and uranium-238, 
respectively. 

The nominal average uranium and thorium concentrations in the high grade oxide ore (Table 2.1) 
were used to estimate prospective external doses. The average uranium and thorium 
concentrations for the pre-concentrate from the PUG process presented in Table 2.1 were used to 
estimate prospective internal doses. These two types of material were used for the dose estimates 
because they have the highest concentrations of radionuclides, with the exception of thorium 
hydroxide, and therefore, the associated dose estimates are conservative for all processes. The 
leach residue has a higher radionuclide concentration than the pre-concentrate, but when 
combined with the acid regeneration solids, the tailings have a lower radionuclide concentration. 
Similarly, the OXCA ore has higher radionuclide content relative to the high grade ore, but it is 
expected that --on a volume basis-- more high grade ore will be processed and for this dose 
evaluation better represents actual conditions. The thorium and uranium series decay products 
were also assumed to be in radioactive equilibrium. This is a reasonable assumption for the ore 
and pre-concentrate, but not necessarily for materials that have undergone chemical processing 
(e.g., those in the Hydromet).  

A separate external and internal dose assessment for the thorium hydroxide waste at the 
Hydromet is also performed. 

4.1.1 Dose Coefficients 

Dose coefficients (DCs) of 1.2 x 10-3 and 1.5 x 10-3 mrem hr-1 per pCi g -1 for uranium-238 and 
thorium-232, respectively, were used to estimate external doses from large sources of NORM 



 

Revised Occupational Dose Evaluation in Support of the Development of the  August 2014 
Rare Element Resources, Inc. Bear Lodge Project   

27 
   

that would be indicative of an open pit surface mine (UNSCEAR, 2000). These DCs assume that 
decay series radionuclides are in equilibrium. 

Internationally accepted DCs of the ICRP (ICRP, 1994a) were used to estimate internal doses 
from inhalation and ingestion of NORM in dust. Table 4.2 lists the DCs. This evaluation omits 
the small contributions to dose from the uranium-235 decay series. The DCs for each 
radionuclide in the thorium and uranium decay series were summed, resulting in two DCs; one 
each for the thorium and uranium decay series. As in the external dose estimate, radionuclides in 
each decay series were assumed to be in equilibrium. 

 

4.1.2 Estimated Worker Doses 

Table 4.3 lists the input parameters used to estimate doses to workers. Table 4.3 also defines the 
variables used in the following equations.  

Equation 1 was used to estimate external doses.  

𝐷𝑒𝑥𝑡 = [(𝑈ℎ𝑔𝑜 × 𝐷𝐶𝑈𝑒𝑥𝑡) + (𝑇ℎℎ𝑔𝑜 × 𝐷𝐶𝑇𝑒𝑥𝑡)]𝑡    Equation 1 

 
Table 4.2 Worker Radiation Dose Coefficients for Inhalation and Ingestion Pathways 

  Worker Radiation Dose Coefficients 
(mrem pCi-1)a 

Decay Series Radionuclide †Inhalation Ingestion 

Uranium 

Uranium-238 2.1x10-2 1.6 x10-4 
Uranium-234 2.5 x10-2 1.8 x10-4 
Thorium-230 2.7 x10-2 7.8 x10-4 
Radium-226 8.1 x10-3 1.0 x10-3 

Lead-210 4.1 x10-3 2.5 x10-3 
Polonium-210 8.1 x10-3 8.9 x10-4 

Sum of all uraniun-238 decay 
series radionuclides except radon-
222 

9.3 x10-2 5.6 x10-3 

Thorium 

Thorium-232 4.4 x10-2 8.1 x10-4 
Radium-228 6.3 x10-3 2.5 x10-3 
Actinium-228 4.4 x10-5 1.6 x 10-6 
Thorium-228 1.2 x10-1 1.3 x10-4 
Radium-224 8.9 x10-3 2.4 x10-4 

Lead-212 1.2 x10-4 2.2 x10-5 
Bismuth-212 1.4 x10-4 9.6 x10-7 

Sum of all thorium-232 decay 
series radionuclides except radon-
220 

1.8 x10-1 3.7 x10-3 
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aWorker radiation DCs from ICRP 68 (ICRP, 1994a) except for revised radium-226 inhalation coefficients  
from ICRP 72 (ICRP, 1996). All are for least soluble form. Inhalation dose coefficients are for 5 micron particle size. 

  



 

Revised Occupational Dose Evaluation in Support of the Development of the  August 2014 
Rare Element Resources, Inc. Bear Lodge Project   

29 
   

Equation 2 was used to estimate internal doses from inhalation of NORM in dust. Two dust 
levels were chosen to evaluate worker doses from inhalation. The first is 10 mg m-3, which 
MSHA has adopted as the enforceable Threshold Limit Value (TLV) for nuisance dusts. The 
second is 1 mg m-3, which is a reasonable estimate of typical dust levels at mine and processing 
facilities. 

𝐷𝑖𝑛ℎ = [(𝑈𝑃𝑟𝑒 × 𝐷𝐶𝑈𝑖𝑛ℎ) + (𝑇ℎ𝑃𝑟𝑒 ×  𝐷𝐶𝑇𝑖𝑛ℎ)]𝐶𝑑 × 𝑊𝑖𝑛ℎ × 𝑡  Equation 2 

Equation 3 was used to estimate internal doses from ingestion of NORM in dust. 

𝐷𝑖𝑛𝑔 = [(𝑈𝑃𝑟𝑒 × 𝐷𝐶𝑈𝑖𝑛𝑔) + (𝑇ℎ𝑃𝑟𝑒𝐷𝐶𝑇𝑖𝑛𝑔)]𝑊𝑖𝑛𝑔 × 𝑡𝑑   Equation 3 

Table 4.4 lists the estimated external and internal doses. Worker exposure to radon was not 
addressed in this assessment. The ambient diffusion of radon from open areas and active 
ventilation of enclosed process buildings are expected to control radon and its decay products to 
acceptable levels. 

Table 4.3  Input Parameters Used to Estimate Worker Radiation Dose 
Parameter Name Variable ID Value Units Source 

Worker Inhalation Rate Winh 1.2 m3h-1 ICRP, 1994b 
Worker dust ingestion rate Wing 0.05 g d-1 EPA, 1991 
Worker exposure time to 
ore and dust in a year t 2000 hr y-1 Based on 8 hours a day for 

250 days 
Working days per year td 250 d Based on 5 day per week for 

50 weeks 
Mass-based dust 
concentration Cd 0.001 and 

0.01 g m-3 Section 4.1.2 

High grade ore U-238 
concentration Uhgo 40 pCi g-1 Table 4.1 

High grade ore Th-232 
concentration Thhgo 47 pCi g-1 Table 4.1 

Pre-concentrate U-238 
concentration UPre 30 pCi g-1 Table 4.1 

Pre-concentrate Th-232 
concentration ThPre 6 pCi g-1 Table 4.1 

External Radiation Dose 
Coefficient U-238 DCUext 1.2 x 10-3 mrem hr-1 / pCi g -1 Section 4.1.1 

Inhalation Radiation Dose 
Coefficient for uranium 
series 

DCUinh 9.3 x 10-2 mrem pCi-1 Table 4.2 

Ingestion Radiation Dose 
Coefficient for uranium 
series 

DCUing 5.6 x 10-3 mrem pCi-1 Table 4.2 

External Radiation Dose 
Coefficient Th-238 DCText 1.5 x 10-3 mrem hr-1 / pCi g -1 Section 4.1.1 

Inhalation Radiation Dose 
Coefficient for thorium 
series 

DCTinh 1.8 x 10-1 mrem pCi-1 Table 4.2 

Ingestion Radiation Dose 
Coefficient for thorium 
series 

DCTing 3.7 x 10-3 mrem pCi-1 Table 4.2 
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Table 4.4  Radiation Dose Estimates for Workers at the Bear Lodge Project (mrem y-1) 

Pathway Thorium 
Series 

Uranium 
Series Total 

% Contribution 
Typical 

Dust 
MSHA 
TLV 

External 139 95 233 85 39 
Inhalation (MSHA TLV)a 289 67 356 - 60 
Inhalation (typical dust level)a 29 7 36 13 - 
Ingestiona 3 2 5 2 1 

Total 
(MSHATLV) 431 164 595  
(typical dust level) 171 104 275 

a Internal doses are based on expected uranium and thorium concentrations from the PUG and are intended to provide a conservative 
estimate of occupational doses resulting from BLP activities. 

 

The dose estimates in Table 4.4 demonstrate two key points. First, a conservative dose estimate 
using the MSHA TLV for nuisance dust is below the regulatory limit for occupational radiation 
doses and national and international guidance for radiation dose limits for workers. RER will be 
required to keep occupational dust levels below the TLV, thus radiation doses will be below 
occupational dose standards. Secondly, a conservative dose estimate of 275 mrem y-1 --using a 
more typical dust concentration-- is near the national average background radiation dose from 
natural sources and well below regulatory limits for occupational workers of 5000 mrem y-1. The 
dose estimate of 275 mrem y-1 is consistent with dose estimates for the rare earth industry that 
are summarized in NUREG-1717 Systematic Radiological Assessment of Exemptions for Source 
and Byproduct Materials (NRC, 2001) and in Safety Reports Series No 68 Radiation Protection 
and NORM Residue Management in the Production of Rare Earths from Thorium Containing 
Minerals (IAEA, 2001). 

4.1.3 Special Case-Thorium Hydroxide 

The thorium hydroxide produced as a waste product at the Hydromet facility deserves additional 
evaluation regarding occupational doses based on the high natural thorium content of this 
material.  It is assumed that this material will be collected in either a B-12 disposal container or a 
55 gallon (nominal) drum.  The expected production rate for the thorium hydroxide is 600 
pounds per day.  The capacity of the B-12 container is approximately 44 cubic feet whereas the 
nominal capacity of the 55 gallon drum is 8.2 cubic feet.  The estimated density of the thorium 
hydroxide material is 200 pounds per cubic feet.  Based on the production rate and the density of 
the thorium hydroxide, the capacity of the B-12 container will allow 14 days of operation 
without changing the container whereas the capacity of the 55 gallon drum will allow 2-3 days. 

4.1.3.1 External Dose  

The amount of thorium hydroxide is directly related to the external dose rate from the respective 
containers.  A higher dose rate is expected from the B-12 container when compared to the 55 
gallon drum.  The thorium hydroxide should contain equal activity concentrations of thorium-
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232 and thorium-228 since it is assumed the ore is in secular equilibrium and the chemical 
properties of the two isotopes should be identical.  The external dose rate from each container 
type was modeled using MicroShield® version 9.07(Grove Software, 2012) using the parameters 
in Table 4.5. 

Table 4.5 Input Parameters Used in MicroShield® to Estimate External Doses from 
Thorium Hydroxide Containers. 

Parameter Name Value Units Source 
B-12 dimensions 46W x72L 23H inch RER 
B-12 wall thickness 0.063 inch US Ecology 
B-12 material type Steel NA  
55 gallon drum 
Dimensions 

Height-34.4 
Radius- 11.5 inch manufacturer 

55 gallon drum wall 
thickness 0.035 inch manufacturer 

55 gallon drum Material Steel NA manufacturer 
Thorium hydroxide Th-232 
concentration 46 nCi g-1 Table 4.1 

Thorium hydroxide Th-228 
concentration 46 nCi g-1 Table 4.1 

Thorium hydroxide density 200 lbs/ft3 RER 
 

External dose rates were modeled on contact outside and at 30 cm from the largest surface of the 
containers.  Since the decay products from thorium-228 grow into equilibrium quickly, exposure 
rates were also modeled at varying times following material placement.  The results of the 
modeling are presented in Table 4.6. 

Table 4.6 Radiation Exposure Estimates from Thorium Hydroxide Container (mR hr-1) 

Container Dose Point Time after placement (days) 

  0 1 2 3 4 6 30 365 

B-12 
Contact 0.006 - 18 - 38 52 81 64 
30 cm 0.004 - 12 - 25 34 52 42 

55 gallon drum 
Contact 0.4 21 57 91 119 - 251 203 
30 cm 0.05 2.4 6.6 10.4 13.7 - 29 23 

 

The modeled exposure rates increase rapidly due to ingrowth of thorium-228 decay products.  
The contact exposure rate for the drum is much higher than the B-12 container due to the thinner 
wall thickness.  However, the exposure rate at 30 cm is much lower for the 55 gallon drum 
because there is much less material in the drum.  The contact exposure rates for the drum can be 
reduced by increasing the wall thickness to that of the B-12 container or greater.  In any case, 
either of these containers will create a “Radiation Area” as defined in 10 CFR 20 and will have 
to be posted as such near the packaging area.   Assuming the packaging is mostly automated, 
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very little worker contact with the containers would be required and external doses could be 
minimized by standard radiation protection work practices.  It has been shown that external and 
internal doses at rare earth recovery facilities similar to the Hydromet facility are typically equal 
with annual doses ranging from 300 to 900 mrem per year (IAEA, 2007b).  Therefore, external 
doses from the Hydromet facility can be expected to be in the range of 150 to 450 mrem per year 
using appropriate radiation protection practices.  This compared to the occupational dose 
standard of 5000 mrem y-1 is small and would not require employee monitoring as described in 
10 CFR 20.1502 since it is less than 10 percent of the standard. 

4.1.3.2 Internal Dose 

Apart from external exposure, internal exposure potential from the thorium hydroxide is 
significant, mainly due to the inhalation of airborne long lived activity due to thorium and short 
lived decay products including radon-220.  The Hydromet facility is designed to control 
particulate and gaseous emission in the work area via ventilation and scrubbers. The radon-220 
daughter concentrations in typical rare earth recover plants generally are in the range of 25–200 
milliworking levels (mWL) compared to a derived air concentration (DAC) of 1000 mWL 
(IAEA, 2007b). However, these levels could higher in thorium hydroxide storage areas 
depending on how the material is stored and the design of the storage facility.  Inhalation of 
thorium and uranium bearing dust is possible in the case of releases from crushing and drying, 
etc. Use of engineering controls described above will mitigate the airborne concentrations of 
radionuclides in the workplace significantly.  It has been shown that in other rare earth recovery 
facilities that engineering and operational controls can limit airborne activity levels to less than 
one twentieth of the DAC.  This would result in an internal dose of approximately 250 mrem per 
year from airborne dust and around 200 mrem from radon-220.  It is expected that with the 
planned engineering and occupational controls, the annual occupational dose from thorium 
hydroxide at the Hydromet facility will be consistent with doses from similar facilities and will 
be in the range of 300 to 900 mrem per year from external and internal sources. 

SECTION 5 SUMMARY 

The proposed BLP is intended to recover and process REE from RER-owned deposits located in 
the northeast Wyoming. The project facilities will be at two site locations: the BHM and PUG 
near Sundance, Wyoming and a Hydromet plant near Upton, Wyoming. 

In addition to the rare earth metals, the BLP ore also contains NORM. The NORM consists of 
naturally occurring thorium and uranium and associated radioactive decay products. The thorium 
and uranium concentration in the BLP ore is variable but averages approximately 0.036 and 0.01 
percent  by weight, respectively, which is above typical US background levels of about 1 to 10 
ppm in rocks and soils. The presence of NORM in rare earth deposits is not unusual as NORM 
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occurs in most other rare earth deposits and in many resource industries around the world. 
However, the presence of NORM in the BLP ore suggests the need to address potential 
radiological exposures to workers arising from its mining and processing. 

Potential radiological exposures of workers at the proposed BLP would arise from external 
gamma radiation and also through inhalation and ingestion of NORM in the workplace. Based on 
the information currently available, the largest source of worker exposure at the proposed BLP is 
dependent on the scenario.  Under the typical dust concentration scenario, external exposure is 
the predominant pathway for dose.  Under the MSHA TLV scenario, internal dose from 
inhalation is the predominant pathway.  Radon and its decay products are anticipated to be 
controlled to acceptable levels through ambient dispersion in open areas and active ventilation in 
process buildings. The estimated radiation dose to workers ranged from 275 mrem y-1 using 
typical dust level assumptions to 595 mrem y-1 , well below the 5000 mrem standard for 
occupational dose, assuming a worst-case dust scenario equal to the MSHA enforceable TLV for 
nuisance dust. This estimated range is consistent with measured doses in the rare earth recovery 
industry and is below regulatory occupational dose limits.  The thorium hydroxide material at the 
Hydromet plant poses significant potential for external and internal doses but will be mitigated 
with engineering and administrative controls.   It is expected that given the level of NORM in the 
BLP ore and products, coupled with an effective RPP implemented at the site, the occupational 
dose from the BLP activities will be well below regulatory limits and can be kept ALARA; 
meeting the optimization component of radiation protection principles. 
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