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Uranium Symposium and Workshop

Conference Program
Saturday February 2, 2008
8:00–8:30 a.m. Registration
8:30–8:40 a.m. Introduction and Opening Remarks

Steven Brown, CHP, President Elect, Central Rocky Mountain Chapter, Health Physics Society
President, SHB Inc., Centennial, Colorado
Dr. Thomas Johnson, CHP, Department of Environmental and Radiological Health, CSU

8:40–8:45 a.m. Welcome

Dr. John Zimbrick, Chairman, Department of Environmental and Radiological Health Sciences, CSU

8:45–8:50 a.m. Moderator Role

Dr. Teresa Coons – Saccomanno Research Institute, St. Mary’s Hospital, Grand Junction, CO

8:50–9:15 a.m. Overview of Radiation Basics
Dr. Craig Little – President, Two Lines Inc.

9:15–9:40 a.m. Natural Radiation: Sources, Relevance and Uranium Levels
Dr. Ward Whicker, Professor Emeritus, CSU

9:45–10:10 a.m. Overview of Conventional Uranium Mining and Milling Technologies
John Hamrick, Vice President Milling, Cotter Corporation

10:10–10:35 a.m. Overview of In Situ Recovery Technology

Donna L. Wichers, Senior Vice President, ISR Operations, Uranium One

10:35-10:50 a.m. Break
10:50–11:35 a.m. Uranium Toxicology and Medical Aspects

Dr. Nancy Standler, MD, PhD - Valley View Hospital, Cedar City Utah

11:35–12:00 p.m. Historical Perspective Occupational Health Experience
Dr. Karen B. Mulloy, DO, MSCH - Denver Health Center for Occupational Safety and Health
12:00–1:15 p.m. Lunch
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Uranium Symposium and Workshop

Conference Program
1:15–1:40 p.m. Overview of Uranium Fuel Cycle

Dr. Tom Johnson, CHP - Assistant Professor, Department of Environmental and Radiological Health, CSU

1:40–2:05 p.m. Environmental Assessment and Measurement
Dr. Janet Johnson, CHP, CIH – Tetra Tech Inc.

2:05–2:30 p.m. Worker Radiation Protection at Mines and Mills

Steve Brown, CHP - President SHB Inc.
Jim Cain - Environmental Coordinator/Radiation Safety Officer, Cotter Corporation

2:30–2:55 p.m. Risk Assessment: Comparative Risks of Energy Production on Large
Scale
Dr. Robert Meyer – Tetra Tech Inc., Ft. Collins

2:55–3:10 p.m. Break
3:10–3:35 p.m. Case Study: Groundwater Restoration Results and Long Term Protection
of USDW at Irigaray Uranium ISR Project
Wayne Heili, Ur Energy, Errol Lawrence, Petrotek

3:35–4:00 p.m. Case Study: Sweetwater Pit Lake Bioremediation
Oscar Paulson, Facility Supervisor, Kennecott Uranium

4:00–4:30 p.m. Licensing Process and Oversight of Uranium Mills in Colorado

Steve Tarlton, Colorado Department of Public Health and Environment, Unit Leader, Radiation Management Unit

4:30–5:30 p.m. Panel Discussion and Questions/Answers

All Faculty Presenters. Moderated by Dr. Teresa Coons – Saccomanno Research Institute, St. Mary’s Hospital

5:30 p.m. Adjourn
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Symposium Overview
• Symposium organized and sponsored by CSU, MAP ERC, and
HPS

• These organizations and your registration fees are the only
sources of support for this event

• Detailed final agenda in your student handouts - we will try
our best to adhere to it

• Registration and accounting managed by CSU Division of
Continuing Education

• We have assembled a “dream team” of regional experts who
have donated their time to be our faculty

• Nationally and internationally recognized credentials in their
professions; each with decades of experience in subject matter

• Dr. Teresa Coons, our moderator, will explain symposium
mechanics, conduct and the Q/A process
1
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Symposium Objective #1 - Become
Wiser

Symposium Purpose
• Designed to provide an overview of the basic science
•
•
•
•

associated with uranium and of the current state of its recovery
technology
Particularly as it relates to environmental, medical, and
radiation safety aspects.
The social, economic, or political aspects of any particular
project are complex, beyond our expertise and beyond the
scope of this symposium
Paper presentations will be at a technical level but designed to
also be appropriate for members of the public who are not
professional scientists.
The intent is to stimulate dialogue among professional
scientists and serve as an educational venue for all attendees
3

Symposium Objective # 2 - Become More
“Scientific” - Ask Questions, Seek
Validation

“The goal of science is the gradual removal of
prejudice, which is belief in the absence of evidence”
- Niels Bohr

“Remarkable claims require remarkable evidence”
- Carl Sagan
5
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SYMPOSIUM
MODERATOR’S ROLE
Facilitate the purpose and objectives of the
symposium.
Coordinate the question and answer process.
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Perception of Risk

Why do we fear what we fear?
 “Dread” factor





Unclear risks that
are dreaded

Unclear risks that
are not dreaded

Cell phone use

Do we have control over the risk?
How feasible is it to reduce the risk by technological means?
What are the consequences now and for the future?
Is the risk increased or decreased from past experience?

• Genetically
engineered foods

•

Artificial sweeteners

•

• Radiation effects

Dread

 Knowledge factor



Is the risk observable?
Do we know individuals who have experienced the risk?
Is the time frame of possible effects short or long?
Is this a new or familiar risk?



What does scientific research tell us about the risk?





Chainsaws

• Nuclear war

•

Smoking

•

•

Hotel fires

Clear risks that
are not dreaded

Slovic P. Science 1987;236:280-285
3

Clear risks that
are dreaded

Knowledge

Slovic P. Science 1987;236:280-285

How may I ask questions?
 During the presentations





Each presenter has 20
minutes.
To the extent that time is
available, one or two
questions will be taken
from the audience
immediately following the
presentation.
Questions should be
directly relevant to that
speaker’s presentation.

 At the conclusion of the
presentations








Throughout the
symposium, questions will
be collected on cards.
Moderator will review
cards for duplicate
questions.
Questions will be read
from the cards and
directed to the panel of
speakers.
Questions should be
directed to the content of
5
the presentations.
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Overview of Radiation Basics
Craig A. Little, Ph.D.
Abstract
The presentation will describe the concept of ionizing radiation and types of radiation (alpha,
beta, gamma). Also shown will be interactions of ionizing radiation with matter, which leads into
the concepts of exposure and dose. The discovery and characteristics of uranium will be
described. The presentation briefly describes the concepts of fission and fusion which make
uranium an element worth seeking. Decay chains of uranium and thorium will be shown.
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Biography
Craig A. Little, Ph.D.
Radioecologist/Health Physicist
Grand Junction, Colorado

Education:

Ph.D., Radioecology, Colorado State University, 1976
M.S., Radiation Biology, Colorado State University, 1971
B.A., Biology, McPherson College, 1970

Experience Summary:
Dr. Little has over 30 years experience in the field of human health risk assessment, radiation
protection, and environmental transport modeling. He was employed by Oak Ridge National
Laboratory for nearly 25 years. From 1983 – 2000 he was the leader of the Environmental
Technology Section of ORNL’s Health Sciences Research Division, based in Grand Junction,
Colorado. As head of ETS, Dr. Little oversaw more than 12,000 surveys of potentially
contaminated sites for the Uranium Mill Tailings Remedial Action Project (UMTRAP) at twentytwo locations in 10 states. He was involved in pollutant assessment and remedial action research
projects at dozens of federal facilities nationwide. He has been involved in a number of
international projects including assignments in the Federal Republic of Germany, Ukraine, and
Uzbekistan. Dr. Little has published over seventy papers, reports and book chapters on
environmental sampling, environmental transport modeling and risk assessment. Dr. Little is a
past member of the Board of Directors of the Health Physics Society and for the past 13 years has
served as an associate editor of the journal Health Physics. He is currently editor-in-chief of
Operational Radiation Safety. Dr. Little’s current projects include development technical basis
documents to support the Energy Employee Occupational Illness Compensation Act,
administered by NIOSH, and a variety of other projects involving radioactive materials in the
environment. Dr. Little has teamed with other radiation protection professionals to teach a
number of Radiation Safety Officer refresher training classes.
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Basics of Radiation and Uranium

Overview of Radiation
Basics



Craig A. Little, Ph.D.
Two Lines, Inc.





Purpose: give audience a common set of terms
Concepts of radioactivity



Types of ionizing radioactivity





Decay
HalfHalf-life
Alpha, beta, gamma
Interaction with matter

History and characteristics of uranium
2
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History









Nature of the Atom

1789 - Martin Klaproth discovers new element, U
1895 – Wilhelm Roentgen discovers xx-rays
1896 – Henri Becquerel discovers radioactive properties
of uranium
1896 – Pierre and Marie Curie experiment with radium
1939 - Otto Hahn discovers fission
1943 - Manhattan Project - Los Alamos, Oak Ridge
1950s – Development of nuclear power
1954 – First nuclear submarine launched





Every atom consists of a nucleus and electrons
that “orbit”
orbit” the nucleus
The Nucleus consists of





Protons - charge of +1; mass of 1 amu
Neutrons - no charge; mass of 1 amu

Electrons - charge of -1; very small mass,
0.000549 amu

3
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A Stylized Atom

Elements and Isotopes


Elements: defined by the number of protons in
the nucleus



Isotopes: same number of protons and
electrons, but different number of neutrons

electron


neutron

proton






5
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Hydrogen has 1 proton, Uranium has 92 protons

Tritium (H(H-3) has 1 proton, 2 neutrons
Deuterium (H(H-2) has 1 proton, 1 neutron

Radionuclides:
Radionuclides: a radioactive isotope
6

What makes an atom radioactive?





http://www.umich.edu/~radinfo/introduction/lesson/atom.html

Radioactive atoms are unstable
Unstable atoms emit radiation so that they can
become more stable
That emission is known as radioactive decay

7
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Definitions
 Radiation




Other Important Terms

– a form of energy

Radioactivity



Radioactive materials



Radioactivity – the process of emitting ionizing
radiation
Radioactive decay – the process by which a
radioactive atom releases energy in the form of
some radiation to become more stable











sometimes referred to as disintegration

energy emitted by an atom
materials emit radiation
X-ray machines emit radiation, but the machine is not
radioactive itself
ore, tailings, & radiopharmaceuticals are radioactive materials

Contamination


radioactive materials which are not in a desired location, for
example, a spill in a laboratory

9
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Half-Life




The “halfhalf-life”
life” is the time it takes for half of the
atoms of a particular radionuclide to decay,
The “halfhalf-life”
life” is characteristic of a particular
radionuclide
the halfhalf-life of UU-238 is 4.5 billion years
 RaRa-226 has a halfhalf-life of 1590 years




Which is more radioactive by weight?
http://www.umich.edu/~radinfo/introduction/lesson/half.html
11
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Radiation Units: Radioactivity


Amount of radioactivity is the number of decays
(or disintegrations) per unit time





Types of Ionizing Radiation


Alpha particles



curie (Ci
(Ci)) = 37 billion d/s (3.7x1010 d/s)
picocurie (pCi
(pCi)) = 0.037 d/s (3.7x10-2 d/s)



Beta particles



The concentration of radioactivity in a material



U in soil can be expressed as pCi/g
 Rn in air can be expressed as uCi/ml
uCi/ml or pCi/l
 Ra in water can be expressed as pCi/l

Small, identical to an electron
At most, can penetrate about 1 cm (3/8”
(3/8”) of tissue

Gamma and XX-rays




Very heavy, very slow
Not very penetrating, travel only a few cm in air




Electromagnetic radiation similar to visible light, ultraviolet
light, microwaves, etc.
Not particles; no mass and no charge
Very penetrating - stopped by thick concrete, lead

13
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Ionization



Alpha and beta particles have mass and charge.
They interact with atoms to strip outer orbital electrons





http://www.umich.edu/~radinfo/introduction/lesson/properties.html

As the radiation interacts with matter, it loses energy and slows
slows
down until it has lost its energy
 Alpha particles attract electrons and become helium atoms
 Beta particles become thermal electrons

15
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Ionization by Beta

What is Radiation Dose?


-1β

-1e

+



-1e

17

10

Beta particles repel electrons
Alpha particles attract electrons

The effect of radiation on any material is
determined by the "dose" of radiation that
material receives.
Radiation dose is the quantity of radiation
energy deposited in a material.

18

Radiation Units: Exposure and
Dose

Exposure and Dose




Exposure: the amount of ionization produced
by xx- or gammagamma-rays traveling through air (R)
Absorbed Dose: The amount of energy
deposited in any material (rads)
rads)






For external exposure to x and gamma only





Exposure rate



in air 1 R = 0.87 rad,
rad, in tissue 1 R = 0.96 rad







R/hr, mR/hr
mR/hr or uR/hr
uR/hr
Background gamma in Fort Collins is 15 uR/hr
uR/hr

Dose for both external and internal


Dose equivalent: a measure of the effect that
radiation has on humans (rem)
rem)

roentgen(R)
roentgen(R)
microroentgen (uR)
uR) = 0.000001 R

rem
millirem (mrem)
mrem) = 0.001 rem

Dose rate: mrem/hr,
mrem/hr, mrem/yr,
mrem/yr, or rem/yr
rem/yr


Background gamma in Fort Collins is ~130 mrem/yr
mrem/yr

19
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Natural Uranium


What is uranium?



Where does it come from?









A primordial radionuclide, found in most soils
Averages about 1 pCi/g in surface soils
Much higher in ores

U-nat





Naturally occurring heavy element with 92 protons

99.27% UU-238 (half(half-life = 4.5 billion yrs)
0.72% UU-235 (half(half-life = 700 million yrs)

Uranium decay series


A series of 15 radionuclides that occur in order

Natural Thorium


What is thorium?




Where does it come from?






One of the few other naturally occurring
radioactive elements
Primordial, found in most soils
Averages about 1 - 2 pCi/g

Decay scheme – 11 radionuclides
Natural thorium



Nearly 100% ThTh-232
90 protons and 142 neutrons

11

Why is Uranium Valuable?






Nuclear Fission

Because one isotope, UU-235, is fissionable
Only 0.7% of natural uranium is UU-235
Fission is the process whereby UU-235 splits into
smaller radionuclides,
radionuclides, liberating large amounts
of energy
The process of fission can be used to generate
electricity, for research, or for weaponry.
http://en.wikipedia.org/wiki/Nuclear_fission

25

26

27

28

Nuclear Fusion

http://en.wikipedia.org/wiki/Nuclear_fusion
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Natural Radiation: Sources, Relevance and Uranium Levels
F. Ward Whicker, Professor Emeritus
Department of Environmental & Radiological Heath Sciences
Colorado State University
Abstract
This presentation describes natural background radiation: sources, importance, and geographic
variations. Our radiation environment consists of cosmic particles from space, radionuclides
produced by galactic particle interactions with the atmosphere, and long-lived radionuclides
formed during the earth’s creation. We are exposed to natural radiation from the earth and space,
and from radioactive materials in the body. Some cancers in people originate from background
radiation. Nuclear fission in the sun drives all life on earth, and cosmic particles produce
lightning. Radioactive decay heats the earth from within, shaping our planet. Uranium and its
progeny occur in rock, soil, air, water and biological tissues, but levels vary. Where we live may
have a greater influence on our radiation exposure than anthropogenic sources of radiation.

13

Biography
F. Ward Whicker
Professor Emeritus
Colorado State University
Dr. Whicker has been a member of the CSU faculty since 1965 and, from 1998-2002, Head
of the Department of Radiological Health Sciences. He played the key role in the development of
the internationally-recognized graduate program in Radioecology, and is widely regarded as one
of the founders of this field, which addresses the fate and effects of radioactivity in the
environment. His formal teaching extends beyond CSU to numerous organizations, including the
International Atomic Energy Agency, the International Union of Radioecologists, and the U.S.
Environmental Protection Agency. In 1989 he established the Par Pond Radioecology Laboratory
at the Savannah River Site. His over 170 scientific publications include 98 in peer-reviewed
journals, 33 book chapters and 5 books. His awards include the “E. O. Lawrence Award” from
the Department of Energy (1990), the “Distinguished Scientific Achievement Award” from the
Health Physics Society (2004), and the “V.I. Vernadsky Award” from the International Union of
Radioecology (2005). His research on the effects of ionizing radiation on plants and animals has
contributed to the development of national and international standards and guidelines for
protecting the general environment from radioactive contamination. Dr. Whicker has served on
many committees and advisory panels at national and international levels. These include the
Board of Directors, Scientific Vice President, Honorary Council Member, and Member or Chair
of several committees of the National Council on Radiation Protection and Measurements. He has
served on Committees of the National Academy of Science/National Research Council in the area
of environmental problems of the DOE Weapons Complex. He has chaired national and
international working groups and scientific writing teams, for example, for the International
Atomic Energy Agency, the International Commission on Radiation Units and Measurements,
and the National Council on Radiation Protection and Measurements. He has served on review
panels for many organizations, including the Environmental Protection Agency, the U.S.
Congressional Office of Technology Assessment, Los Alamos National Laboratory, the National
Cancer Institute, the Centers for Disease Control and Prevention, the States of Colorado and
Maine, the Office of Naval Research, Sandia National Laboratory, Battelle-Pacific Northwest
Laboratory, and the Southwest Research Institute. He has consulted for many private
organizations and has served as an expert witness on numerous litigation issues concerning
radioactivity in the environment. He served four years as Associate Editor for the Americas for
the Journal of Environmental Radioactivity.
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First, a few facts:

Ward Whicker, Professor Emeritus
Department of Environmental & Radiological Health Sciences
Colorado State University

 We live in a radioactive environment
 We are continuously bombarded with radiation energy from
space and from the earth’
earth’s surface
 We take in radioactive materials with the air we breath, the
water we drink, and the food we eat
 Our bodies contain radioactive materials
 Our biosphere is powered by nuclear fusion reactions
 Our earth and weather are respectively shaped by
radioactivity and radiation from space
 It has always been that way!

1
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Natural Radiation: Sources, Relevance and
Uranium Levels

Importance of Natural Radiation

Natural Sources of Radiation
 Cosmic (Galactic) radiation

 Life on earth

-Originate from stars & our sun

 Human health

 Cosmogenic radioactivity
-Radionuclides produced by cosmic rays

 Effects on the earth

 Primordial radionuclides + progeny

 Effects on weather

-LongLong-lived radionuclides (uranium, thorium
potassiumpotassium-40) that were formed when the
earth was, some 44-6 billion years ago

 Science

3

Our Sun: A continuous
thermonuclear reaction

4

Photosynthesis:
The use of sunlight
to convert CO2 and
H2O to organic
molecules by
chlorophyllchlorophyll-bearing
plants.
Solar energy is stored
as chemical energy,
which powers all life
on earth.
5

6
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Background radiation & human health

Natural radiation is generally the largest source of
radiation exposure to the human population

 Natural radiation may cause damage to DNA
-most such damage is repaired, but some may cause
genetic defects or heritable mutations

Natural background

 A small fraction of genetic defects and cancers in people
are likely caused by natural background radiation

Medical irradiation

-For example, it is estimated that about 2 people per thousand
will develop fatal lung cancer from inhaling radon daughter products
products
(which dominate total exposure from natural background radiation)
radiation)

 Nevertheless, life in general still thrives despite such
ongoing genetic damage
7
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Most heat within the earth is likely produced from decay
energy of natural radioactivity. This heat causes:
-Volcanoes, continental drift, mountains, earthquakes, etc.
-Warming of soil, which affects plant growth, snowmelt, etc.
9
-Effects on weather

Cosmic radiation, generated from stars, produces
tracks of ionization in our atmosphere, lightning,
and the conversion of nitrogen to forms useable by plants.10

Primary Cosmic Rays

Cosmic rays are
thought to cause
electrical polarity in
clouds to create
the potential for
lightning. The path
of lightning follows
ionization paths
created by cosmic
particles and their
interactions.







11
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These have not yet interacted with matter
~ 85 % protons
~ 14 % alpha particles
~ 1 % heavier particles
These gain very high energies during their
travel through space

12

Secondary Cosmic Rays

Cosmic Ray Exposure Rates

 Formed by collisions of primaries with atoms (mostly N2) in
the atmosphere
 These collisions form:
-neutrons & protons
-lighter elements (H, He, Be, etc.)
-subsub-atomic particles called pions

 Fluence ~ 1/cm2/s (~ 2,000 /sec through the body!)
 Exposure rate increases with elevation and latitude
-Avg. U.S. <1,000’
<1,000’ elevation:
-Avg. in Colorado:
-14,000’
14,000’ peaks in Colorado:
-20,000’
20,000’ Mt. McKinley, Alaska:
-Jet airliners at 38,000’
38,000’:

 Pions rapidly decay to muons and electrons
 Muons account for about 70 % of the cosmic ray exposure
at the earth’
earth’s surface and are highly penetrating

27 mR/y
50 mR/y
190 mR/y
450 mR/y
2,000 mR/y

 Episodic increases (spikes) occur from solar activity

13
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Cosmogenic Radionuclides

Primordial Radionuclides

 Examples are 14C, 3H, 36Cl, 22Na, 7Be, etc.

 Formed when the earth was

 Produced by interactions of primary cosmic rays
with atmospheric nitrogen and other materials

 HalfHalf-lives similar to earth’
earth’s age (~4.5 billion years)

 Radionuclides are present in ~ 104 tons of galactic
dustfall/day
dustfall/day on the earth’
earth’s surface



40K



238U and 232Th decay to many shortershorter-lived radioactive
progeny (e.g. 226Ra, 222Rn, 210Pb, 210Po, etc.)

 Many uses: dating wood, water, wine, etc.

(1.26 x 109 y); 238U (4.5 x 109 y); 232Th (1.4 x 1010 y)

 Contribute < 1 % to natural radiation dose
15
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Uranium levels in the environment

Importance of Primordial Nuclides

Media
 Heating of the earthearth-the driving force for shaping
continents, mountains, volcanoes
 They, and daughters (especially
progeny,
&
210Po) form a large portion of our natural radiation dose
222Rn



210Pb

235U

(0.72 % of U) is the primary nuclear fuel for reactors,
which produce 20% of electricity in the U.S., weapons; 238U
is used for projectiles

Typical U.S. avg.
(pCi/g)
pCi/g)

Range
(pCi/g)
pCi/g)

Rock

1.0

0.20.2-40

Soil

1.0

0.10.1-4.0

Uranium ore

500

200200-5,000

0.0001

0.000010.00001-0.001

Groundwater

0.0017

0.00010.0001-0.2

 Uranium and thorium have numerous industrial uses

Human foods

0.00024

0.5 -5 X avg.

 Primordial radionuclides have many uses in science (e.g.
ratios of isotopes to date rocks, etc.)

Human bone

0.0005

0.5 -5 X avg.

Human soft tissues

0.0001

0.5 -5 X avg.18
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Air

(pCi/m3)

17

Cosmic + terrestrial
radiation in 40 Colorado
Communities above and
below 6,500 ft. elevation

SmallSmall-Scale
Geographic
variations of
terrestrial gamma
radiation exposure
rates in relation to
uranium, thorium
& progeny in the
earth’
earth’s surface

Geographic
variations in
natural
background
radiation in
Colorado

Ft Collins

Cosmic and terrestrial
Radiation along I-70

19

How do natural background radiation exposures
(mrem/year)
mrem/year) relate to the regulatory limit?

Contribution of natural radiation sources to our
annual effective dose (in mrem)
mrem)
Source

U.S. avg.

Colo. Avg.

Leadville

200

300

344

Internal emitters 40K, 226Ra,
U series, Th series, etc.

39

50

55

Terrestrial gamma radiation

28

49

97

Cosmic radiation

27

50

85

1

1

1

295

450

582

Inhaled Radon progeny
210Pb, 210Po

Cosmogenic radioactivity
14C, 3H, etc.

Totals

Exposure limit for the general public

25

Colorado average natural background from all
sources

450

U.S. average natural background from all sources

300

Difference between Colorado and U.S. averages

150

Possible variation in residential locations in
Colorado (cosmic + terrestrial radiation only)

130

Variation in 100 Fort Collins homes (90% 1,400 10% 200 mrem/y)
mrem/y) From: Dr. Tom Borak,
Borak, CSU
21

Important facts worth remembering:
 We have always been exposed to natural radiation and it has great
great
influence on our environment
 Uranium is a common element in the rock and soil but concentrations
concentrations
can vary greatly from place to place
 It is contained in the food we eat and water we drink everyday, thus it is
found in the body
 Uranium progeny such as 226Ra, 210Pb and 210Po are usually of greater
health concern than uranium itself
 The background radiation exposure we receive in Colorado is
considerably higher than in other parts of the U.S.
 The Federal radiation exposure limits for uranium mines and mills
mills are a
small fraction of our natural background exposure and much less than
the differences in natural background exposure across the U.S.
23

18

20

1,200
22

Overview of Conventional Uranium Mining and Milling Technologies
John S. Hamrick, Vice President Milling
Cotter Corporation
Abstract
This presentation will provide an overview of mining and milling practices for uranium ores in
Colorado. Occurrences will be discussed and the location of uranium deposits will be shown.
Remote mining methods will be discussed. Example photographs of methods used in Colorado
will be shown. The presentation will then discuss various milling technologies and will show
examples of grinding and liquids/solids separation units. Heap leaching will also be discussed.

19

Biography
John S. Hamrick, Vice President Milling
Cotter Corporation
Mr. Hamrick graduated from Mackay School of Mines at the University of Nevada, Reno in May,
1980 with a Bachelor of Science in Metallurgical Engineering. He has since worked at mills
recovering copper, molybdenum, gold, tungsten, uranium and vanadium. Mr. Hamrick has led
projects for computer control of grinding circuits, enhanced drying of filter cakes, computer
control of reagent additions, construction of a new uranium tailings disposal cell, and remedial
excavation of soils. Mr. Hamrick has participated in projects covering all aspects of
environmental control for uranium mills, including groundwater, air emission and personnel
monitoring. Mr. Hamrick has been active at the national level, chairing the Uranium
Environmental Subcommittee of the National Mining Association for six years. Mr. Hamrick has
participated in briefings of the Nuclear Regulatory Commissioners and has testified before
Congress on issues related to uranium mill tailing cleanup. Mr. Hamrick has worked at two of
the four operational mills in the United States.
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Overview

Overview of Conventional
Uranium Mining & Milling
Technologies

• Uranium mining is the site-specific activity of
removing ore from its place in nature
• One definition of ore is: a material from which a
mineral, usually a metal, can be extracted
economically
• Note that this definition of ore is not directly
related to the quantity of mineral contained
(grade) - grade is directly related to the definition
of ore only through economics

Uranium Symposium and Workshop
Colorado State University
February 8, 2008
John S. Hamrick
Vice President Milling
Cotter Corporation

1

Overview (con’t)

2

Uranium Mining
• Uranium is ubiquitous, occurs in the crust and in
natural waters
• Uranium mining occurs worldwide
• Uranium ore deposits are found primarily (but
not exclusively) on the Colorado Plateau in an
area known as the Uravan Mineral Belt
• Notable exceptions are the Schwartzwalder
mine near Golden, the deposits mineable by In
Situ methods near Fort Collins and in other
areas

• Ores can be upgraded in content, an
activity not usually termed milling, at the
mine or an upgrader facility
• Milling is the process of extracting
mineral(s) from an ore by physical,
magnetic, radiologic or chemical means,
or some combination of the foregoing
• Heap leaching is considered a form of
milling
3

4

5

6
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Uranium Mining (con’t)

Uranium Occurrences

• The periods of mining and milling of
Colorado Plateau ores are:
– 1909 to 1931 (radium recovery),
– 1936 to 1940 (vanadium recovery), and
– 1940 through present (primarily uranium
recovery)

• Although the definition of ore changed
period to period, all mining and milling was
from the same mineral matrix

• Uranium occurs mainly in Colorado and in
Wyoming in horizontal deposits,
associated with volcanic activity or
sedimentary deposits (ancient stream
beds)
• Some sedimentary structures are known
as roll fronts

7
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Mining Technologies

Historic Mining Technologies

• Historic and present methods of mining
uranium on the Colorado Plateau are the
result of the grade and physical
configuration of the particular ore deposit

11
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Current Mining Technologies
• Certain ore deposits allow the use of
“remote” mining methods, such as those
deposits at McArthur River in Canada
• Requirements for remote mining include:
– High grade ore (~15% U3O8)
– Continuity, thickness, length and breadth of
the deposit

13
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Mining Technologies (con’t)
• Remote mining is not practical on the
Colorado Plateau because:
– The deposits are generally not continuous
– The ore deposits are not thick enough
– The grade is too low (~0.25% U3O8)

Milling Technologies
• The steps involved in making a saleable
mineral product from a uranium-bearing
ore are:
– Size reduction, referred to as comminution
– Leaching
– Liquids/solids separation
– Concentration and purification, usually
through precipitation
– Drying and packaging
17
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Milling Technologies (con’t)
• Comminution in the past consisted of:
– Dry crushing, and
– Wet grinding and classification

• Grinding and classification circuits can
consist of rod mills, ball mills, rake
classifiers, screens, cyclone classifiers
and autogenous or semi autogenous
(SAG) mills
19
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Milling Technologies (con’t)
• Leaching equipment consists of tanks,
autoclaves or heaps
• Tanks are usually open to the air, rubberlined steel
– Pachuca tanks, used for carbonate leaching,
are small diameter, tall tanks
– Tanks used for acid leaching have the
footprint (diameter) optimized versus height
21

Milling Technologies (con’t)

Milling Technologies (con’t)

• All of the types of leach vessels (except
heaps) are steam heated and agitated
• The reagents added can consist of:
– Sulfuric acid or sodium carbonate for either
an acid or alkali leach
– Oxidants such as sodium chlorate, air, oxygen
or hydrogen peroxide
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• Liquids/solids separation is usually
necessary to separate the majority of the
ore matrix (~95%) from the dissolved
minerals of interest
• Process choices are driven by
downstream equipment selection and
filterability of the leached pulp and percent
extraction (economics)
24

Conventional Thickener

EIMCO® Deep Cone™
Paste & High Rate
Thickeners

Paste Disposal
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Milling Technologies (con’t)

26

Milling Technologies (con’t)
• The oil is then stripped of the mineral
using an aqueous solution, resulting in
concentration and purification of the
mineral
• The aqueous solution then can have
several differing chemicals added,
including various forms of ammonia, pH
adjustments or hydrogen peroxide
• The result is yellowcake

• Purification technologies include:
– Ion Exchange (IX) columns
– Solvent Exchange (SX) circuits

• SX circuits involve mixing oil, containing
an extractant, with the water containing
the dissolved mineral. The mineral is
transferred into the oil, and the oil and
water are allowed to separate
27
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Milling Technologies (con’t)
• The yellowcake is then dried and
packaged
• Current technology for drying uses zero
emission vacuum driers

29
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Milling Technologies (con’t)

Milling Technologies

• Heap Leaching can be a viable alternative
to conventional milling
• The choice of conventional versus heap
leach is driven by economics – heap
leaching usually has a much lower
recovery of uranium

• Heap Leaching, if economic, offers several
advantages over conventional milling and
tailings disposal

31
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– Easier and quicker reclamation
– Lower capital and operating costs (similar to
ISR)
– Quicker time to first yellowcake production

32

Overview of In Situ Recovery Technology
Donna L. Wichers
Senior Vice President, ISR Operations
Uranium One Americas
Abstract
This presentation provides an overview of in situ recovery (ISR) technology and its application to the
recovery of uranium. The presentation begins with a history of ISR uranium operations principally in the
United States, starting in the 1960’s. The presentation will then address the actual ISR techniques used
for uranium recovery, extraction, processing and the final uranium product. Regulatory, environmental
(including groundwater restoration), and health aspects of the operation are then discussed. As a wrap-up,
some myths and facts associated with ISR are provided.
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Biography
Donna Wichers, Senior Vice President ISR Operations
Uranium One
Donna Wichers has 30 years of experience in uranium in situ recovery mining. She started her career in
uranium ISR mining in 1978 as an Environmental Engineer for Wyoming Mineral Corporation
(subsidiary of Westinghouse Electric) at Wyoming’s first commercial ISR mine, the Irigaray project. For
the next 20 years she was employed by several ISR uranium companies including Malapai Resources
Company, Rio Algom Mining Corp., Pathfinder Mines Corporation and COGEMA Mining and was
responsible for the acquisition of numerous permits and licenses for ISR operations in Wyoming and
Texas. In 1999 she was appointed General Manager of ISL Operations and Conventional Mine/Mill
tailings reclamation for AREVA’s subsidiaries in the United States. In this position she was responsible
for ISR mining and groundwater restoration for COGEMA Mining, which included the restoration of over
20 ISR wellfields in Texas and Wyoming, and the mine and mill tailings reclamation of Pathfinder’s
Lucky Mc and Shirley Basin operations in Wyoming. In 2007 she joined Energy Metals Corporation as
Senior Vice President, then later Uranium One in her current position of Senior Vice President, ISR
Operations. Uranium One is actively advancing ISR uranium projects in Texas and Wyoming, as well as
conventional operations in Utah.
Donna is a member of the Board of Directors for the Wyoming Mining Association, a position she has
held for the past 14 years. She also served eight years on the Wyoming Department of Environmental
Quality Water Quality and Solid Waste Advisory Board. She holds a B.Sc (with honors) in Microbiology
and a M.Sc. in Water Resources (Agricultural Engineering) from the University of Wyoming.
She lives in Casper, Wyoming with her husband, Bill, and three German Longhaired Pointers (Hannah,
Mistel and Allie).
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History of ISR in the U.S.
• 1940’s – Race for uranium! (1946 Energy Act, AEC)
• 1950’s – Uranium frenzy continues
• Discovery of large, high grade, deposits
• Mining method: underground and surface open pit

An Overview of ISR Technology

• 1960’s – Birth of ISL
• “Recovery of Uranium from Low Grade Mineralization Using a
Leach in-place Process”

Presented by
Donna Wichers
Sr. Vice President, ISR Operations
CSU Health Physics Symposium, February 2, 2008

• 1970’s – Decade of ISL development
• ISR Today
1

Uranium
Mining in the
1950’
1950’s to
1970’
1970’s

2

Uranium Mine and Mill, Wyoming

4

ISR Mining Today!

What is ISR?

5

•

Solution Mining (uranium removal from the ore body)
• Installation of water wells open only to the ore.
• Circulation of groundwater between injection and recovery wells.
• Addition of oxygen and carbon dioxide to circulating groundwater to
dissolve the uranium (oxygen) and complex with the uranium while
maintaining pH at neutral conditions (carbon dioxide)
• Transfer of the recovered groundwater containing uranium from the
recovery wells to the water treatment plant via pipeline.

•

Water Treatment (uranium removal from water)
• Ion exchange using uranium-specific water treatment resin.
• Removal of uranium from the resin (elution) and from the resulting
solution (precipitation).

•

Product Dewatering and Packaging
6
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In Situ Recovery
General Arrangement

O2

Elution/
Precipitation
Circuit

IX Columns

Evaporation
Ponds or
Disposal
Well

ISL Deposit Characteristics

CO2
Injection
Pump
Electrical
Powerlines

Production
Monitor
Wells

•

Deposit should be located in a permeable sandstone aquifer.
¾ Must be able to contact the uranium ore.
¾ Enhances both mining and aquifer restoration.

•

Sandstone formation should typically be confined above and below by a
less permeable media such as clay or mudstone.
¾ Confines flow within the zone to be mined.

•

The deposit should be located below the water table, or in a saturated
aquifer.

•

The host formation should be compatible to alkaline mining solution
(addition of oxygen and carbonate to the groundwater).

Monitor
Wells
Injection
Wells
Production
Wells

Shallow
Monitor

Deep
Monitor

Upper
Aquifer
Impermeable
Zone
Mineralized
Aquifer
Impermeable
Zone
Submersible
Pump

Lower
Aquifer
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In the Beginning … Roll Front Genesis

8

Conceptual Model of Uranium Roll Front Deposit
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TYPICAL INJECTION & RECOVERY WELL
COMPLETION INTERVALS
INJECTION WELL

PRODUCTION WELL

Well Completion Methods

INJECTION WELL

SURFACE

18"
TYP.

CEMENT SEAL CIRCULATED THROUGH
CASING BACK TO SURFACE
PVC CASING
5" DIA.

SHALLOW SANDS

SHALE OR MUDSTONE

REAMED DRILL HOLE
7-7/8" DIA.
CASING CENTRALIZERS
3 REQUIRED
RETRIEVABLE WELL SCREEN
LINER

OVERLYING CLAY
CASING POINT

COMPLETION SEQUENCE
•DRILL PILOT HOLE (5-1/8”)
•GEOPHYSICAL LOGGING
•REAM HOLE (7-7/8”)
•SET CASING AND CEMENT
•UNDERREAM AND SET SCREEN
•MECHANICAL INTEGRITY
TESTING OF WELL

SHALE OR MUDSTONE
PRODUCTION ZONE
SANDSTONE
ALTERED SANDSTONE
- DIRECTION
OF FLOW

REDUCED SANDSTONE

- CASED WELL

UNDERREAM ZONE

- FLOW DIRECTION

5" DIA.
- OPEN HOLE OR SCREEN
URANIUM BEARING SANDSTONE

Wellfield Layout with Monitoring

UNDERLYING CLAY

Header Houses

Typical In Situ Recovery Field

Wellfield Operations
• Mining Solution: also known as “lixiviant”
¾ Native groundwater mixed with oxygen, carbon
dioxide and sodium bicarbonate, as needed.
• Wellfield Control – essential to process and environment
¾ Flow is closely monitored to maintain balanced
wellfield, with slight over-recovery of groundwater
towards the wellfield.
¾ Well flows are continuously controlled and monitored
with computerized automation.
18
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Simplified ISR Process
Recovered Solution
With uranium

Satellite Plant
Ion Exchange

Injection Solution
Groundwater plus
O2 and CO2

(Production)

Resin Transfer
(by Truck)

Production
Wellfield

Central Plant

RO
Injection

GWS or
RO Recovery

Wastewater
Disposal

(Restoration)

Uranium
Concentrate

Restoration
Wellfield
Deep Disposal Well

Satellite Operations
• Satellite plants are small water treatment facilities where incoming
wellfield solutions are treated for uranium removal on ion exchange
resins.
• Uranium-bearing groundwater is pumped through the ion exchange
columns that contain millions of uranium-specific resin beads and
the uranium chemically exchanges with bicarbonate or chloride on
the resin.
• Barren groundwater exiting the ion exchange columns is re-fortified
with oxygen and carbon dioxide (and bicarbonate) and returned to
wellfield.
• When the resin in a column is fully loaded with uranium, it is
removed to a trailer that transports the resin to the central plant
facility for stripping, precipitation and dewatering.
20

Satellite Operations
Uranium in Solution

Resin Transfer

Satellite
Facilities

Stripped Resin
from Central Plant

Ion Exchange
Resin Column

Resin Transfer
Loaded Resin to Central Plant
for Processing
Bleed to Treatment & Disposal
Carbon Dioxide Gas

Injection Well

Productio
n Well

Injection Well

Surface

Oxygen Gas

SLURRY TRUCK & TRAILER IN
SATELLITTE

Satellite Plant
Operations

Central Plant Operations
Resin Elution Process
• Loaded resin from the satellite plant is transferred to the central
plant for “stripping” the uranium from the resin and further
processing.
• The resin is transferred from the trailer to a resin elution
(stripping) column where a concentrated solution of sodium
chloride (salt) and sodium bicarbonate are added, in four
progressive steps, which displaces the uranium off the resin.
• At the end of the elution cycle, the stripped resin contains very
little uranium. The resin is then regenerated with a washing of
salt and/or bicarbonate then transferred back to an empty trailer
and back to the satellite plant for re-use.
24
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Central Plant Flow Diagram

Central Plant Layout

Precipitation, Filtration

Drying, Packaging, Shipping

• Precipitation, Filtration
• The precipitation of the uranium from the uranium-laden eluant is
conducted in a separate area of the plant near the filtration and
drying areas.
• The precipitation process consists of several pH modifications
and the addition of hydrogen peroxide to create the final product,
uranyl peroxide.
• The precipated uranium is then pumped to a filter press where it
is washed and dewatered.
• The slurry is sent to a thickener for storage before drying.

• Stored uranium slurry is further dewatered in a low-temperature
vacuum dryer. These dryers are commonly used in the food
industry and are zero-emission dryers.
• The uranium product, “yellowcake” is then packaged in steel drums
that are weighed, numbered and surveyed.
• Shipment of product is on a schedule determined by the various
supply contracts.

27

Drying &
Packaging
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Groundwater Restoration
• After mining is completed, the groundwater within the ore body still
contains bicarbonate from the lixiviant, residual uranium, and
elevated total dissolved solids (TDS). Several processes are used
to remove these residual constituents and return the groundwater
quality back to a condition consistent with pre-mining use.
• Technologies used:
¾ Groundwater sweep (removes lixiviant)
¾ Reverse osmosis (filters and removes TDS)
¾ Chemical reductants (removes oxygen and precipitates metals)
¾ Bioremediation

30
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Reverse Osmosis Unit

H2S Facility

Groundwater Restoration (2)

Regulatory Requirements

•

EPA regulations specifically allow uranium ISR mining because the aquifer
is a commercial ore body.

•

EPA regulations do not require restoration (the aquifer is issued an
“exemption” as it is mineral producing), but allow no degradation of drinking
water standards at the exemption boundary.EPA will NOT exempt an
aquifer if it is used for drinking water.

•

Groundwater within these ore bodies is NOT potable and never will be
(before mining, after mining and restoration) due to naturally occurring
levels of uranium and uranium daughter products such as radium-226,
radium-228 and radon gas, or other metals.

•

Because only 60% to 80% of the uranium in a roll front deposit is
recoverable, there will always be an ore body in that location and the
groundwater will contain uranium and uranium progeny. People should
NEVER install water wells for domestic or stock use in a uranium ore body.

• ISR uranium facilities are one of the most highly
regulated industries in the United States:
¾ Federal regulation:
• U.S. Nuclear Regulatory Commission (if not
agreement state) – Source Material License
• EPA – Aquifer Exemption
• Bureau of Land Management (or Forest Service)
• MSHA or OSHA
¾ State Mining Agencies and UIC programs
¾ State Mine Safety Agencies
¾ Groundwater appropriation agencies (State Engineer)

33

Environmental Monitoring

34

Producing Wellfield, Wyoming

• ISR uranium facilities are highly monitored
• Groundwater – ore zone perimeter wells, overlying
and underlying monitor wells, nearby domestic wells.
• Surface water – upstream, downstream, on site
locations
• Air particulate and radon monitoring
• Direct radiation monitoring
• Soils and vegetation sampling
• Sediment sampling
• Wildlife monitoring
35
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Occupational Health Advantages of ISR
Technology

Myth No. 1 – ISR Contaminates Drinking Water
Supplies

• Very low annual radiation doses due to closed process systems
(limited venting of radon) and clean work environment (particulate
only in dryer area).

FACT:
There has never been a drinking water supply contaminated by ISR
mining.

• 90% of employees have an annual dose (internal + external dose) of
less than 2.5% of the annual limit (5000 mrem). Remaining 10% of
employees are less than 10% of annual limit.

Groundwater moves extremely slowly. The same geochemical
conditions that allowed formation of the uranium roll fronts still exist
today. Restoration consumes the remaining oxygen in the ore body
and helps return the system to a reducing environment, conducive to
the immobilization of residual uranium or other metals.

• Dose contribution at site boundary typically less than 5 mrem/yr (air
pathway – radon only as vacuum dryers are used)
37
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Myth No. 3 – ISR is Not Safe

Myth No. 2 – Restoration Cannot be Done

FACT:

FACT:
There are excellent examples of successful groundwater
restoration, in Texas and in Wyoming. Over 50 ISR
wellfields have been restored to regulatory standards
and released in Texas alone. A case study of a project
restoration in Wyoming will be presented later in this
symposium.

ISR mining is one of the safest industries in the U.S.
• No large earth-moving equipment required.
• Few moving parts in the plants.
• Relatively limited quantities and types of chemicals.
• Very clean work environment that is routinely surveyed – no
dust.
• No loud, noisy equipment.
• Employees receive extensive radiation protection training as well
as industrial safety training.
39
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Simplified ISR Process

The Final Product
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Health Effects of Uranium
Nancy Standler MD, PhD
Valley View Medical Center, Cedar City, Utah
Abstract
The toxic effect of uranium that occurs at the lowest dose is chemical toxicity to the kidney's
renal tubules, which reabsorb nutrients filtered into the fluid that will eventually become urine.
This effect is used to set governmental regulations for uranium concentration in drinking water.
Significant uranium exposures to the general public are most likely to occur by accidental
ingestion of food or water contaminated with natural uranium. Natural uranium contamination in
drinking water is most likely to occur by ingestion of unregulated and untested private well water
in which the well had the misfortune of being drilled either directly through or very near an
underground rich natural uranium deposit. Public drinking water supplies in the United States are
heavily regulated to very low levels of uranium, well below the threshold of uranium chemical
damage to the kidney. This means that there is in practice no chance of being poisoned by natural
uranium by drinking public water supplies. A less well documented, but theoretically feasible,
alternative means of exposing a member of the general public to uranium is by ingestion of dirt
rich in natural uranium. Such exposures might occur by ingestion of dirt on root vegetables such
as potatoes or carrots; mouthing of dirt covered objects by children; or ingestion of natural
uranium rich dust while sleeping on or near the ground (as, for example, in hogans). The uranium
industry is presently very highly regulated and exposures to the public are held to extremely small
levels, well below toxicity. Contrary to common preconception, natural uranium's radioactivity is
low enough that toxicity due to radioactivity is of much lower concern. There are, for example,
no known cases of human cancer that can be attributed to uranium's radioactivity.
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Biography
Nancy Standler MD PhD
Valley View Hospital
Cedar City, Utah

Nancy Standler, MD PhD, is a practicing hospital pathologist in southern Utah who has long
standing interest in uranium's health effects. Her PhD (1986) was from the Department of
Radiation Biology and Biophysics at the University of Rochester, where she took a number of
courses on radiation biology. Her MD (1991) and subsequent pathology residency (finished in
1996) were at the University of Rochester. She became board certified in pathology in 1997. She
has been following uranium health issues since about 1999.
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Concern about uranium toxicity goes
back to the aftermath of World War II,
when people first appreciated the
devastating power of nuclear weapons.

THE HEALTH EFFECTS OF
URANIUM

That means that we have been
developing our understanding of
uranium for over 60 years.

Nancy Standler, MD PhD

1

2

Getting Started in the Medical
Literature:

The United States has also developed
increasingly strict regulations
regarding uranium over this period.

Toxicological Profile for Uranium

3

The Toxicologic Profile for Uranium is a
federal publication by the Agency for
Toxic Substances and Disease Registry
of the Public Health Service.

5
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The Toxicological Profile on Uranium
can be found at:
http://www.atsdr.cdc.gov/toxprofiles/tp1
50.html

6

What does the Toxicological
Profile for Uranium Have to Say
in General about Uranium’s
Toxicity?

1. Harmful radiation effects from low
levels of natural uranium have never
been detected in people.

7
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My comment: In the vast majority of
cases, the renal disease is a mild
dysfunction of the renal tubule’s ability
to reabsorb some urine constituents
which then spontaneously resolves
within a few months of ceasing the
exposure to uranium.

2. Chemical effects in people have been
seen. A few people have developed
signs of kidney disease after intake of
large amounts of uranium.

9

3. While in theory there is always a
chance of getting cancer from any
radioactive material like uranium, in
practice no human cancer of any type
has ever been seen as a result of
exposure to natural or depleted
uranium (uranium in which much of
the U235 has been removed).
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4. We have seen lung cancers in
underground uranium miners, but these
appear to be due to exposure to
cigarettes and radon and its radioactive
transformation products rather than the
uranium itself.

11
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My comment: We have also seen noncancerous lung diseases such as
emphysema in the underground
uranium miners in the past, that appear
to be due to exposure to cigarettes and
rock containing dusts rather than
uranium.

5. Very high doses of uranium have
caused reproductive problems (reduced
sperm counts) in some experiments
with laboratory animals, but most
studies show no effects. We do not
know if exposure to uranium causes
reproductive effects in people.
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My comment: If reproductive changes
are demonstrated at some point in
people, the doses needed are so high
that the only group of people that are
likely to be at risk are people in a war
setting who get depleted uranium
containing shrapnel in their bodies.

With respect to children, the
Toxicological Profile for Uranium
reports the following:

15
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My Comment: In 1999 when the
Toxicologic Profile for Uranium was
written, we did not have any cases of a
child developing renal dysfunction.
There is now one report in the
literature, which I will discuss in detail
later in this talk.

1. It is possible that if children were
exposed to very high amounts of
uranium they might have damage to
their kidneys like that seen in adults.

17
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2. Very high doses of uranium in drinking
water can affect the development of the
fetus in laboratory animals. We do not
believe that uranium can cause these
problems in pregnant women who take in
normal amounts of uranium from food and
water, or who breathe the air around a site
that contains uranium.

3. Very young animals absorb more
uranium into their blood than adults
when they are fed uranium. We do not
know if this happens in children.
My comment: This may have happened
in the case of the child I will discuss in
the last half of this talk.
19

4. Measurements of uranium have not
been made in pregnant women, so we
do not know if uranium can cross the
placenta and enter the fetus. In an
experiment with pregnant animals,
only 0.03% [3 parts out of 10,000] of
the injected uranium reached the fetus.
Even less is likely to reach the fetus in
mothers exposed by inhaling,
swallowing, or touching uranium.
21
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5. While no measurements have been
made of uranium in breast milk,
uranium’s chemical properties are such
that it is unlikely that it would
concentrate in breast milk.

22

Trace uranium is widely present in both
food and water:
• Typical daily consumption in food is 1
to 2 micrograms (1 to 2 millionths of a
gram, or less than 1 millionth of a
teaspoon)
• Typical uranium concentration in
drinking water in many parts of the
country is 1.5 micrograms per liter

How is the general public likely
to be exposed to uranium?

23
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In practice, in this country, the only
likely routes of exposure to excess
uranium are in areas where there are
pockets of very concentrated natural
uranium deposits.

The upper limit for acceptable uranium
level in public water supplies is set by
the EPA at 30 micrograms per liter.

25

The best documented route of possible
excess uranium consumption is
through consumption of private well
water in which the well had the
misfortune of being drilled through a
rich natural uranium deposit.

26

While it is less well documented, I think
is is also possible that someone could
get an unusually heavy dose of
uranium if by some mechanism they
were accidentally ingesting dirt
containing rich natural uranium ore.

Private wells are not always tested for
uranium, unlike public water supplies
which are regulated.
27

Mechanisms for accidental dirt ingestion
might include:
• Dirt not washed well enough off root
vegetables such as carrots and potatoes
• Mouthing of dirt covered objects by
children
• Sleeping on the ground (as for example
in hogans) if the ground has a high
uranium content
29
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In parts of the world that are currently at
war or have recently been at war,
depleted uranium shrapnel embedded
in someone’s body that is not
surgically removed might also be a
source of unusual uranium exposure.

30

In order to be licensed, each Atomic
Energy Act (AEA) licensee is required
to conduct operations so that the total
effective radiation dose equivalent to
individual members of the public does
not exceed 0.1 rem per year above the
natural background radiation.

While in the past there was a real
possibility of low level uranium
exposure to the public in mine spoil
piles, I think this is now negligible in
this country, particularly with new
mines, since these areas are now
heavily regulated and spoil piles must
be covered and reclaimed.

31

For comparison, a typical medical CT
scan has 2 to 5 rem of radiation, or 20
to 50 times the dose that any company
working with radioactive material (insitu uranium, uranium mines, and
uranium mills) is allowed to impose on
any member of the general public.

32

Incidentally, the occupational dose limit
for radiation for adults is also 5 rem,
which is considered occupationally
safe, and is 50 times greater than the
0.1 rem above background for the
general public.
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Mill tailings are generated when ore is
processed at a mill.
In open pit mining and underground
mining, the ore is carried away to the
(typically distant) mill, so the open pit
mine or the underground mine does not
have tailings.

35

In in-situ mining, no tailings are
produced, because the ore body that is
extracted is naturally flooded with
ground water, and the in-situ leaching
process exploits the fact that the
uranium salts will dissolve in water.
36
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The in-situ mining works by making sure
that even though water from the
surface is both pumped into and out of
the underground water repeatedly, the
total net flow is always such that
somewhat more water is pumped out
than is pumped in.

This level of extra water that is pumped
out is sufficient to protect the
surrounding water from accidental
contamination with more uranium by
diffusion processes.

37

Part of the regulatory process for starting
uranium in-situ mining in an area
involves a detailed hydrologic
evaluation (evaluation of the ground
water system, to determine its
properties).

38

Another very protective required step is
that in-situ mining operations are
required to maintain rings of a large
number of monitor wells around the
site which are sampled on a regular
basis to make sure that neither the
uranium levels themselves, nor several
chemicals that can serve as markers
that might rise before the uranium
levels do, are showing any increase
from one time to another.

39

Incidentally, International Atomic
Energy Agency (IEAE), which is part
of the United Nations, has looked
specifically at the safety if in-situ
leaching in the following document:
IEAE-TECDOC-1428 - Guidebook
on environmental impact
assessment for in situ leach mining
projects

The moment such an early increase is
detected, the rate at which water is
pumped out of the in-situ operation is
increased, which essentially pulls
contaminated water back into the area
of the in-situ mining.
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This 170 page document is used
throughout the world and is available
in full for free at the following website:
http://wwwpub.iaea.org/MTCD/publications/PDF/
te_1428_web.pdf
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The current regulatory track
record for the ISL [In-Situ
Leaching] industry is well
established. Many ISL projects
have gone completely through
the permit-operating-restoration
cycle without any significant
environmental impact.
45

We have 30 years of experience with insitu mining, and these processes really
do work well. I personally trust them
enough that I would have no hesitation
about living next to an in-situ mining
operation.
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The following quote is from p. 56 of this
document, which is from Appendix II.
Licensing of in situ leaching mining for the
Crownpoint and Church Rock Uranium
Deposits, New Mexico. This was abstracted
from a paper by Pelizza and McCarn, but
the IAEA specifically choose to include the
document, and I could find not place where
it was repudiated. (I added the bracketed
"In-Situ Leaching" for clarity):
44

In fact, with nearly three decades
of operations, the domestic ISL
mining industry has never
caused a serious
environmental, health or safety
risk or failed to restore an
aquifer at one of its projects.
46

An example case in which a
family was exposed to very high
levels of natural uranium in a
private well
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At the time that the Toxicological
Profile for Uranium was written in
1999, we didn't have any examples
in which a child had been
documented to develop any signs
of uranium toxicity.

We now have one example, which is
reported in the following paper,
which I want to go through in some
detail for you because it illustrates
how extra exposure to natural
uranium can occur and what in
practice results:
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"Grand Rounds: Nephrotoxicity in a
Young Child Exposed to Uranium
from Contaminated Well Water" by
Magdo et al., Environmental Health
Perspectives 115(8):1237-1241 (Aug
2007).
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The article is available in full text on the
Internet at:
www.pubmedcentral.nih.gov/articlerend
er.fcgi?artid=1940075
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This is a case in which natural uranium
contaminated private well water.
The case occurred in rural Connecticut in
2000 and involved a family with two
adults and five children.

The contamination was not related to
mining, and there had been no history
of uranium mining or milling in the
area where it occurred.
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A neighbor of the family was concerned
about whether or not she had mercury
poisoning from her amalgam fillings
(she did not) and had her hair tested for
heavy metals. The neighbor's hair was
found to have excess uranium. The
amount is not mentioned in the report.

The neighbor was completely
asymptomatic and has never been
demonstrated to have any uraniumrelated medical problems. The
neighbor's private well water was then
tested, and found to have 46
micrograms uranium per liter. This is
slightly higher than the upper limit for
public drinking water of 30
micrograms uranium per liter.
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Because the neighbor's (unregulated)
private well was found to have
uranium in it greater than the public
drinking water standard, the index
family of the study had their well water
tested.
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When tested by a private laboratory, the
drinking water from the private
(unregulated) well of the index family
of the study was found to have a
uranium concentration of 866
micrograms per liter, which is about
29 times the EPA limit for public
drinking water.
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When retested by the State of
Connecticut Department of Public
Health Laboratory, the measured
uranium level was 1,160 micrograms
per liter, which is about 38 times the
EPA limit for public drinking water.
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The Connecticut Department of Public
Health also tested for other (natural)
contaminants in the index family's
(unregulated) private well water.
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Arsenic was present at a concentration
of .103 milligrams per liter, which is
10 times greater the EPA public
drinking water standard of 0.01
milligrams per liter.

Also, radium 226 and 228 combined
radioactive activity was 15.61 pCi,
which is 3 times the EPA public
drinking water standard of 5 pCi per
liter.
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The family had been drinking the private well
water for the entire 5 year period of their
occupation of the house.
The mother had drunk the well water during
her pregnancy with the youngest daughter,
who was three years old at the time the well
contamination with natural uranium was
identified.
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The family was advised to immediately
stop consuming water from the home
well.

63

The private wells of ten additional
nearby homes (eleven total including
the index family) in the development
where the index family resided were
tested by the state of Connecticut,
which produced highly variably
uranium concentrations in the private
well water from the different wells.

7 of the private wells had uranium
concentration below the EPA public
drinking water standard of 30
micrograms per liter: 0.2, 8, 8, 14, 14,
16, and 21.
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2 of the wells had uranium concentration
modestly above the 30 microgram per
liter standard: 36 and 46.

The last 2 wells had very high uranium
concentrations: 1165 micrograms per
liter in the index family's well and 521
micrograms per liter in one other
family's private well.
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The high variability in concentration of
uranium in the private wells is because
the uranium in the ground is tending to
form very well demarcated,
concentrated pockets of ore.
This is typical of many minerals, and is
why mining is as effective as it is.
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So what was seen medically in this
family that had for 5 years been
drinking well water with 38 times the
EPA's recommended uranium
concentration, 10 times the EPA's
recommended arsenic concentration,
and 3 times the EPA's recommended
radium concentration?
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24-hour urine measurement of uranium
content for both the children and the
adults in the index family was obtained
4 weeks after they stopped drinking the
well water. Another 24 hour urine
measurement of uranium content was
obtained for the adults six weeks after
they stopped drinking the well water.
71
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6 of the 7 family members had at least
one urine uranium measurement that
was elevated above normal. The
uranium excretion in those with
elevated uranium ranging from 1.1 to
2.5 micrograms uranium per 24 hours
(values in the unexposed population
are expected to be less that 1
microgram uranium per 24 hours).
72
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This means that despite drinking well
water with high uranium content, the
family members' uranium excretion
was at worst at the time of the
measurement only 2.5 times the upper
limit of normal in the unexposed
population.

(The family's uranium excretion had
probably been higher before anybody
thought to test it, as most absorbed
uranium is cleared by urine from the
body within days to weeks.)
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The renal tubules are structures in the
kidney through which filtered plasma
from the blood passes and begins to be
changed into urine. The renal tubules
tend to be very sensitive to injury from
chemicals, including many toxic
metals.

Urine beta-2 microglobulin levels were
measured in the family members to
look for possible renal tubular injury.
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Beta-2-microglobulin is a serum protein
that filters together with plasma into
the fluid that will become urine, and
then in a healthy proximal renal tubule,
is actively taken up and metabolized by
the cells of the proximal tubule.
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It is one of our most sensitive indicators
of damage to proximal tubules,
because if the lining cells of the
tubules are sick, they don't pick up the
beta-2 microglobulin, and it ends up in
the urine in the bladder.
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While beta-2-microglobulin is a very
sensitive indicator of renal tubular
damage, it does not tell you what
caused the damage, since many other
diseases (including diabetes, HIV
infection, and poisoning with other
heavy metals) can also cause
elevations of beta-2-microglobulin in
urine.
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The normal value for this unit is less
than 40 micrograms beta-2microglobulin per millimole creatinine.
6 of the 7 family members had normal
values for beta-2-microglobulin
excretion rate.

In this family, the beta-2microglobulin
levels in urine were measured, and
then they were corrected for
differences in the different family
members' body sizes by dividing the
raw values by the 24-hour creatinine
measurements for each family member
to produce a measurement called the
beta-2-microglobulin excretion rate,
which has units of beta-2microglobulin per millimole creatinine.
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The seventh family member was the 3year-old daughter who had drunk the
private well water all her life, and
whose mother had drunk the water
during her pregnancy.
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This 3-year-old's urinary beta-2microglobulin excretion rate was a
little over twice the upper limit of
normal, with value of 90 micrograms
beta-2-microglobulin per millimole
creatinine.
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This measurement was made about six
weeks after the uranium in the private
well was discovered, at the time of the
24 hour urine collection of the family.
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By 3 months after the family stopped
drinking the water from the well, the 3year-old's beta-2-microglobulin
excretion rate had dropped to slightly
above the upper range of normal at 52
micrograms beta-2-microglobulin per
millimole creatinine.

Other urinary studies were also
performed at 3 months after the family
had stopped drinking the well water on
all five children, and, in all cases
including the 3-year-old, there was no
evidence for any renal dysfunction in
any of the screening measures.
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These screening measures included tests
for phosphate wasting, bicarbonate
wasting, urine glucose, and urine
protein. The 3-year-old was not tested
again, because the problems with her
kidneys were apparently nearly
resolved.
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During the whole 5 year period of their
living in the house, all of the family
members had appeared normal and had
never had any symptoms that might be
attributed to the well water. All of the
neighbors appeared normal as well.
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The paper authors thought (and I agree
with their thoughts) that this 3-year-old
may have been particularly vulnerable
because of a combination of factors,
including the large amount of time
spent in the home, the fact that children
consume more water per body weight
than adults, and the immaturity of her
kidneys may have left them more
vulnerable to injury.
89
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So, what do I conclude from the results
of this family's exposure?
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1. Despite drinking private well water
containing 29-38 times the public
drinking water standard of uranium, 10
times the public drinking water
standard of arsenic, and 3 times the
public drinking water standard for
radium, 6 of the 7 family members
never experienced symptoms and never
had any demonstrable kidney
dysfunction.

2. The 3-year-old daughter did at 6
weeks have mildly altered renal
function by our most sensitive
indicator renal damage, which was
transient and was clearly resolving by
3 months after ceasing drinking the
contaminated well water. She was
never symptomatic and there is no
suggestion that she may have any
permanent renal damage.
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4. In areas where uranium is known to
occur at high concentrations, it is
probably a good idea to have private
wells tested for it and other
contaminants, since if a well has the
misfortune of being drilled through an
underground uranium ore deposit, the
levels of uranium in the private well
water may be very high.

3. This family's surprisingly good health
strongly argues to me that our EPA
public water standards for uranium,
arsenic, and radium are appropriately
set, since it took very high overdoses
compared to the standards to
demonstrate any abnormality.
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6. The marked variability in the uranium
concentrations from well to well also
indicates to me that there was very
little mixing of the water near one well
with water near other nearby wells. I
suspect that the other well with very
high levels of uranium in the group of
11 wells was also through the natural
uranium deposit, and those with other
levels were not.

5. All private wells in such an area
should be tested, since the uranium
concentrations from site to site may
very widely.

95

96

53

The paper does not indicate the size of
the lots in the development, but 3 to 5
acres each might be a reasonable
estimate.
The reason in-situ mining can work so
well so safely is there isn't usually that
much mixing between adjacent pockets
of water in an underground aquifer.

When I first started thinking about
underground water, I imagined a lake
under the ground in which a
contaminant would mix freely with all
of the water.
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Now I think a water filled sponge is
often a more accurate image that
reflects the fact that mixing of water
under the ground happens very poorly.
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One last point in closing: China and
India, with over one quarter of the
world’s population, are this decade
entering middle class. I think nearly
every one of those new middle class
families is going to want a warm house
and a car. We will probably need all of
our different types of energy resources.
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Historical Perspective: Occupational Health Experience in the Uranium Mining Industry
Karen B. Mulloy, DO, MSCH, Director, Denver Health Center for Occupational Safety and
Health and Associate Professor, University of Colorado School of Medicine Denver, CO and
Teresa Coons, PhD, Saccomanno Research Institute Grand Junction, CO
Abstract
Working in the uranium mining industry has been associated with acute and chronic occupational
disorders. Historically, most of the uranium mining and milling in the United States occurred in
the Four Corners region of the Southwest (Arizona, Colorado, New Mexico, Utah) and on Native
American lands. Mining and milling operations are a unique, complicated, and potentially
hazardous environment for the worker. During the boom years from the 1940s to the 1960s there
were thousands of above and below mining operations and numerous mills in the region
involving thousands of miner, millers, and ore transporters. This paper of the historical and
current workplace exposures will include a discussion of the risks acute and chronic
musculoskeletal disorders, noise induced hearing loss, non-malignant and malignant respiratory
diseases, and non-malignant and malignant renal disease.
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Denver Health Center for Occupational Safety and Health
Karen B. Mulloy, DO, MSCH is residency trained and board certified in Occupational
Medicine and Family Practice. She has 20 years experience in the field of occupational health
research and clinical work. Dr. Mulloy received her medical education at the West Virginia
School of Osteopathic Medicine in 1986. She completed a combined residency program in
Family Practice with a Masters of Science in Community Health, emphasis in occupational &
environmental health, at Marshall University School of Medicine, Huntington, WV and a
residency in Occupational Medicine at the University of Kentucky School of Medicine.
Dr. Mulloy is the Director of the Denver Health Center for Occupational Safety and
Health, Denver, Co. She is an Associate Professor in the University of Colorado School of
Medicine and the Director of Continuing Education for the NIOSH funded Mountain and Plains
Education and Research Center.
Dr. Mulloy has had a long term interest in the health effects of mining. While chief of the
Division of Occupational and Environmental Health at Marshal University School of Medicine
(1991-1994) she was responsible for clinical evaluation and medical monitoring of coal miners
through out the state of West Virginia. At the University of New Mexico School of Medicine
(1998-2007) Dr. Mulloy continued her work with miners in the Four Corners region of the
Southwest. Dr. Mulloy worked with the Miners Colfax Medical Center (1998-2007) on a medical
screening program for miners throughout the state of New Mexico and was the Principal
Investigator on a grant from HRSA (2002-2007) on a medical screening program for uranium
miners and millers (New Mexico Radiation Exposure Screening and Education Program). Dr.
Mulloy’s long-term interest in the health effects of mining continues with her investigation of
noise induced hearing loss among miners in the Southwestern U.S and she has published a peer
reviewed article on lung cancer in a non-smoking Navajo uranium miner.
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Historical Perspective
Occupational Health
Experience in the Uranium
Mining Industry
Karen B. Mulloy, DO, MSCH

Denver Health Center for Occupational Safety and Health
Denver, CO

Teresa A. Coons, PhD

Saccomanno Research Institute
Grand Junction, CO
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Uranium Mining Employment
New Mexico, 19521952-1971

6
.
New Mexico State Mine Inspector’s Annual Reports, compiled by Phil Kozushko, NM Bureau of Mine Inspection
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Contaminants
common in uranium operations
Radioactive elements - uranium,
radium, radon, polonium, lead
Heavy metals — arsenic , lead,
selenium, uranium
Chemicals - organic compounds, strong
acids and bases
Dust particles – silica, ore dust, asbestos
7

Health Effects of Uranium
Mining/Milling
Injuries – Fatal and NonNon-Fatal
Respiratory Diseases
Hearing Loss
Chronic Musculoskeletal
Disorders
Cancer

8

Occupational Injury Death Rates By
Industry and Year,United States, 19801980-1995

Rate Per 100,000 workers † Includes public administration, manufacturing,
wholesale trade, retail trade, services, and finance/insurance/real estate
MMWR 48(22): 464, 1999 Jun 11

Number of Deaths and Fatality
Rates in Mining, U. S. 19111911-1997

MMWR 48:461, 1999
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Non Fatal Injuries

Number of MSD cases and all nonfatal
injury/illness cases involving days away
from work in private industry, 1992–
1992–2001

Worker Health Chartbook 2004, NIOSH

MSD cases and all nonfatal injury/illness
cases involving days away from work in
private industry by industry, 2001
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Noise Induced Hearing Loss
49% of male metal/nonmetal
miners have hearing impairment by
the age of 50 years
Vs. 9% of the male general population
Increases to 70% by age 60 years

NIOSH – Work related Hearing Loss Fact Sheet
DHHS (NIOSH) Publication 2001-103

14

Respiratory Diseases that
Can Occur in Uranium Miners
Silicosis
Pulmonary fibrosis
Chronic obstructive pulmonary
disease (COPD)
Lung cancer
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NonNon-Malignant Respiratory Disease
Prevalence Relative to Uranium Mining
Duration
Respiratory symptoms prevalence

Worker Health Chartbook 2004, NIOSH
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Silicosis: Crude mortality rates by
state, U.S. residents age 15 and over,
19901990-1997

40
35
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25

Dyspnea
Chronic Cough
Chronic Phlegm

20
15
10
5
0

10

10-19

>20

Uranium Mining Experience (years)
Standardized for smoking status Samet M.J., et al., 1984. Health Physics 46:361-370
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Worker Health Chartbook 2004, NIOSH
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PMRs & 95% confidence intervals for silicosis in
U.S. residents by industry and occupation,
1990–
1990–1999*

Silicosis

Progressive Massive Fibrosis

Normal Chest X-ray

Worker Health Chartbook
2004, NIOSH

*adjusted for age,
19
race, and sex,

Underground Uranium Miners
Risk of Lung Cancer

Pneumoconiosis on Chest XX-ray
For Different Types of Mining
% with abnormal x-ray

Hard Rock (1)
Surface Coal
(2)
Underground
Coal (3)

04
'5
-9
'1
01
'1 4
519
'2
02
'2 5
530
30
+

80
60
40
20
0

From: Pathology of Occupational Lung Disease,
2nd ed., A Churg, FHY Green, 1998, pg. 163

Years of Mining
1. K Steenland, D Brown, Am J Public Health, 1995;85:1372
2. RG Love et al. Occup Environ Med 1997; 54:416
3. NIOSH. Occupational Exposure to Respirable Coal Mine Dust, 1995, pg. 47.

Relative risk from smoking: 10-20
Average relative risk from
underground uranium mining is 3.5
Decline in relative risk from the
time of last exposure in
underground uranium mine: 50%
after 15 years.
J. Samet, Occupational Medicine, 2nd edition, 1991
R. Hornung, Environ Health Perspect 103(Suppl3):49, 1995

Relative Risk for Lung Cancer
60
50
40

Relative 30
risk
20
10
0

Never
Smoker

Passive
Smoker

Uranium
miner

Smoker, 1
Smoker, 2
pack per day packs per day

Archer VE, Gillam JD, Wagoner JK. Respiratory disease mortality
among uranium miners. NY Acad Sci 271:280, 1976.
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Uranium
miner and
smoker
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Diseases that Can Occur
in Uranium Millers






Silicosis
Pulmonary
fibrosis
Chronic
obstructive
pulmonary
disease (COPD)
Lung cancer




Chronic Renal
Disease
Renal Cancer
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Uranium Millers: Retrospective
Mortality Studies




Uranium Millers: Retrospective
Mortality Studies


Statistically significant increase in mortality
from non-malignant respiratory disease
Non-significant increases in mortality from
chronic renal disease , and lymphatic and
hematopoietic malignancies other than
leukemia and lung cancer



SMRs for lung cancer and emphysema
among men hired before 1955 (higher
exposures to uranium and vanadium)
significantly greater than SMRs for men hired
in 1955 or later
Mortality for causes of death observed to be
in excess did not increase with time of
employment

1.

Mortality Patterns Among A Retrospective Cohort of Uranium Mill Workers.
RJ Waxweiler et al. Epidemiol Applied to Health Physics, 1983

1.

Mortality Patterns Among A Retrospective Cohort of Uranium Mill Workers.
RJ Waxweiler et al. Epidemiol Applied to Health Physics, 1983

2.

Mortality among a cohort of uranium mill workers: an update. E Pinkerton, et al.
Occup Environ Med, 2004

2.

Mortality among a cohort of uranium mill workers: an update. E Pinkerton, et al.
Occup Environ Med, 2004
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Radiation Exposure Compensation
Act (RECA)

1990 RECA
Congressional Findings
“radiation released in underground uranium
mines that were providing uranium for the
primary use and benefit of the nuclear weapons
program of the United States Government
exposed miners to large doses of radiation and
other airborne hazards in the mine environment
that together are presumed to have produced an
increased incidence of lung cancer and
respiratory diseases among these miners”
§ 42 U.S.C. 2210(2)(a).

Passed by the US Congress in 1990
“providing for compassionate payments
to individuals who contracted certain
cancers and other serious diseases as a
result of radiation released during aboveground nuclear weapons tests or as a
result of their exposure to radiation
during employment in underground
uranium mines.”
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RESEP

Utah Navajo Health Systems
Montezuma Creek, UT
Dixie Regional Medical Center
St. George, UT

Goal
Provide comprehensive, communitycommunitybased education, health screening,
outreach and eligibility assistance
program for former uranium
workers
31

QUESTIONS?

Photo by Doug Brugge "Memories Come To Us In the Rain and the Wind",
Oral Histories and Photographs of Navajo Uranium Miners & Their Families.
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St. Mary’s Hospital &
Regional Medical Center
Grand Junction, CO

University of Nevada
Las Vegas
Las Vegas, Nevada

University of New Mexico
Albuquerque, NM
Mountain Park Health Center
Phoenix, AZ
Northern Navajo Medical Center
Shiprock, NM

RESEP Centers
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Overview of Uranium Fuel Cycle
Thomas Johnson, PhD CHP
Department of Environmental and Radiological Health Sciences, Colorado State University, Fort
Collins CO
Abstract
The process that is required to convert uranium ore to reactor fuel is not a simple one. Uranium
235 must be increased in concentration (enriched) so that it can be used in nuclear reactors, and it
must then be converted to the proper form for fuel fabrication. The processes used to convert
uranium to a usable form requires multiple facilities located throughout the United States. This
presentation will follow the journey and processes that uranium takes from the mine to final
disposition after it has been used as fuel in a reactor.
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Technologist.
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Uranium
Fuel Cycle
in the
United States
Tom Johnson
Colorado State University
tj@colostate.edu
1

Uranium Mine

“In-situ” partial
“milling”
Uranium Milling To U3O8
“Yellowcake”
U3O8
“Yellowcake”

2

Uranium Projects

Commercial Reactors

Enriched
UO2

• Wyoming, Colorado, New Mexico,
Nebraska, South Dakota, Texas

Conversion of enriched
UF6 Gas to fuel
(6 facilities)
Enriched
UF6 Gas

Conversion to UF6 Gas
Metropolis, Illinois

UF6 Gas

Enrichment of UF6 Gas
To ~3% U-235
Paduch KY or
Portsmouth OH
DU

3

4

Mining
• In-situ leach mining
– ISL process loads U onto “anionic resin”, then
removed from resin to concentrate U and then
“conventionally milled”
– No conventional “tailings” produced
– Natural geochemical processes will change
concentrations of some parameters over time

• Underground mining
• Surface mining
5
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Jackpot Mine Portal
WY

9

Sweetwater Pit Mine WY

10

Milling
• Colorado is an
agreement state
• This map only
shows NRC
licensed mills

•Cotter Mill Cañon City, CO

11
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12

Yellowcake, U3O8

Chemical Process to UF6

• Shipped to conversion facility in
Metropolis IL

• Metropolis, IL

13

Overall Conversion
Process
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Conversion Process (1)
• First passed through a calciner which
removes carbonates, water and others
volatile materials
• Calcined material is then blended and
agglomerated to obtain an optimum
particle size for fluid operations
• Sent to fluid bed reductor where it is
contacted at elevated temperature with
hydrogen
– U3O8 + 2H2→ 3UO2 + 2H2O
15

Conversion Process (3)

Conversion Process (2)

• Impurities are reacted and evolved
out in filtered waste gas stream

• UF4 is contacted with elemental F
in fluid bed fluorinators

– incinerated, and discharged

• Reduced UO2 is sent directly to
hydro-fluorination fluid bed reactors
– React with anhydrous hydrofluoric acid
(AHF) produces UF4
– UO2 + 4HF→ UF4 + 2H2O
– Photo is HF vaporizer
– UF4 = “green salt”

16

– metallic impurities remain as the UF6 is
volatilized
– UF4 + F2→ UF6

17
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UF6 Hazards
• UF6 + H2O(humidity in air)→HF+UO2F2
• Corrosive to lungs!

19

Natural Uranium
Shipment

20

Commercial Nuclear
Fuel Cycle

21

Enrichment
Processes
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Enrichment Hazards
• Radiation hazards exist
– External, inhalation due to uranium or
daughters

• Gaseous Diffusion
• Gas Centrifuge

• Chemical hazards also exist
• Fluorine gas, Uranium as a metal toxin

• At all points during and after
enrichment, criticality hazards exist
– Prior to enrichment, not a criticality
hazard, unless very unusual conditions
exist
23
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• Heavy water reactors

24

Gaseous Diffusion

Gaseous Diffusion
• Compress gas at each stage to
make up for pressure loss across
each barrier
• Main dangers are chemical in
nature

• Used in USA
– Commercial locations: KY and OH
– DOE: Oak Ridge
– Capacity in Separative Working Units (SWU)
– 200 atoms natural feed to produce 1 atom
235U

– As compressed, heats up

• UF6 forms HF acid in air from H2O
in air
25
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Gaseous Diffusion
Stage
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Portsmouth OH
Facility
• Centrifuge plant
replacing gaseous
diffusion plant
• 11,500 rotors
• Startup 2009
– 3.8 million SWU by
2012

• 2008 start
demonstration
29
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Gas Centrifuge

NEF Eunice NM

• Planning at Portsmouth
• New facility in New
Mexico under
construction
– National Enrichment
Facility, Eunice NM
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U.S. HEU Status
• In total, 50 MTU of HEU, containing 3.2
MMSWU
and 5,400 MTU equivalent feed, will be
transfer-red from DOE. USEC is responsible for all
costs
to convert the material for commercial use.
To date, >7 MTU as oxide has been transferred
to BWX Technologies for down-blending.
Down-blending commenced in late fall 1999 and
is anticipated to last through 2013.
Approximately 10% of nuclear reactor power
comes from this source!

Uranium Fuel Fabrication Facilities
Global Nuclear Fuel-Americas, LLC

Wilmington, North Carolina

Westinghouse Electric Company, LLC

Columbia, South Carolina

Nuclear Fuel Services, Inc.

Erwin, Tennessee

Framatome ANP, Inc.

Lynchburg, Virginia

BWX Technologies, Inc.

Lynchburg, Virginia

Framatome ANP, Inc.

Richland, Washington

Uranium Hexafluoride Production (Conversion) Facility
Honeywell International, Inc.

Metropolis, Illinois

Gaseous Diffusion Enrichment Facilities
U.S. Enrichment Corporation

Paducah, Kentucky

U.S. Enrichment Corporation

Piketon,Ohio

National Enrichment Facility

Eunice, New Mexico
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Fuel Fabrication
• UF6 gas is chemically processed to
form LEU (low enriched uranium)
uranium dioxide (UO2) powder
• Powder is pressed into pellets,
sintered into
ceramic form,
loaded into
Zircaloy tubes,
and constructed
into fuel
assemblies

Fuel Assembly

37
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Commercial Nuclear Power
Reactors in The United States

Fuel Assembly
• Typical fuel
assembly has
264 fuel rods
– Assemblies are about
5” to 9” square
by about 12’ long

39

Temporary Dry Storage On
Site

41

40

Yucca Mountain
Being Considered As
Disposal Site

42
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High-Level Radioactive Waste
Repository at Yucca Mountain,
Nevada
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Truck vs. Concrete
Wall at 60 mph
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Environmental Assessment and Measurements
Janet A. Johnson, PhD, CHP, CIH
Tetra Tech Inc.
Abstract
Environmental monitoring at uranium recovery facilities includes air, water, and direct radiation
measurements. The monitoring requirements for conventional uranium recovery facilities (mills)
are given in the U.S. Nuclear Regulatory Commission Regulatory Guide 4.14. While these
requirements were originally intended to apply to uranium mills, they have been adapted for in
situ recovery facilities (ISRs). Environmental measurements in and around uranium facilities
include air particulate concentrations, radon concentrations in air, radon flux concentrations,
ground and surface water concentrations, potential impacts of foodstuffs, and direct radiation
doses at the site boundary. This presentation describes briefly the methods used to determine the
concentrations of radionuclides in environmental media and to assess the impacts to members of
the public.
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Uranium in the Environment

ENVIRONMENTAL
ASSESSMENT AND
MEASUREMENTS



Pathways





Monitoring


CSU, CRMCHPS, NIOSH
Uranium Symposium and Workshop
February 2, 2008






Jan Johnson, PhD, CHP, CIH
TetraTech

How does uranium move from the soil or water to other
environmental media?
How does uranium in the environment affect humans?
What environmental media do we monitor?
When do we monitor?
How do we measure uranium in environmental media?

Assessment


What do we do with the data we collect?

2

1

Environmental Monitoring

Environmental Pathways

3

ENVIRONMENTAL
MONITORING






REGULATORY REQUIREMENTS

Why?


4



Track the movement of uranium and its decay products in
the environment
Assess the impact of operations on the environment and
people

U.S. Nuclear Regulatory Commission Regulatory Guide
4.14 “Radiological Effluent and Environmental
Monitoring at Uranium Mills”
Mills”


When?




Before operations begin to assess the background conditions
as a baseline for eventual reclamation and restoration
During operations as a check on environmental control
measures
At the end of operations to assure that all regulatory
requirements for reclamation have been met





5

Specifies monitoring required prior to start up (baseline
monitoring) and during operations of conventional uranium
mills
Requires at least one year of baseline measurements
Continuous monitoring during operations and until the
radioactive materials license is terminated
Reg Guide 4.14 requirements are modified to be applicable to
in situ recovery (ISR) facilities

6
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TYPES OF ENVIRONMENTAL
MEASUREMENTS


Environmental Radon Monitoring

Air



Radon Gas
 Air particulates










Radon is monitored at the site boundary and various
locations on site.
Alpha track dosimeters


Water
Direct Radiation
Soil
Vegetation
Meat, Milk, Fish



Plastic chip
Alpha particles from radon produce a track of damage in the
plastic






Tracks are made visible by chemical etching
Number of tracks on the chip are counted

Number of tracks is proportional to the radon exposure
Average radon concentration is calculated based on the
number of tracks and the number of days of exposure

7

Environmental Air Particulate
Monitoring








8

Air Particulate Sampling

Air particulate samplers are located at the site
perimeter, upwind, and at the nearest residence
Air is pumped through a filter that traps the dust
Samplers are operated continuously
Filters are generally changed weekly, composited
quarterly and sent to a laboratory for analysis
For conventional mills and ISRs with yellowcake
processing, laboratory analyzes for natural uranium,
thoriumthorium-230, radiumradium-226, and leadlead-210
Concentrations in air are determined by dividing the
total activity on the filter by the volume of air sampled.
9

10

Air Particulate Sampler

Effluent Monitoring




11
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Uranium recovery facilities use air pollution
control devices to minimize release of dust to
the environment from stacks.
Concentrations of uranium and its decay
products in dust are measured at each stack or
potential release point routinely (quarterly or
semisemi-annually).

12

Soil and Vegetation Sampling


Vegetation Sampling

Baseline samples and annual samples during operations


Vegetation (three times during the growing season)



Soil








Samples analyzed for uranium and its decay products
Surface soil for baseline and operational periods
SubSub-surface soil for baseline studies
Surface and subsub-surface soil for reclamation monitoring
Samples analyzed for uranium and its decay products

13

14

Meat, Fish and Milk


Water Monitoring

Baseline and routine operational sampling requirements
for food depend on the site location and local
agriculture



Meat and milk samples are taken in areas where there are
ranching and/or dairy operations in the immediate vicinity of
the facility
Fish samples are taken from surface water bodies (lakes,
ponds, streams, etc.) that could support a fish population
Samples are analyzed for uranium and its decay products









Surface water and groundwater are monitored for
uranium and its decay products prior to and during
operations.
Streams and other surface water bodies where they are
present on or near the site



Within or adjacent to the facility
Any water body that could be impacted by the facility



Groundwater



Domestic and agricultural wells



Upgradient and downgradient of the uranium operations

15

Direct Gamma Radiation


16

Gamma Scanning

Direct gamma radiation exposure rates are
measured over the entire site prior to the start of
operations to determine the background
radiation level.
Discrete measurements over a grid laid out in
advance
 Gamma scanning that covers the site using a system
that records exposure rate and location
simultaneously


17
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Hand-held GPS-based PDA, programmed to
simultaneously record GPS and gamma
exposure rate every 1 second

Gamma Scanning

19
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Baseline Exposure Rate
Measurement Map

Typical Data File
Latitude

Longitude

Date/Time

R/hr

N 35 28.0501

W115 31.0668

3/9/05 8:48:41

3.05E3.05E-05

3D GPS Location

N 35 28.0501

W115 31.0668

3/9/05 8:48:42

3.05E3.05E-05

3D GPS Location

3/9/05 8:48:43

3.31E3.31E-05

3D GPS Location

N 35 28.0500

W115 31.0667

3/9/05 8:48:44

3.36E3.36E-05

3D GPS Location

N 35 28.0500

N 35 28.0500

W115 31.0667

W115 31.0668

3/9/05 8:48:45

3.41E3.41E-05

3D GPS Location

N 35 28.0499

W115 31.0667

3/9/05 8:48:46

3.15E3.15E-05

3D GPS Location

N 35 28.0499

W115 31.0667

3/9/05 8:48:47

3.24E3.24E-05

3D GPS Location

N 35 28.0499

W115 31.0667

3/9/05 8:48:48

3.24E3.24E-05

3D GPS Location

N 35 28.0499

W115 31.0666

3/9/05 8:48:49

3.40E3.40E-05

3D GPS Location

N 35 28.0498

W115 31.0666

3/9/05 8:48:50

3.68E3.68E-05

3D GPS Location

3.52E3.52E-05

3D GPS Location

N 35 28.0498

W115 31.0666

3/9/05 8:48:51

N 35 28.0498

W115 31.0666

3/9/05 8:48:52

3.52E3.52E-05

3D GPS Location

N 35 28.0498

W115 31.0665

3/9/05 8:48:53

3.31E3.31E-05

3D GPS Location

N 35 28.0497

W115 31.0665

3/9/05 8:48:54

3.55E3.55E-05

3D GPS Location

N 35 28.0497

W115 31.0665

3/9/05 8:48:55

3.35E3.35E-05

3D GPS Location

N 35 28.0497

W115 31.0665

3/9/05 8:48:56

3.35E3.35E-05

3D GPS Location

N 35 28.0497

W115 31.0664

3/9/05 8:48:57

3.27E3.27E-05

3D GPS Location

N 35 28.0497

W115 31.0664

3/9/05 8:48:58

3.36E3.36E-05

3D GPS Location

N 35 28.0498

W115 31.0664

3/9/05 8:48:59

3.56E3.56E-05

3D GPS Location

21

Gamma Dose Rate Monitoring
During Operations




Measurements to Guide Reclamation

Radiation dose rates are measured continuously
at the perimeter of the site prior to start up,
during operations, and during reclamation.
Exposure rates are monitored routinely during
operations in various locations on the site to
detect changes in radiological conditions and to
assess potential radiation doses to workers.





23
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22

Gamma scans and soil sampling are used to
guide reclamation
After reclamation, gamma scans and soil
sampling are used to demonstrate that the
reclaimed site meets regulatory requirements and
does not present a risk to members of the
public.

24

Gamma Exposure Rates Prior to
Cleanup

Gamma Status After 2 Months of
Excavation

Buildings
Compound

Buildings
Compound

Access Road

Interpolated gamma data for areas not scanned
due to slash piles, dangerous terrain, etc.

Access Road

Buildings Compound and Access Road
areas not targeted for 2005 cleanup efforts

Buildings Compound and Access Road
areas not targeted for 2005 cleanup efforts

25
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ASSESSMENT
What do we do with the data?

Gamma Exposure Rates After 5 Months
Goal – entire site green/blue


Baseline data



Buildings
Compound



Operational data


Access Road





Buildings Compound and Access Road
areas not targeted for 2005 cleanup efforts

Determine the basis for future reclamation and restoration
requirements
Compare to operational data to assess potential
environmental releases
Track potential environmental releases and evaluate the
effectiveness of controls
Evaluate potential impacts to members of the public
Prepare annual or semisemi-annual environmental reports
Demonstrate compliance with regulatory requirements

27
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Public Dose Assessment


Dose Assessment Codes





RESRAD


RESRAD
MILDOS



Direct dose assessment




Calculated exposures
based on gamma
measurements
Calculated doses based on
concentrations in soil, air,
and food.

Most commonly used dose estimation code
Developed to assess the radiation doses from residual
radioactive materials – all pathways including ground
and surface water.
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User specifies radionuclide concentrations in soil; code
calculates concentrations in air and water
Intake of radionuclides by individuals calculated using the
estimated concentrations in air and water.
Lifetime radiation dose to individuals calculated based on the
amount of the radionuclide in the body.
30
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Typical Annual Calculated Doses to
Members of the Public (Cotter Mill)

MILDOS







Assesses doses to members of the public from
airborne radioactivity.
Developed specifically for conventional uranium
mills in 1984
Revised several times in the 1980s and 1990s
Adapted for In Situ Facilities in May 1997

Dose -Excluding Rn Total DoseDose-Includes Rn
Maximum Calculated
Dose to a member of the
public from U Mill
operations:
3 mrem

Maximum Calculated Dose to
a member of the public from
from U Mill operations:
20 mrem

Annual limit: 25 mrem Annual Limit:
100 mrem
Background: 200 mrem Background: 300 - 700 mrem
31

ALARA


QUESTIONS?

The guiding principal in radiation protection is
keeping radiation doses to workers and
members of the public “as low as reasonably
achievable”
achievable” (ALARA).

33
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Worker Radiation Protection at Uranium Mines, Mills and ISRs
Steve Brown, CHP, President SHB Inc., Centennial, Co.; Jim Cain, Environmental
Coordinator/Radiation Safety Officer, Cotter Corporation, Cañon City, Co.
Abstract
This paper presents an overview of the typical operational health physics programs applied at
uranium mines, mills and in situ recovery facilities to ensure that the radiation exposure of
operational personnel is maintained as low as is reasonably achievable (ALARA). The programs
described herein are quite mature and well documented in the literature, having been developed
and improved over many years of operational experience in the measurement and assessment of
the radiological environments of these facilities. The major program elements that are described
in this paper include:
•
•
•
•
•

•

•

•

ALARA Committee, engineering controls (dust collection), training programs and work
control via formalized procedures
internal audit and quality control programs to ensure execution of safe work practices
and regulatory compliance
airborne monitoring for long lived alpha emitters (U, Th, Ra) in the underground and in
precipitation, product drying and packaging areas including combinations of grab sampling,
breathing zone sampling and continuous monitoring techniques
surface area contamination surveillance and control throughout plant and ancillary areas
bio-assay (urinalysis) programs appropriate for the uranium products to which employees
are potentially exposed. Product specific solubility characteristics can have metabolic
implications for bioassay and these circumstances are described.
external exposure monitoring primarily in areas where large quantities of uranium
concentrates (ammonium diurinate, uranyl peroxide, uranyl trioxide, others) are processed,
packaged and/or stored and particularly for ISRs, areas where radium build-up can occur
(resin columns and tanks, sand filters and clarifiers, etc.)
radon gas and radon progeny monitoring in the underground and particularly at the front
end (ore bins and pads) and back end (tailings and byproduct material storage areas) of
milling or recovery processes where radon is most likely to evolve and specifically for ISR,
where solutions return from underground
respiratory protection programs if necessary
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1

2

Overview


Contents

This paper presents an overview of typical operational health
physics programs at uranium mines, mills, and in situ recovery
facilities



Objectives of these programs are to ensure radiation exposure
of operational personnel is maintained as far below regulatory
criteria as is reasonably achievable (“
(“As Low As Reasonably
Achievable”
Achievable” - ALARA).



Programs described are quite mature and well documented in
the literature



Developed and improved over many years of operational
experience in the measurement and assessment of the
radiological environments of these facilities.



Regulatory Basis - defines envelope within which all
operations must be conducted



What must be measured? - natural uranium and the uranium
series radionuclides



Program elements to ensure ALARA



Conclusions

3

4

Regulatory Basis


Regulatory Basis - continued

Federal (USNRC
(USNRC and USDOE)
USDOE) Annual Exposure Limit is
5000 millirem/yr
millirem/yr total effective dose equivalent - “TEDE”
TEDE”
(USNRC @ 10 CFR 20.1201, USDOE @ 10 CFR 835.202)



Agreement states adopt identical limits (e.g.. in Colorado @
CDPHE 6 CCR 10071007-1, Part 4, para.
para. 4.6.1.1)



However, ALARA drives radiation protection philosophy and
is formally incorporated into design and execution of all
activities and tasks



ALARA program per USNRC Regulatory Guide 8.31,
“Information Relevant to Ensuring that Occupational
Radiation Exposures at Uranium Mills Will Be As Low As
Reasonably Achievable”
Achievable”

5
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Radiation protection program methods for measurement and
assessment defined in USNRC Regulatory Guide 8.30,
“Health Physics Surveys in Uranium Recovery Facilities”
Facilities”



Instructions to workers: USNRC 10 CFR 19.12, “Instructions
to Workers”
Workers”; Regulatory Guides 8.13, “Instruction Concerning
Prenatal Radiation Exposure”
Exposure” and 8.29, “Instruction
Concerning Risks from Occupational Radiation Exposure”
Exposure”



Annual doses (TEDE) doses greater than a few hundred
mrem/yr
mrem/yr unusual and average typically < 50 mrem /year

6

The Uranium Series

What Do We Measure?
The Three Isotopes in “Natural Uranium”
Isotope

% of Mass in U
Natural

% of
Radioactivity in
U Natural

Half Life (yrs)

U 238

99.3

48.9

4.5 Billion

U 235

0.72

2.2

704 million

U 234

0.005

48.9

245,000

Source: U.S. Public Health Service, Agency for Toxic Substances and Disease Registry,
“Toxicological Profile for Uranium”, 1999
From National Council on Radiation Protection and Measurements No. 77, “Exposures from the
Uranium Series ..”
7
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Major Program Elements
1.

Airborne monitoring for long lived alpha emitters (U, Th,
Th,
Ra) in the underground and in precipitation, product drying,
and packaging areas

2.

Surface area contamination surveillance and control
throughout plant and ancillary areas

3.

Bioassay (urinalysis) programs appropriate for the uranium
products to which employees are potentially exposed.

4.

External exposure monitoring primarily in areas where large
quantities of uranium concentrates (ammonium diurinate,
diurinate,
uranyl peroxide, uranyl trioxide, triuranyl octaoxide,
octaoxide, others)
are processed, packaged, and/or stored and particularly for
ISRs,
ISRs, areas where radium buildbuild-up can occur (resin columns
and tanks, sand filters, and clarifiers, etc.)

Major Program Elements - continued

5. Radon gas and radon progeny monitoring in the underground and
particularly at the front end (ore bins and pads) and back end
(tailings and byproduct material storage areas) of milling or
recovery processes where radon is most likely to evolve and
specifically for ISR, where solutions return from underground
6. Respiratory protection programs if necessary
7. Training programs and work control via formalized procedures
8. Internal audit and quality control programs to ensure execution of
safe work practices, ALARA, and regulatory compliance

9
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Airborne Monitoring
Long Lived Alpha Emitters


Uranium (natural) , Thorium 230, Radium 226, Lead 210



Underground (mines), ore storage areas (mills) intermediate
and final product processing and packaging areas (mills/ISRs
(mills/ISRs))




Airborne Monitoring
Long Lived Alpha Emitters - continued


Radioactivity measured on filter combined with total time of
sampling and flow rate of pump = radioactivity per unit
volume of air (uCi
/ml)
(uCi/ml)

Filter paper collection of airborne dust via air pump



Concentrations compared to regulatory limits

Sampling combinations of :



Investigation levels established (usually 10% of limit) evaluation initiated, corrective measures if necessary



Concentration combined with stay time of worker = Derived
Air Concentration hours (DAC - hrs); provides means to
calculate contribution to dose (1 DAC hr = 2.5 mrem)
mrem)



Continuous: hi volume (24/7), fixed location



Grab: high volume for specific time, fixed location



Personnel breathing zone: low volume pump on human
(job function/activity specific)
11

12
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General Air Sampler

Breathing Zone Sampler

Jim Cain Environmental
Coordinator/Radiation Safety Officer

13

Surface Area Contamination Surveillance and
Control

Stack Emission
Laboratory Baghouse



Objective to confine radioactive material to only those areas it
should and we want it to be



Routine measurements in general plant areas



Special adad-hoc assessments and immediate clean up in event of
spills



Physical areas established and controlled based on expectation
of contamination - controlled (restricted to assigned workers)
vs. transition vs. unrestricted (potential for public access)



Engineering of HVAC systems to ensure negative pressure air flows from unrestricted thru transition to controlled areas

15

Surface area contamination surveillance and
control - continued


Personnel must pass through Ingress/Egress checkpoints at
boundary of controlled area - monitoring “(frisking)”
(frisking)” and wash
with water/soap if necessary at transition boundary



No personal contamination permissible when leaving control
area



General area surveys of plant floors, equipment surfaces,
office areas, etc. regularly performed and documented - wash
downs as necessary.



Federal (NRC/DOT) contamination limits for material and
equipment must be met to be released to unrestricted areas

16

Alpha Survey

17
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14

Jim Cain Environmental
Coordinator/Radiation Safety Officer
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Typical Personnel Scanning Station

Bioassay (urinalysis) programs


As additional check on adequacy of air sampling and
contamination control programs, urinalysis samples collected
from workers with highest potential of intake (ore/yellowcake
areas e.g.)



Voids analyzed and uranium concentration (ug/l
(ug/l)) compared to
action levels



Relatively high solubility in body fluids of most uranium
compounds at mills permits fairly rapid detection following
exposure



However, variability of solubility characteristics between
uranium products may require facility specific programs



Program requirements and guidance from US NRC Regulatory
Guide 8.22, “Bioassay at Uranium Mills”
Mills” and American
National Standard HPS N13.22, “Bioassay Programs for
Uranium”
Uranium”

19

Thermo Luminescent Dosimeter - TLD

External Exposure Monitoring


Penetrating radiation exposure (beta/gamma) regularly
measured via personnel dosimeters worn by workers as well as
fixed area locations



“TLDs”
TLDs” - Thermo Luminescent Dosimeters - have lithium chip
that absorbs and stores energy - stored energy released as light
emissions when heated (Optical Stimulated Luminescent
Dosimeters –OSLs – now also being used)



Monthly or quarterly results via exchange of badges



Typical results very low, highest exposure rates expected
where large quantities of ore and concentrate/product are
processed and stored

20

21

Jim Cain Environmental
Coordinator/Radiation Safety Officer
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Final Mill / ISR Product

Yellowcake Dewatering

23

24
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Radon and Progeny (“
(“Radon Daughters”
Daughters”)
Monitoring


Radon 222 (daughter product of radium 226) is a gas and
therefore very mobile



However it rapidly decays into a series of shortshort-lived progeny



Inhalation of very high concentrations of these particulate
“daughter products,”
products,” in combination with heavy smoking, is
believed to have produced excess cases of lung cancer in
underground miners from exposure 3030-40 years ago

Radon and Progeny - continued


Accordingly, much lower exposure limits were established in
the 1970s and are used today



Areas where air can be relatively “still”
still” (underground, in
confined spaces in mill, etc) require engineered ventilation and
frequent monitoring



At ISRs,
ISRs, locations where solutions return from underground
and initially exposed to atmospheric pressure can be
significant radon sources - local ventilation and frequent
monitoring for both radon gas and progeny may be required

25
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Radon and Progeny

Radon and Progeny - continued


Radon progeny exposure limits established at 4 Working
Level Months (WLM) per year (USNRC 10 CFR 20,
Appendix B, Table 1)



1 WLM = 1.3 X 105 Mev alpha energy/liter of air = 100
pCi/liter Rn in “equilibrium”
equilibrium” with progeny



Measured via air sampling and filter collection of particulates
using one of several standard methods



Traditional methods described in, e.g., ANSI N 13.8 - 1973,
“Radiation Protection in Uranium Mines”
Mines” and IAEA (United
Nations) Safety Series No. 43, “Manual on Radiological
Safety in Uranium and Thorium Mines and Mills,”
Mills,” 1976

27

ISR Retention Ponds

ISR Ion Exchange Columns

29
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28

30

ISR Ion Exchange Tanks

Respiratory Protection Programs


Typically only used in unusual, adad-hoc circumstances when
engineering (HVAC) and/or administrative controls are
impractical or inadequate by themselves of insuring ALARA



Combinations of full face with radionuclide cartridges or air
supply units available depending on conditions



Only equipment tested and certified by NIOSH can be used to
reduce assignment of airborne exposure relative to native air



Programs per USNRC 10 CFR 20, Subpart H

31

32

Training and Work Control


Internal Audit and Quality Control

All personnel must receive initial and refresher training in
radiological control and ALARA commensurate with job
responsibilities and associated hazards (USNRC 10 CFR
19.12, “Instructions to Workers”
Workers” and Regulatory Guides
previously cited)



Facility as well as corporate management routinely conducts
independent audits and assessments to ensure compliance with
procedures, regulations, and ALARA



Day to day execution of work controlled via formal procedures
(radiation protection manual, facility operations manual and
procedures, etc)



Often involves an “ALARA Committee”
Committee” which reviews
proposed work scopes prior to implementation to ensure work
will be compliant and that ALARA principles incorporated



Facility ALARA or similar committee of top management and
the facility Radiation Safety Officer (RSO) must review and
approved work control procedures



Quality Control programs per USNRC Regulatory Guide 4.15,
“Quality Assurance for Radiological Monitoring Programs …”



Qualifications of RSO must be approved and accepted by
licensing authority (USNRC or Agreement State)



NonNon-routine activities not covered by existing procedures
controlled under “Radiation Work Permits,”
Permits,” approved by the
facility RSO, which specify adad-hoc requirements including
provisions for special monitoring
33
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Conclusions


Occupational radiation protection programs at uranium mines, mills,
mills,
and in situ recovery facilities are quite mature and well documented
documented
in the literature



Executed in strict accordance with wellwell-defined and formal
regulatory requirements under the Federal Atomic Energy Act
(USNRC or Agreement States)



Have been developed and improved over many years of operational
experience in the measurement and assessment of the radiological
environments of these facilities.



These programs are designed and executed to ensure that the
radiation exposure of operational personnel is maintained as low
below regulatory limits as is reasonably achievable (ALARA).



Rigorous training and oversight programs are instituted to ensure
ensure
day to day achievement of the ALARA principle and objectives

35
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Risk Assessment: Comparative Risks of Energy Production
and Evaluation of the Large-Scale Alternatives
Robert Meyer, Ph.D.
Tetra Tech
Fort Collins CO
Abstract
Coal to produce electricity and oil to move our vehicles present ever more serious problems in
today’s world. Coal’s regional air pollution and global CO2 effects are worrisome, and growing
more so. Oil may be at its peak in terms of production; resource competition among nations may
prove to be its most significant detrimental effect. Solar, wind and biofuel alternatives consume
time and resources as they are developed, but are unlikely to contribute significantly to the
enormous energy needs of a developing planet. Nuclear power demonstrates an excellent safety
record, no significant environmental effects, and the capacity to power the planet for centuries.
Hydrogen fuel, utilized in a rapidly developing fleet of fuel cell vehicles, will provide a clean and
unlimited mobile fuel resource if produced using nuclear power. To provide the developing
countries with an adequate power resource base, it is imperative that the U.S. focus on the
expansion and export of nuclear power plants, supported by U.S. spent fuel recycling.
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What Do We Demand of Our Heat,
Light, Air Conditioning and
Automobile Energy Sources?

Powering a Planet –
Evaluating the Large-Scale
Alternatives
Robert Meyer, Ph.D.

1

Compare the Large-Scale Energy Sources.
Do They Meet Our Requirements?
• Coal: There’s plenty of it, but it’s tough on the
environment, & getting tougher as China develops.
• Oil: Price is going up as production becomes inadequate;
air pollution and CO2 source; unhappy suppliers.
• Hydroelectric: The big dams have been built.
• Natural gas: Not enough in the long-term; CO2 source.
• Biofuels: Not much overall energy gain; consumes crops.
• Solar: Diffuse, shuts down daily; Can’t store enough
power to support large-scale demand.
• Wind: Diffuse, unreliably shuts down; Can’t store enough
power to support large-scale demand.

• Availability – Our energy sources must remain plentiful
for our grandchildren and theirs. In fairness, the
developing nations must have similar long-term
energy supplies as they grow.
• Reliability – Heat, light and A/C must not stop when
the sun goes down or the wind stops blowing. Vehicle
fuel must be available whenever we travel.
• Minimal environmental impact – Our energy systems
must neither pollute the air nor overheat the planet.
2

Is There a Long-Term,
Dependable, Environmentally
Friendly Source of Electricity and
Vehicle Fuel?
• (Hint: We invented it, and we produce more
energy from it than anyone.)

3

4

Thesis
Critical global issues could be resolved if nuclear
power, producing both electricity & hydrogen fuel,
were to replace the combustion of hydrocarbons.
Nuclear power can produce:
 Environmentally-friendly electricity, worldwide.
 Hydrogen to fuel future vehicles.
 Safety via controlled fuel recycling – Minimize
waste and return all plutonium to reactors.
 Freedom from middle eastern oil.
5
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Coal, Oil and Natural Gas:
Environmental Issues
Regional air pollution is mainly caused by
combustion of coal and petroleum products.
Global warming may be increased by carbon
combustion.
Resource competition among nations could be
oil’s largest problem.
6

Air Pollution: Is It Tied to Coal Combustion?

Most Coal Combustion Occurs in the
Eastern U.S.

Let’s Perform an Experiment…..

Coal-fired
Plants

Hydro

Let’s shut down electric
power production,
including 37 coal-fired
plants, on August 14 ‘03.

Natural
Gas
Nuclear
Oil

EIA04. Large icons represent about 10 GW

of capacity, not individual plants.
7

8

The Surprising Results

The View from GeoStar 45

Scientific American, October ‘04

90% drop in
sulfur dioxide in
one day
50% drop in
ozone in one
day
“much clearer
less hazy sky”
- U of MD
9

What About CO2?

70% of U.S. Electricity Generation Produces CO2 .
Nuclear Power Does Not

CO2 Concentration in the Atmosphere
Is Rapidly Increasing

U.S. Electricity Production by %
60
50

CO2 is
Produced

40
%

PPM

10

30

CO2 is
Produced

20
10

CO2 is
Produced

0
Coal

Data from Mauna Loa, Hawaii.
Seasonal variations from atmospheric mixing

RCN.com 04
11

Nuclear

Gas

Hydro

Oil

Other

EIA0412
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The Arctic Council (eight nations including
the U.S.) released the "Arctic Climate Impact
Assessment“ in November 2004.
The Council’s conclusions:

Malay Children
Environmental Refugees by 2050?

• In most Arctic regions: A significant
temperature rise in the last 50 years.
• Much Arctic ice no longer remains frozen
during the summer.
• This is causing storm shoreline erosion and
human/animal habitat destruction.
• May also lead to a significant sea level rise.
13

After 30 years, Wind and Solar Produce Only a
Tiny Fraction of U.S. Power.
Why Is This Still True After So Much Effort?

14

How Many Full-Size Power Plants
Would Be Needed In The U.S. To...
• replace all imported oil with hydrogen,
for automobile fuel?
225 power plants
• replace all electricity now produced by
burning coal?
• another 250 plants

15

What Would be Required To Produce Solar
Power Equivalent to 225 Power Plants?
• 5,000 square miles of cells to deliver 225 GW
continuously over the grid.
• Enough batteries or pumped hydro storage to
provide power during clouds and at night.

17
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16

What Would Be Required To Produce Wind
Power Equivalent to 225 Power Plants?
• 900,000 1 MW wind turbines to deliver 225,000 MW
continuously over the grid.
• Enough batteries or pumped hydro storage to
provide power during low winds.

18

20% of Our Electricity Is Produced in 104
Nuclear Plants; Four Decades of Experience

Can we stop producing CO2 and
burning foreign oil?
Is it possible for the U.S. to…
• Safely use nuclear power to
produce all of our electricity?
• Use hydrogen, produced via
nuclear power, as the substitute
for gasoline?
19

20
We produce more nuclear-generated electricity than any other nation!

Waste Storage – Is It Really a Problem?

Safety
No member of the public has ever died due to
radiation released from a U.S. nuclear power plant.

Name another industry with that safety record……
21

• Four decades worth of spent fuel is stored at
the power plants: either in water pools or dry
storage outdoors. It’s a small volume:
• To help visualize the volume: all of these spent
fuel assemblies could fit into a stack covering
one football field, 12’ deep
The energy from
one pound of
nuclear fuel could
provide the
hydrogen
equivalent of
250,000 gallons of
gasoline, without
any carbon
emissions.

22

There Is Plenty of Uranium to Fuel Reactors
Known Recoverable Resources of Uranium
(Worldwide, Tonnes)

Is Hydrogen Fuel A Viable Option
To Replace Gasoline?

• Australia: 863,000; 28%
• Kazakhstan: 472,000; 15%
• Canada: 437,000; 14%
• South Africa: 298,000; 10%
• Namibia: 235,000; 8%
• Brazil: 197,000; 6%
• Russian Fed.: 131,000; 4%
• USA: 104,000; 3%
• Uzbekistan: 103,000; 3%
• World total: 3,107,000

• IAEA 2006 revised availability estimate: 35 million tonnes
Current global usage rate: 75,000 T/yr
23

24
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• It can be produced using energy from oil, coal,
gas, hydro, wind, solar or nuclear.
• It is simply a carrier of energy, not a source.
• It is the equivalent of a battery: charged by H2
production, drained by combining H2 with
oxygen to release energy.
• The energy source used to produce H2 gas
determines its environmental impact.
25

Why is Hydrogen the Long-Term Choice for
Vehicle Power?
It Has The Highest Energy Density of Any Alternative

MJ/kg
MJ/L

And, it
produces
only
water
vapor as
exhaust
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Fact:
Hydrogen Gas Is Not Available In Nature

26

The Cars Are Being Developed
But, What About H2-Powered Cars?
Can they be built?
Will they be available soon?
Will they have the power and range we need?

27

28

Honda, 2008

They Are Evolving Rapidly
Honda, 2005

29
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270-Mile Range

30

GM Is Releasing More Than 100
H2-Powered Test Vehicles Right Now

GM’s 2007 Fuel Cell Vehicle

31

32

• Nuclear energy - Four decades of safe U.S.
electric power; Small quantities of waste.

Can We Afford Not to Make a Major
Change in Our Energy Policy?

• 30+ new U.S. reactors planned as of today.
• Greatly expanded nuclear power could
produce enough electricity and hydrogen gas
to drastically cut CO2 production, coal
combustion, oil consumption, air pollution.
• Hydrocarbons – preserve them as feed
stocks for our grandchildren’s use.
33

34

Who Will Benefit from Adequate Energy Availability?

The Bottom Line:
Nuclear Power Provides the Only Serious
Alternative to Fossil Fuel Combustion

35

Questions, Comments, Requests?
rmeyer7@mindspring.com

36
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Case Study: Groundwater Restoration Results and Long Term Protection of Underground
Sources of Drinking Water at Irigaray Uranium In-Situ Recovery Project
Wayne W Heili, Ur-Energy USA, Inc. Casper, WY and Errol Lawrence, Petrotek Engineering
Corporation, Littleton CO
Abstract
The Irigaray Uranium deposit was commercially mined using In-Situ Recovery Techniques
intermittently between 1978 and 1994. Best Practicable Technology was applied during the
Irigaray groundwater restoration program that was completed in 2001. Restoration efforts
resulted in groundwater quality throughout the well field that was consistent with the pre-mining
quality. This paper reviews the groundwater quality parameters as measured before mining, after
mining and at various points during and after the restoration program. Groundwater modeling
was used to predict the fate and transport of several constituents at their post-restoration
concentrations in the mined aquifer. The constituents studied include Uranium, Radium-226 and
Selenium. The model demonstrated that the post-restoration concentrations pose no threat to the
local Underground Sources of Drinking Water. The model methodology and results are
presented. The Irigaray Case Study demonstrates that In-Situ Uranium Recovery can be
commercially practiced in a manner that is highly protective of drinking water supplies, during
mining and forever after.
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GROUNDWATER RESTORATION
RESULTS AND LONG TERM
PROTECTION OF USDW’
USDW’S

Acronyms Used
USDW: Underground Source of Drinking Water

A Case Study of the
Irigaray Uranium
ISR Project

TRV: Target Restoration Value
BPT: Best Practicable Technology

Presented by

PV: Pore Volume

Wayne Heili
VP- Mining, Ur-Energy
&
Errol Lawrence, PG
Petrotek Engineering

WDEQ: Wyoming Department of Environmental Quality
EPA: US Environmental Protection Agency

February 2, 2008

CSU Uranium Symposium and Workshop

NRC: US Nuclear Regulatory Commission
1

2

Definitions

Definitions

- continued -

Underground Source of Drinking Water: All waters
classified as current or potential drinking water sources

Aquifer Exemption: EPA issued removal of groundwater
from USDW classification within a specified area

Target Restoration Value: The groundwater restoration
standard applied to Irigaray. Generally, the Baseline
Range of the parameters

Permit Area: The project area authorized by the NRC
Monitor Ring Area: The area defined by the location of the
perimeter monitor wells

WDEQ Standard: The Wyoming Groundwater
Classification Standards

Wellfield Area: The area defined by the perimeter of the
pattern wells

EPA Standard: The US EPA maximum contamination
levels for drinking waters
Class of Use: The ambient quality of underground water
3

Summary
• Irigaray Wellfields were commercially mined using ISL
techniques intermittently between 1978 to 1994

Pore Volume: An estimate of the volume of aquifer water
within the wellfield that is affected by mining. Includes
factors for vertical & horizontal flare (20% each)

Where is
the Irigaray
Mine?

4

Irigaray

• BPT was applied during the Irigaray restoration program
• Active Restoration was completed in 2001
• Restoration resulted in groundwater quality consistent with
Target Restoration Values
• After restoration, four constituents exceeded WDEQ Class1 or EPA Standards within the Wellfield Area
• Groundwater Modeling demonstrates that Post Restoration
concentrations pose no threat to the surrounding USDW’s5
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6

Irigaray
Facility
Area

Irigaray
Wellfield
Design

Permit Boundary

Plant Site

WELLFIELD AREA

Wellfield

MONITOR WELLS

Permit Area
671 Acres
Monitor Ring Area 40 Acres
Wellfield Area
30 Acres

PrePreMining
Baseline
Water
Quality

Derived from 32
Ore-Zone Monitor
Wells

PARAMETER
(mg/L)

7

BASELINE
MINIMUM

BASELINE
MAXIMUM

<0.1

1.88

0.03

Arsenic (As)

<0.001

0.105

0.007

Barium (Ba)

<.01

0.12

0.06

Ammonia (NH 4 as N)

Bicarbonate (HCO 3)

BASELINE
MEAN

5

144

Boron (B)

<0.01

0.225

0.11

Cadmium (Cd)

<0.002

0.013

0.005

1.6

27.1

Calcium (Ca)
Chloride (Cl)

88.3

15.1

<0.002

0.063

0.02

Copper (Cu)

<0.002

0.04

0.011

11.3

Floride (F)

0.11

0.68

0.29

Iron (Fe)

0.019

11.8

0.477

<0.002

0.05

0.02

Magnesium (Mg)

0.02

9.0

0.9

Manganese (Mn)

<0.005

0.19

0.014

Mercury (Hg)

<0.0002

0.001

0.0004
0.06

Molybdenum (Mo)

<0.02

0.1

Nickle (Ni)

<0.2

<0.2

Nitrate (NO 2+ NO 3)

0.2

1

PrePre-Mining Water Quality
Classification

7.8

5.3

Chromium (Cr)

Lead (Pb)

8

0.1
0.4

Potasium (K)

0.92

17.5

2.4

Selenium (Se)

<0.001

0.416

0.013

Sodium (Na)

95

248

125

Sulfate (SO 4)

136

504

188

Total Dissolved Solids

308

784

404

Uranium (U)

0.0003

18.6

0.5162

Vanadium (V)

<0.05

0.55

0.07

Zinc (Zn)

0.009

0.07

0.016

pH (standard units)

6.6

11

9.0

Radium-226 (pCi/l)

0

247.7

39.6

• Water within the Wellfield Area was not
suitable for domestic use
• The Permit Area falls under an EPA
issued Aquifer Exemption to allow mineral
recovery
• Water outside the Exemption Area is
considered an USDW

9
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PARAMETER
(mg/L)

Irigaray
Aquifer
Exemption
Area

Permit Boundary
= Exemption Area

USDW
USDW

Permit
Area =
NonUSDW

PostPostMining
Water
Quality

23.2

Arsenic (As)

0.641

Barium (Ba)

1.067

Bicarbonate (HCO3 )

1343

Boron (B)

0.442

Cadmium (Cd)

199

Chloride (Cl)

277.3

Chromium (Cr)

1.02

Copper (Cu)

0.828

1.1

Lead (Pb)

1.02

Magnesium (Mg)

45.7

Manganese (Mn)

1.25

Mercury (Hg)

0.97

Molybdenum (Mo)

1.07

Nickle (Ni)

1.02
3.1

Potasium (K)

9.3

Selenium (Se)

0.247

Sodium (Na)

11

1.0

Iron (Fe)

Nitrate (NO 2+ NO 3)

USDW

0.98

Calcium (Ca)

Floride (F)

Wellfield

POST-MINING
MEAN

Ammonia (NH 4 as N)

626

Sulfate (SO 4)

639

Total Dissolved Solids

2451

Uranium (U)

7.41

Vanadium (V)

1.07

Zinc (Zn)

0.065

pH (standard units)

7.06

Radium-226 (pCi/l)

200.5

12
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Restoration Phases
BPT

Restoration Objective
• Minimize the Groundwater Quality
Degradation within Exempted Aquifer Area
– Restore to Background Concentrations
(TRV’s)
– Restore to Pre-Mining Class of Use

• Groundwater Sweep
• Groundwater Treatment
– Reverse Osmosis w/Reinjection

• Reductant Addition
– as necessary

• No Degradation of USDW

• Recirculation
• Stability Monitoring

– By definition USDW is outside Exempted
Aquifer Boundary

– 4 rounds over 9 months
13

14

PARAMETER
(mg/L)

PostPostRestoration
Groundwater
Quality

Restoration Performance
• Groundwater Sweep
– 2.3 Pore Volumes

• Groundwater Treatment
– 10.4 Pore Volumes
– Reductant added to ~1/3 of area
– 1.0 Pore Volumes

WYOMING DOMESTIC
USE CLASS STANDARD

50*

0.5 (as NH3)

Arsenic (As)

0.004

<0.01 - 0.12

0.05

Barium (Ba)

0.092

<0.01 - 0.12

420

295*

-

Boron (B)

0.089

<0.01 - 0.225

0.75

Cadmium (Cd)

0.004

<0.002 - 0.006

0.01

Bicarbonate (HCO3)

Calcium (Ca)

– 13.7 Pore Volumes
– 840,175,000 Gallons Processed
– 552,000,000 Gallons Re-Injected (estimated)

-

56*

250

0.039

<0.002 - 0.063

0.05

0.01

<0.005 - 0.051

1

0.2 - 0.68

1.4 - 2.4

Copper (Cu)
Floride (F)

<0.1

Iron (Fe)

0.101

0.02 - 11.8

0.3

Lead (Pb)

0.039

<0.002 - 0.05

0.05

7.0

<0.1 - 7.1

Manganese (Mn)

0.226

<0.005 - 0.190

0.05

Mercury (Hg)

<0.001

<0.0002

0.002

0.08

<0.02 - 0.1

-

-

Nickle (Ni)

0.05

<0.2

-

Nitrate (NO2+ NO3)

<0.1

0.2 - 1.0

10

3

0.92 - 17.5

-

0.029

<0.01 - 0.416

0.01

Potasium (K)
Selenium (Se)
Sodium (Na)

188

95 - 248

-

Sulfate (SO4)

133.1

140 - 300

250

630

271 - 784

500
5

Uranium (U)

17

1.6 - 27.1

42.0

Chromium (Cr)

Total Dissolved Solids

15

29.1

1

Chloride (Cl)

Molybdenum (Mo)

• Total Effort
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TARGET RESTORATION
VALUE

8.8

Magnesium (Mg)

• Recirculation

* Active Restoration occurred intermittently over a period of 11.5 years, from
1990 to 2001.

RESTORATION
RESULT

Ammonia (NH4 as N)

1.988

2.09*

Vanadium (V)

0.088

<0.05 - 0.55

Zinc (Zn)

<0.01

<0.02 - 0.17

5

pH (standard units)

7.84

6.6 - 11.0

6.5 - 9.0

Radium-226 (pCi/l)

133.6

2.5 - 247.7

5

-

16
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RESTORATION RESULTS FOR RADIUM-226

RESTORATION RESULTS FOR SELENIUM

250

0.300

200

0.200

Ra-226 (pCi/l)

S eleniu m (m g /l)

0.250

0.150

150

100

0.100

50

0.050

0

0.000
Post
Post GWS
Mining

Post RO

1st Stab

2nd Stab

3rd Stab 4th Stab

Post
Post GWS
Mining

TRV

Post RO

1st Stab

2nd Stab

3rd Stab 4th Stab

TRV

19
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Restoration Results Summary
• Restoration resulted in Groundwater
Quality consistent with Pre-Mining
conditions
• All measured constituents except Mn met
the TRV
• TDS, Mn, Se and Ra-226 exceeded
WDEQ Class I Standards
21

Groundwater Model
for Irigaray

22

Groundwater Model Application

• Groundwater Modeling can be used to
assess the future migration of specific
chemical constituents
• A numerical groundwater flow and solute
transport model was developed for the
Irigaray Site by Petrotek Engineering
• The model utilized MODFLOW,
MODPATH and MT3DMS software codes

• The model relied on advective flow (mixing)
and dispersion phenomenon
• As a measure of conservatism, the model is
independent of natural geochemical
reactions
– Sorption
– Precipitation
23
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Model
Domain and
Boundary
Conditions

Natural
Groundwater
Flow

25
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Total
Dissolved
Solids

Model
Validation

Initial Model
Conditions
27

Total
Dissolved
Solids

After 100 Years
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28

Total
Dissolved
Solids

29

After 300 Years

30

TDS Concentration Trend Over
Three Hundred Year Time Span

Uranium
Concentration

31

Uranium
Concentration

After 100 Years

Initial Model
Conditions

32

Uranium
Concentration

33

Uranium Concentration Trend Over
Three Hundred Year Time Span

After 300 Years

34

Selenium
Concentration

35

Initial Model
Conditions

36
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Selenium
Concentration

After 100 Years

Selenium
Concentration

37

Selenium Concentration Trend Over
Three Hundred Year Time Span

RadiumRadium-226
Concentration
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38

RadiumRadium-226
Concentration

39

After 1,000 Years

After 300 Years

Initial Model
Conditions

40

RadiumRadium-226 Concentration Trend
Over OneOne-Thousand Year Time Span

41

42

In case you’
you’re still concerned about the
Manganese Concentration !

Conclusions
• Proper application of BPT during Restoration
can result in Groundwater Quality consistent
with Pre-Mining Conditions
• Groundwater modeling can be used to predict
the Fate and Transport of constituents over time
well into the distant future
• Post Restoration concentrations at Irigaray pose
no threat to the surrounding USDW’s
43

Conclusions

44
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• The Groundwater Restoration Effort at Irigaray
was approved by the WDEQ and USNRC with
NO CONDITIONS
• ISR can be practiced in a manner that is Highly
Protective of our drinking water supplies, during
mining and forever after
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Bioremediation of the Sweetwater Pit Lake
Paulson, Oscar1, and Harrington, Joe2 (1) Kennecott Uranium Co, P.O. Box 1500, 42 Miles
Northwest of Rawlins, Rawlins, WY 82301-1500, oscar.paulson@riotinto.com, (2) Green World
Sci, Inc, 5114 Emerald, Suite E, Boise, ID 83706
Abstract
The Sweetwater Pit Lake, an oligotropic lake located in Sweetwater County, Wyoming was
formed by the flooding of the Sweetwater open pit uranium mine following cessation of
dewatering activities in April 1983. The lake exhibited levels of dissolved selenium (0.46 ppm)
above reclamation standards (0.05 ppm) and dissolved uranium (8.1 ppm) above livestock
standards (5.0 ppm). The lake, containing approximately 1.2 billion gallons of water, was treated
by Kennecott Uranium Company with 548.7 tons of sugars, fats, proteins, alcohols, phosphates
and nitrates from 10/19 to 12/22/99. Average concentrations of dissolved selenium and uranium
in the pit lake dropped to 0.010 ppm and 4.33 ppm respectively, on 10/24/01. Five (5) years of
stability monitoring of the pit lake (Spring 2000 to Spring 2005) were completed. Following
completion of the stability monitoring period, the State of Wyoming released the reclamation
surety for the Sweetwater Pit via letter dated August 9, 2006. The pit lake treatment process
accelerated and enhanced the natural processes occurring in the pit lake prior to treatment, which
had been slowly precipitating metals in the sediments. The addition of nutrients dramatically
accelerated biological activity in the pit lake, which in turn accelerated the ongoing natural
process of biologic concentration of metals in the pit lake sediments.
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uranium recovery facilities. Oscar Paulson is the Facility Supervisor of Kennecott Uranium
Company's Sweetwater Uranium Project located near Rawlins, Wyoming (one of the four (4)
remaining conventional uranium mills in the United States) and is the chairman of the Wyoming
Mining Association's Uranium Industry Committee.
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Location of Sweetwater Uranium Project

Bioremediation of the Sweetwater Pit Lake
A Successful Treatment Strategy for Dissolved Uranium and Other
Metals
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Sweetwater Pit Water Levels
Sweetwater Pit
Depth - 225 feet
Surface elevation around pit - 6,650 feet above MSL
Pit bottom elevation - 6,425 feet above MSL
Open pit uranium mining ceased - April 15, 1983
Dewatering ceased - April 25, 1983
–

•

6580

Dewatering done via wells surrounding the pit

Pit Lake
–
–
–
–
–
–

•

6600
Water Elevation (Feet)

•
•
•
•
•

KENNECOTT URANIUM COMPANY
Sw eetw ater Pit Water Levels
April 25, 1983 through October 15, 2007

Area - approximately 60 acres
Surface elevation - 6,540 (12/16/98)
Depth - approximately 115 feet
Volume - 1.1-1.25 billion gallons
Limnology – Thermocline present in Summer at approximately thirty-five (35) feet
Indigenous metal reducing microbes present

6540
6520
6500
6480
6460
6440
6420
6400

Hydrology
–
–

6560

Pit is an evaporative sink
Pit lake surface is the piezometric surface of the Battle Spring Aquifer

3

4

Wells in Vicinity of Sweetwater Pit (1998)

Pit Water Quality

?

6543

6540.5

•

43

65

65

?

65

42

42

•

41
65

6541

.5

6543

6540

65

•
•

41
6542

?

5
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Pit exceeded the WYDEQ III and reclamation standards for:
– Selenium (0.443 ppm (8/5/98) vs. 0.05 ppm (WYDEQ III)
Pit exceeded WYDEQIII (livestock) standard for:
– Uranium (5900 pCi/l (8/5/98) vs. 3385 pCi/l (WYDEQ III)
– No reclamation standard for dissolved uranium existed for the lake
– Kennecott Uranium Company proposed a voluntary reclamation
goal of 3385 pCi/l for natural uranium in the lake
Evaporative sink prevents pit water from entering the aquifer
Surrounding groundwater (Battle Spring Aquifer) unaffected by pit lake
water quality

6

Reclamation Studies

Treatment Method

•

• Treatment Contractor

Early Testing

– Testing by the U.S. Bureau of Mine (BOM) in 1991 revealed the presence
of naturally occurring metal reducing bacteria
• Later Testing
– Evaluation of water treatment alternatives performed in Spring 1999
– Bench testing of pit water with added glucose demonstrated bacterial
reduction of selenium and uranium
– Barrel testing of pit water with added glucose performed in late Summer of
1999 demonstrated bacterial reduction of selenium and uranium
• Decision made to perform a pilot test involving entire pit lake in Fall 1999.

– Green World Science, Inc.
– Holds two (2) patents (5,632,715 and 5,710,361) for in-situ metals
immobilization
• Treatment History
– Began: October 19, 1999
– Completed: December 22, 1999
– Added 500 to 600 tons of nutrients to the lake.
– Nutrients added using a hydroseeder (spraying) or direct addition

7

Treatment Photograph

8

Treatment Monitoring
• Monitoring Methods and Frequency
– Stratified sampling at four (4) locations (A,B,C,D)at various depths in the pit
lake at least quarterly
– Installation of trolls at a single location at four (4) depths to continuously
measure temperature, pH, dissolved oxygen and ORP. Trolls moved from raft
to buoy in July 2001
– Installation of probes at a single location at four (4) depths to measure
turbidity
– Sediment sampling before and twice (2/22/00 and 1/23/02) after treatment
– Sampling from the lake shore as required by treatment contract.
– Secchi disk measurements
• Monitoring results
– Shown in following slides.

Hydroseeder applying molasses on C-4 Bench

9

10

Trolls - I

Trolls - II

•

Continuously measure and record temperature, pH, dissolved oxygen,
pressure and ORP at 7.4, 17, 35 and 45 feet below surface

•

Buoy constructed out of 2-foot diameter polyethylene pipe flanged at each
end

•

Originally suspended from a raft at the “C” location

•

Designed to float approximately one foot above water

•

Raft also supported above water equipment including the solar panel,
battery, networking boxes and radio

•

Battery located at bottom of buoy, preventing exposure to cold

•

Raft was prone to capsizing upon ice-out

•

Two solar panels instead of single panel used to improve charging

•

Raft left equipment, including the battery, exposed to severe cold up to –25°
F.

•

Electronic equipment placed in hermetically sealed Pelican cases for
additional protection

•

Void spaces in buoy filled with closed cell foam

•

Raft replaced with buoy in July 2001

11

12
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Buoy Images
Description of Electronic Monitoring Results

Internal Components

Assembled Buoy

• Temperature trolls showed seasonal variations in water temperature as well
as time of formation and breakdown of the thermocline in the lake. The
thermocline formed in mid June and broke down in mid-September of each
year.
• Dissolved oxygen trolls showed dramatic drop in dissolved oxygen content
upon addition of nutrients followed by increase in dissolved oxygen content as
lake normalized following treatment
• Dissolved oxygen trolls showed diurnal variations in dissolved oxygen near
the lake surface related to increased oxygen production by algae during period
of sunlight

Solar Panels

Launching the Buoy

Floating Buoy

13
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Pit Lake During Treatment

Secchi Disk Monitoring Results
• Readings with a Secchi disk to measure water clarity were taken in the lake before and
after treatment
• The Secchi disk could be read to a depth of 57 and 61 feet below surface near location
B in early September 1999 prior to treatment
• Post treatment Secchi disk readings are below:
Secchi Disk Readings - Sweetwater Pit
Date

27-Jun-02
9-Jul-02
17-Jul-02
7-Nov-02
9-Apr-03
17-Jul-03
8-Oct-03
24-May-04
26-Jul-04
4-Oct-04
5-Apr-05

A Location
(Depth - meters)

7.0
7.0
8.0
3.5
3.5
5.0
6.0
3.0
8.5
7.0
2.5

A Location
Second Reading
(Depth - meters)
(Dead Calm)

10.5

B Location
(Depth - meters)

C Location
(Depth - meters)

D Location
(Depth - meters)

6.0
7.5
8.0
3.5
3.0
5.0
6.5
3.5
8.5
7.5
2.5

6.5
7.0
7.5
3.0
3.0
5.0
6.5
3.0
9.0
7.0
2.5

6.5
6.5
7.0
3.5
3.5
5.0
6.5
3.0
8.5
7.0
2.5

• The dramatic decrease in water clarity following treatment is do to post treatment algal
growth
• Algae provides a continuing nutrient source for metal reducing micro-organisms to
15
maintain the post treatment levels of dissolved metals in the pit lake.

Reddish color/foam related to
selenium reduction (Fall 1999)

Reddish color/foam related to
selenium reduction (11/18/99)

Brown colored lake (Fall 1999)

Pit lake in Spring (Green color)
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Pit Lake After Treatment/Reclamation
Pit Lake Monitoring Locations

D [72']

C [115']

A [61']
B [81']
SAMPLING
LOCATION
(TYPICAL)

PROPOSED
MONITORING
LOCATION

HISTORICAL RAMP
SAMPLING

East Side of Pit Looking North
17
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FIGURE 1
PROPOSED SAMPLING LOCATION

Date:

JULY 2000

Project:

100527

File:

SAMPLOC.dwg
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Selenium Sampling Results

Uranium Sampling Results

Dissolved Selenium Concentrations
Before, During and After T reatment

Dissolved Uranium Concentrations
Before, During and After Treatment
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Pre-Treatment Sediment Sampling Results – September 1999
Table 3

mg/ L

4.00

1 2/ 16/ 0 3

12/ 10 / 00

0.1500
0.1000

I ce
M el t ed
3 / 19/ 03

mg/L

mg/L

0.3000

Post Treatment Sediment Sampling Results – February 2000

Pre-treatment Sediment Concentrations of Selected Elements

Sediment
Iron
Sulfur
Carbon
Sample
(% )
(% )
(% )
3.23
0.32
1.111
A 2 cm
2.84
0.27
0.73
A 4 cm
2.36
0.22
0.272
A 6 cm
2.46
0.26
0.723
B 2 cm
2.27
0.24
0.458
B 4 cm
2.18
0.21
0.167
B 6 cm
3.02
0.28
0.211
C 2 cm
2.86
0.23
0.142
C 4 cm
2.42
0.2
0.073
C 6 cm
2.86
0.27
0.824
D 2 cm
2.74
0.22
0.148
D 4 cm
2.58
0.19
0.067
D 6 cm
All constituents reported on a dry weight basis.

Uranium
(mg/kg)
156
78
47
68
72
64
113
98
65
67
72
84
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Table 4

Selenium
(mg/kg)
4.21
1.34
1.28
0.68
0.37
0.24
0.58
0.49
0.29
0.31
0.33
0.37

Sediment
Sample
A 1 cm
A 2 cm
A 3 cm
B 1 cm
B 2 cm
B 3 cm
C 1 cm
C 2 cm
C 3 cm
D 1 cm
D 2 cm
D 3 cm

Sediment Concentrations of Selected Elements, February 22, 2000
Iron
(mg/kg)
16,356.4
20,037.8
19,305.0
24,318.7
18,811.3
16,620.9
18,356.6
22,846.4
21,032.5
18,431.8
18,891.3
18,835.2

Sulfur
(%)
0.16
0.4
0.5
0.46
0.21
0.07
0.14
0.06
0.08
0.35
0.11
0.07

TOC
(%)
1.25
1.61
1.29
2.45
1.09
0.36
0.61
0.52
0.59
2.99
2.24
1.32

Uranium
(mg/kg)
2,138.6
1,805.3
416.9
660.4
432.1
95.9
283.2
51.7
686.4
307.5
1,435.0
1,545.1

Selenium
(mg/kg)
360.4
249.5
89.3
249.5
93.8
33.4
54.0
71.2
94.1
155.6
117.7
43.5

All constituents reported on a dry weight basis.
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Treatment Process

Post Treatment Sediment Sampling Results – January 2002

Sequence of Events
Sweetwater Pit - Sediment Sample Results
Location

A

Depth

Iron

Selenium

Sulfur

Uranium

(inches)

(milligrams per
kilogram)

(milligrams per
kilogram)

(milligrams per
kilogram)

(milligrams per
kilogram)

0 to 1
1 to 2
0 to 2
B
0 to 2
C
0 to 2
D
0 to 2
E
0 to 2
F
0 to 1
0 to 2
G
0 to 1
1 to 2
0 to 2
H
0 to 2
Average:
Standard Deviation:

16500
16800
16600
18600
11500
19400
19800
13700
15400
18000
14800
15700
13400
16169
2447

70.5
167.0
129.0
290.0
526.0
186.0
198.0
254.0
137.0
345.0
90.7
106.0
116.0
201.2
126.9

1260
1050
1260
2090
1240
1630
1820
2080
1760
2900
1320
1450
1090
1612
521

1040
1280
1110
2830
4490
1690
1400
2120
1050
2460
521
740
984
1670
1084

Percent
Moisture

Total Organic
Carbon
(percent)

48
47
46
55
51
61
59
56
52
65
50
51
54
53
6

0.33
0.34
0.38
0.78
0.72
0.78
0.77
0.73
0.59
1.10
0.51
0.51
0.56
0.62
0.22
23

• Nutrients (sugars, fats, proteins, alcohols, phosphates) added to lake
• Indigenous microbes metabolize the nutrients and respire on dissolved
materials in the pit lake in the following order:
– Dissolved oxygen
– Nitrates
– Selenates
– Dissolved uranium
• Dissolved metals exit the system via precipitation increasing metals
concentrations in lake bottom sediments
• Phosphate addition encourages the growth of algae which provides a
continuous source of organic carbon to maintain the lake

24

113

Conclusions

Conclusions - continued

• Treatment process accelerated the naturally occurring biological process of uranium and
selenium precipitation ongoing in the lake by providing additional organic carbon (sugars,
alcohols, proteins and fats) to stimulate bacterial activity.
• Treatment was successful in reducing selenium and uranium concentrations to desired
ranges.
• Treatment process was efficient, requiring minimal equipment (a hydroseeder) with no
surface plant normally associated with ex-situ treatment methods.
• Treatment method was cost effective. In-situ bioremediation was the least costly/most
effective water treatment option

• The treatment was stable resulting in a lasting reduction in dissolved metal
concentrations for a period now exceeding seven (7) years which exceeds the State of
Wyoming mandated five (5) year stability monitoring period.
• By letter dated August 9, 2006, the Department of Environmental Quality (DEQ)
released the reclamation bond for the Sweetwater Pit following the proven successful
pit lake treatment and surface reclamation
•Treatment method has broad areas of application including treatment of pit lakes,
tailings piles, heap leach piles, depleted in-situ uranium mine wellfields and
groundwater plumes.

•The dissolved concentrations of uranium and selenium continue to remain below treatment
goals (0.05 ppm selenium and 5.0 ppm uranium) for over seven (7) years following the first
ice out (March 25, 2000) following completion of treatment in December 1999.
• Continuous electronic treatment monitoring is best conducted using a buoy rather than a
raft.
• Treatment won a Wyoming Department of Environmental Quality (DEQ) Excellence in
Surface Mining award in 2001.

•Cameco Resources is now applying bioremediation technology to the treatment of
depleted uranium in-situ leach wellfields.
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6 Meter Troll Data

1.5 Meter Troll Data

6 Meters

1.5 Meters

0.5

25

30

0.5
Open symbols indicate hydrolab data.
DO and ORP values are adjusted to Hydrolab data.

0.4
20

0.4

20

0.3
Open symbols indicate hydrolab data.
DO and ORP values are adjusted to Hydrolab data.
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* All DO values less than 0 and greater than 15 mg/L are not plotted

Temp (oC)

pH

DO (mg/L)
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ORP (volts)

Fourteen (14) Meter Troll Data

11 Meter Troll Data
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* All DO values less than 0 and greater than 15 mg/L are not plotted
Changes in depth on 5/20/04 due to troll being partially pulled from the water on that date
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Licensing Process and Oversight of Uranium Mills in Colorado
Steve Tarlton, Unit Leader, Radiation Management Unit
Colorado Department of Public Health and Environment
Abstract
The Colorado Radiation Control Act provides for the regulation of radioactive materials by the
Colorado Department of Public Health and Environment (CDPHE) in CRS 25-11-101, et seq.
Through the act and an agreement between the Governor and the U. S. Nuclear Regulatory
Commission, the CDPHE is empowered to be the sole regulator of radioactive material in the
state. The Rules and Regulations Pertaining to Radiation Control (6 CCR 1007-1) provides the
details of how radioactive materials are regulated. Both the statute and the regulations can be
accessed through the radiation management web site at
http://www.cdphe.state.co.us/hm/rad/index.htm. The CDPHE does not regulate unmined minerals
containing radioactive materials [CRS 25-11-108(3)], nor does it regulate uranium ore prior to
receipt at a processing facility. Thus, traditional underground or open-pit uranium mining is not
subject to radioactive materials licensing. However, uranium mills and in situ recovery (the
underground processing of uranium ore) are subject to radioactive materials licensing. The
requirements for uranium recovery include decommissioning and site restoration, environmental
assessment, financial assurance, operations, residuals management, and worker and public safety.
Licenses are subject to reporting requirements and facilities are inspected annually.
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CDPHE Authority
• Per agreement between US Nuclear Regulatory
Commission and Governor, CDPHE is sole
regulator of radioactive materials
• Colorado Radiation Control Act (CRS 25-11-101,
et seq)
• Colorado Rules and Regulations Pertaining to
Radiation Control (6 CCR 1007-1)
• Statute and Regulations reviewed by NRC for
compatibility

Licensing Process and Oversight
of Uranium Mills in Colorado
Steve Tarlton
Radiation Management Unit
Colorado Department of Public Health and
Environment
February 2, 2008
1

2

CDPHE Radiation Management
Regulatory Functions

CDPHE Regulatory Scope
• “…regulations apply to all all persons who
receive, possess, own, acquire, use, process,
store, transfer, or dispose any source of
radiation…” Regulations Section 1.1.4
• NRC retains authority over federal sources,
reactors and large irradiators

3

• Compliance Assistance
• Licensing
– Specific
– General

•
•
•
•
•

Compliance Inspections
Incident and Allegation Response
Regulatory Development
Remediation Oversight
Security of sources of concern

4

Status of Uranium Facilities in
Colorado

CDPHE Uranium Regulation
• Naturally Occurring Radioactive Materials
(NORM) and Technologically Enhanced
NORM (TENORM)
• Uranium Recovery

• Cotter Cañon City Mill
– Active license; currently in stand down

• PowerTech In Situ Recovery (Weld County)
– Collecting baseline data for license application

– Uranium mills
– In situ recovery

• Energy Fuels Pinon Ridge Mill (Paradox Valley)
– Collecting baseline data for license application

• UMETCO Uravan Mill

• Do not regulate uranium ore in its natural
state or conventional mining

– Decommissioning physically completed

• Maybell and Durita in license termination process
5

6
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Cotter Cañon City Mill
Uravan - Former mill site
and impoundments

Club Ranch Ponds
Area
7

8

Uranium Mill Regulatory
Requirements Summary

In Situ Uranium Recovery
Regulatory Requirements
• CDPHE and Local Government (from previous
slide)
• Dept of Natural Resources, Div of Reclamation,
Mining and Safety

• CDPHE
–
–
–
–

Radioactive Materials License
Surface water discharge permit (possibly)
Air Permits (construction and operation)
Solid or hazardous waste (possibly)

– Exploratory drilling Notice of Intent
– Mine Reclamation Permit

• Local Government (or federal or state)

• US Environmental Protection Agency

– Land Use

– Underground Injection Control Permit
– Aquifer Exemption Determination

• Other agencies (possibly)
9
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Radioactive Material License
Application Process
•
•
•
•

Radioactive Material License
Application Highlights

Application submitted to CDPHE
Completeness determination by CDPHE
Public hearings/meetings
Consultation with other agencies

•
•
•
•
•
•
•

– County Commissioners review environmental report

• Adequacy determination by CDPHE
• Decision document and draft license (if
applicable) by CDPHE
• Public hearing, if requested
11
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Project description
Area/site characteristics
Materials management description
Equipment, facilities, procedures
Radiation protection for workers and public
Decommissioning/financial assurance
Environmental Assessment Report
12

Environmental Assessment
Report

Environmental Assessment
Report (cont’d)

• Radiological and non-radiological short term and
long term impacts

• Radiological and non-radiological short term and
long term impacts (cont’d)

– Environmental
•
•
•
•
•
•
•

– Social
– Technical
– Transportation

Surface water
Groundwater
Soils
Air
Radon
Flora
Fauna

• Infrastructure
• Effects of accidents

– Other

• Can require “such other information as the
Department may deem necessary”

– Economic

(Regulations Section 18.3.1)
13

License Application Resources

14

License Review Timeline

• Regulations Parts 1, 3, 4, 10 and 17
• Regulations Part 18, Licensing Requirements for
Uranium and Thorium Processing
• Regulations Part 18, Appendix A, Criteria relating
to the Operation of Mills and the Disposition of
the Tailings or Wastes from these Operations
• NRC Guidance: NuReg 1569, Reg Guides 3.46,
3.8, 4.14, etc.

• Application submitted at least 9 months prior to
construction
• Construction prohibited prior to license approval
• Preoperational monitoring for one full year prior
to any major site construction (and data included
in application)
• Completeness determination within 30 days of
submittal

15

License Review Timeline
(cont’d)

16

Questions?

• First public meeting/hearing within 45 days of
completeness determination; second with 30 days
of the first
• County Commissioner review of environmental
report within 90 days of first public meeting
• CDPHE approve or deny application within

• Contact Steve Tarlton, 303-692-3423 or
steve.tarlton@state.co.us
• Visit Radiation Management web site at
http://www.cdphe.state.co.us/hm/rad/index.htm

– 270 days of response from County Commissioners, or
– 360 days of second public meeting if no County
Commissioner response
17
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