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Quality Assurance 

Abstract 

The Paducah Site maintains a Quality Assurance/Quality Control (QA/QC) Program to verify the 
integrity of data generated within the Environmental Monitoring Program. Sampling methods, 
instruments, locations, schedules, and other sampling and monitoring criteria are based on applicable 
guidelines from various established authorities. 

 
Introduction 
The Paducah Site maintains a QA/QC Program 
to verify the integrity of data generated within 
the Environmental Monitoring Program. Each 
aspect of the monitoring program, from sample 
collection to data reporting, must comply with 
quality requirements and assessment standards. 
Requirements and guidelines for the QA/QC 
Program at the Paducah Site are established by 
DOE Order 414.1C, Quality Assurance; state and 
federal regulations; and guidance from the EPA, 
the American National Standards Institute, the 
American Society of Mechanical Engineers, the 
American Society of Testing and Materials 
(ASTM), and the American Society for Quality 
Control. The QA/QC Program specifies 
organizational and programmatic elements to 
control equipment, design, documents, data, 
nonconformances, and records. Emphasis is placed 
on planning, implementing, and assessing activities. 
Program requirements are specified in project and 
subcontract documents to ensure that requirements 
are included in project-specific QA plans and other 
planning documents. 
 
 
 
 

 
In 2006, two separate EMPs defined the 
relationship of each element of the Environmental 
Monitoring Program. The FY 2006 EMP was in 
effect and covered data collected during the time 
frame of January 2006 to September 2006. The 
FY 2007 EMP was in effect and covered data 
collected during the time frame of October 2006 
to December 2006. In 2006, two separate QA 
plans defined the relationship of each element of 
the Environmental Monitoring Program to key 
quality and data management requirements. The 
Environmental Monitoring Quality Assurance and 
Data Management Plan (EQADMP) in the FY 
2006 EMP was in effect and covered data 
collected during the time frame of January 
through September 2006. The EQADMP in the 
FY 2007 EMP covered October through 
December 2006. Training requirements, sample 
custody, procedures, instrument calibration and 
maintenance, and data review are a few of the 
subjects discussed in the two QA plans.  
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Field Sampling Quality Control 

Data Quality Objectives and Sample 
Planning 

From the start of any sampling program, data 
quality objectives (DQOs) play an important role. 
The number of samples, location of sampling sites, 
sampling methods, sampling schedules, and 
coordination of sampling and analytical 
resources to meet critical completion times are 
documented in the Paducah Site EMP (PRS 
2006c). 
 
Each sampling location and sample collected is 
assigned a unique identification number. Each 
segment of the identification number sequence is 
used to designate information concerning the 
location from which a sample is collected. To 
progress from planning to implementing the 
DQOs, an analytical statement of work (SOW) 
for the analytical laboratory is generated from a 
system within the Paducah Integrated Data 
System. From this system, the Project 
Environmental Measurements System (PEMS), 
an electronic database used for managing and 
streamlining field-generated and laboratory-
generated data, is populated with sample 
identification numbers, sampling locations, sampling 
methods, analytical parameters, analytical methods, 
and sample container and preservative 
requirements. This information is used to produce 
sample bottle labels and chain-of-custody forms 
for each sampling event. 
 
Field Measurements 

Field measurements for the groundwater and 
surface water monitoring program are collected in 
the field and include water level measurements, 
pH, conductivity, flow rate, turbidity, 
temperature, dissolved oxygen, total residual 
chlorine, and barometric pressure. 
Environmental conditions, such as ambient 
temperature and weather, also are recorded. Field 
measurements are collected and are downloaded 
electronically, recorded on appropriate field forms 
or recorded in logbooks, and input into PEMS. 
 

Sampling Procedures 

Samples are collected using media-specific 
procedures, which are written according to EPA-
approved sampling methods. Sample media 
consist of surface water, groundwater, sediment, 
and biota, such as fish and deer. Sample 
information recorded during a sampling event 
consists of the sample identification number, 
station (or location), date collected, time 
collected, and person who performed the 
sampling, etc. This information is documented 
in a logbook, on a chain-of-custody form, and on 
the sample container label, which then is input 
directly into PEMS. Chain-of-custody forms are 
maintained from the point of sampling, and the 
samples are protected properly until they are 
placed in the custody of an analytical laboratory. 
 
Field Quality Control Samples 

The QC program for both groundwater and 
environmental monitoring activities specifies a 
minimum target rate of 5 percent, or one per 20 
environmental samples, for field QC samples. Table 
10.1 shows the types of field QC samples collected 
and analyzed. Analytical results of field QC 
samples are evaluated to determine if the sampling 
event had any effect on the sample results. 
 

Table 10.1. Types of QC Samples 

Field QC Samples Laboratory QC Samples 
Field blanksa Laboratory duplicates 
Field duplicates Reagent blanks 
Trip blanksa Matrix spikesb 
Equipment rinseates Matrix spike duplicates 
 Surrogates 
 Performance evaluations 
 Laboratory control samples 
a Blanks–Samples of deionized water used to assess 

potential contamination from a source other than the 
media being sampled. 

b Spikes–Samples that have been mixed with a known 
quantity of a chemical to measure instrument 
effectiveness during the analysis process. 
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Analytical Laboratory Quality 
Control 

Analytical Procedures 

When available and appropriate for the sample 
matrix, EPA-approved SW-846 methods are 
used for sample analysis. When SW-846 methods 
are not available, other nationally recognized 
methods, such as those developed by DOE and 
ASTM, are used. Analytical methods are 
identified in a SOW for laboratory services. 
Using guidance from EPA, laboratories 
document the steps in sample handling, analysis, 
reporting results, and follow chain-of-custody 
procedures. 
 
Laboratory Quality Control Samples 

Laboratory QC samples are prepared and 
analyzed as required by the analytical methods used. 
Typical laboratory QC samples are identified in 
Table 10.1. If acceptance criteria are not met for the 
QC samples, then appropriate action, as denoted by 
the analytical method, is taken or the analytical data 
are qualified appropriately. 
 
Independent Quality Control 

The Paducah Site is required by DOE and EPA 
to participate in independent QC programs. The 
site also participates in voluntary independent 
programs to improve analytical QC. These 
programs generate data that readily are recognized 
as objective measures that allow participating 
laboratories and government agencies a periodic 
review of their performance. Results that exceed 
acceptable limits are investigated and documented 
according to formal procedures. Although 
participation in certain programs is mandatory, the 
degree of participation is voluntary, so that each 
laboratory can select parameters of particular 
interest to that facility. These programs are 
conducted by EPA, DOE, and commercial 
laboratories. The laboratories supporting the 
Paducah DOE KPDES program participate in a 
Discharge Monitoring Report QA Study conducted 
annually by EPA. During 2006, the laboratories 
provided acceptable results on all requested 
parameters, with the exception of Total 

Suspended Solids. A corrective action report 
was submitted to EPA in December 2006. 
 
Laboratory Audits/Sample Management 
Office 

Laboratory audits are performed annually by the 
DOE Consolidated Audit Program (DOECAP) to 
ensure that the laboratories are in compliance with 
regulations, methods, and procedures. The 
audited laboratories are included on the 
DOECAP-approved listing for use by the 
Sample Management Office (SMO). Findings are 
documented and addressed by the audited 
laboratory through corrective actions. 
 
Data Management 

Project Environmental Measurements 
System 

The data generated from sampling events are 
stored in PEMS, a consolidated site data system for 
tracking and managing data. The system is used to 
manage field-generated data, import laboratory 
generated data, input data qualifiers identified 
during the data review process, and transfer data 
to the Paducah OREIS database for reporting. 
PEMS uses a variety of references and code lists 
to ensure consistency and standardization of the 
data. 
 
Paducah OREIS 

Paducah OREIS is the database used to 
consolidate data generated by the EM Program. 
Data consolidation consists of the activities 
necessary to prepare the evaluated data for the 
users. The PEMS files containing the assessed data 
are transferred from PEMS to Paducah OREIS 
for future use. The data manager is responsible 
for notifying the project team and other data users 
of the available data. Data used in reports 
distributed to external agencies (e.g., the 
quarterly landfill reports, the ASER, and the 
Biological Monitoring Program reports) are 
obtained from Paducah OREIS and have been 
through the data review process. (The data 
review process is documented in Data and 
Documents Management and Quality Assurance 
Plan for Paducah Environmental Management 
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and Enrichment Facilities, DOE/OR/07-
1595&D2, Section 8.4 (DOE 1998b). 
 
Electronic Data Deliverables 

A “results only” Electronic Data Deliverable 
(EDD) is requested for all samples analyzed by each 
laboratory. The results and qualifier information 
from the EDD are checked in addition to the 
format of all fields provided. Discrepancies are 
reported immediately to the laboratory so 
corrections can be made or new EDDs can be 
issued. Approximately 10 percent of the EDDs 
are randomly checked to verify that the 
laboratory continues to provide adequate EDDs. 
 
Data Packages 

A “forms only” Level III data package is 
requested from the laboratory when data 
validation is to be performed on a specific 
sampling event or media. All data packages 
received from the fixed base laboratory are 
tracked, reviewed, and maintained in a secure 
environment. The following information is 
tracked: sample delivery group number, date 
received, number of samples, sample analyses, 
receipt of any EDD, and comments. The contents 
of the data package and the chain-of-custody 
forms are compared and discrepancies identified. 
Discrepancies are reported immediately to the 
laboratory and data validators. All data packages 
are forwarded to the PGDP Document 
Management Center for permanent storage. 
 
Laboratory Contractual Screening 

Laboratory contractual screening is the process 
of evaluating a set of data against the 
requirements specified in the analytical SOW to 
ensure that all requested information is received. 
The contractual screening includes, but is not limited 
to, the chain-of-custody form, number of samples, 
analytes requested, total number of analyses, 
method used, QC samples analyzed, EDDs, 
units, holding times, and reporting limits 
achieved. The contractual screening is 
conducted electronically upon receipt of data 
from the analytical laboratory. Any exception to 
the SOW is identified and documented. 

Data Verification, Validation, and 
Assessment 

Data verification is the process for comparing a 
data set against a set standard or contractual 
requirement. Verification is performed 
electronically, manually, or by a combination of 
both. Data verification includes contractual 
screening and other criteria specific to the data. 
Data are flagged as necessary. Verification 
qualifiers are stored in PEMS and transferred 
with the data to Paducah OREIS. 
 
Data validation is the process performed by a 
qualified individual for a data set, independent from 
sampling, laboratory, project management, or 
other decision-making personnel. Data validation 
evaluates the laboratory adherence to analytical 
method requirements. Validation qualifiers are 
stored in PEMS and transferred with the data to 
Paducah OREIS. Data from routine sampling 
events are validated programmatically at a 
frequency of 5 percent of the total data 
packages. Each of the selected data packages, 
which make up 5 percent of the total number of 
data packages, is validated 100 percent. 
 
Data assessment is the process for assuring that 
the type, quality, and quantity of data are 
appropriate for their intended use. It allows for the 
determination that a decision (or estimate) can 
be made with the desired level of confidence, given 
the quality of the data set. Data assessment follows 
data verification and data validation (if applicable) 
and must be performed at a rate of 100 percent to 
ensure data are useable. The data assessment is 
conducted by trained technical personnel in 
conjunction with other project team members. 
Assessment qualifiers are stored in PEMS and 
transferred with the data to Paducah OREIS. Data 
are made available for reporting from Paducah 
OREIS upon completion of the data assessment, 
and associated documentation is filed with the 
project files. 
 
The EPA and KDOW require, as part of their 
QA program, a laboratory QA study. Each 
laboratory performing analyses to demonstrate 
KPDES permit compliance is required to 
participate. Two laboratories and one sampling 
organization participated in the study in 2006. Final 
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results for the Discharge Monitoring Report QA 
Study Number 26 were “acceptable,” with the 
exception of Total Suspended Solids. A corrective 
action report was submitted to EPA in December 

2006. The Discharge Monitoring Report QA Study 
results were provided to KDOW and EPA, as 
required.  
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Glossary 
absorption – The process by which the number 
and energy of particles or photons entering a 
body of matter is reduced by interaction with the 
matter. 
 
adsorption – The accumulation of gases, 
liquids, or solutes on the surface of a solid or 
liquid. 
 
activity – See radioactivity. 
 
air stripping – The process of bubbling air 
through water to remove volatile organic 
compounds from the water. 
 
alpha particle – A positively charged particle 
emitted from the nucleus of an atom having the 
same charge and mass as that of a helium 
nucleus (two protons and two neutrons). 
 
ambient air – The atmosphere around people, 
plants, and structures. 
 
analyte – A constituent or parameter being 
analyzed. 
 
analytical detection limit – The lowest 
reasonably accurate concentration of an analyte 
that can be detected; this value varies depending 
on the method, instrument, and dilution used. 
 
aquifer – A geologic formation, group of 
formations, or part of a formation capable of 
yielding a significant amount of groundwater to 
wells or springs. 
 
aquitard – A geologic unit that inhibits the flow 
of water. 
 
assimilate – To take up or absorb. 
 
atom – Smallest particle of an element capable 
of entering into a chemical reaction. 
 
beta particle – A negatively charged particle 
emitted from the nucleus of an atom. It has a 
mass and charge equal to those of an electron. 
 

biota – The animal and plant life of a particular 
region considered as a total ecological entity. 
 
CERCLA-reportable release – A release to the 
environment that exceeds reportable quantities 
as defined by the Comprehensive Environmental 
Response, Compensation, and Liability Act. 
 
chain-of-custody form – A form that 
documents sample collection, transport, analysis, 
and disposal. 
 
closure – Formal shutdown of a hazardous 
waste management facility under Resource 
Conservation and Recovery Act requirements. 
 
compliance – Fulfillment of applicable 
requirements of a plan or schedule ordered or 
approved by government authority. 
 
concentration – The amount of a substance 
contained in a unit volume or mass of a sample. 
 
conductivity – A measure of a material’s 
capacity to convey an electric current. For water, 
this property is related to the total concentration 
of the ionized substances in water and the 
temperature at which the measurement is made. 
 
confluence – The point at which two or more 
streams meet; the point where a tributary joins 
the main stream. 
 
congener – Any particular member of a class of 
chemical substances. A specific congener is 
denoted by a unique chemical structure. 
 
contained landfill – A solid waste site or 
facility that accepts disposal of solid waste. The 
technical requirements for contained landfills are 
found in 401 KAR 47:080, 48:050, and 48:070 to 
48:090. 
 
contamination – Deposition of unwanted 
material on the surfaces of dissolved into 
structures, areas, objects, or personnel. 
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cosmic radiation – Ionizing radiation with very 
high energies that originates outside the earth’s 
atmosphere. Cosmic radiation is one contributor 
to natural background radiation. 
 
curie (Ci) – A unit of radioactivity. One curie is 
defined as 3.7 x 1010 (37 billion) disintegrations 
per second. Several fractions and multiples of 
the curie are used commonly: 
 
• kilocurie (kCi) – 103 Ci, one thousand 

curies; 3.7 x 1013 disintegrations per second.  
 
• millicurie (mCi) – 10-3 Ci, one-thousandth 

of a curie; 3.7 x 107 disintegrations per 
second.  

 
• microcurie (µCi) – 10-6 Ci, one-millionth of 

a curie; 3.7 x 104 disintegrations per second.  
 
• picocurie (pCi) – 10-12 Ci, one-trillionth of 

a curie; 3.7 x 10-2 disintegrations per second. 
 
daughter – A nuclide formed by the radioactive 
decay of a parent nuclide. 
 
decay, radioactive – The spontaneous 
transformation of one radionuclide into a 
different radioactive or nonradioactive nuclide 
or into a different energy state of the same 
radionuclide. 
 
dense nonaqueous-phase liquid (DNAPL) – 
The liquid phase of chlorinated organic solvents. 
These liquids are denser than water and include 
commonly used industrial compounds such as 
tetrachloroethylene and trichloroethylene. 
 
derived concentration guide (DCG) – The 
concentration of a radionuclide in air or water 
that, under conditions of continuous exposure 
for one year by one exposure mode (i.e., 
ingestion of water, submersion in air, or 
inhalation), would result in either an effective 
dose equivalent of 0.1 rem (1 mSv) or a dose 
equivalent of 5 rem (50 mSv) to any tissue, 
including skin and the lens of the eye. The 
guidelines for radionuclides in air and water are 
given in DOE Order 5400.5, Radiation 
Protection of the Public and the Environment. 
 

disintegration, nuclear – A spontaneous 
nuclear transformation (radioactivity) 
characterized by the emission of energy and/or 
mass from the nucleus of an atom. 
 
dose – The energy imparted to matter by 
ionizing radiation. The unit of absorbed dose is 
the rad, equal to 0.01 joules per kilogram in any 
medium. 
 
• absorbed dose – The quantity of radiation 

energy absorbed by an organ divided by the 
organ’s mass. Absorbed dose is expressed in 
units of rad (or gray) (1 rad = 0.01 Gy).  

 
• dose equivalent – The product of the 

absorbed dose (rad) in tissue and a quality 
factor. Dose equivalent is expressed in units 
of rem (or sievert) (1 rem = 0.01 Sv).  

 
• committed dose equivalent – The 

calculated total dose equivalent to a tissue or 
organ over a 50-year period after known 
intake of a radionuclide into the body. 
Contributions from external dose are not 
included. Committed dose equivalent is 
expressed in units of rem (or sievert). 

 
• committed effective dose equivalent – The 

sum of the committed dose equivalents to 
various tissues in the body, each multiplied 
by the appropriate weighting factor. 
Committed effective dose equivalent is 
expressed in units of rem (or sievert).  
 

• effective dose equivalent – The sum of the 
dose equivalents received by all organs or 
tissues of the body after each one has been 
multiplied by an appropriate weighting 
factor. The effective dose equivalent 
includes the committed effective dose 
equivalent from internal deposition of 
radionuclides and the effective dose 
equivalent attributable to sources external to 
the body. 

 
• collective dose equivalent/collective 

effective dose equivalent – The sums of the 
dose equivalents or effective dose 
equivalents of all individuals in an exposed 
population within a 50-mile (80-km) radius 
expressed in units of person-rem (or  person-
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sievert). When the collective dose equivalent 
of interest is for a specific organ, the units 
would be organ-rem (or organ-sievert). The 
50-mile distance is measured from a point 
located centrally with respect to major 
facilities or DOE program activities. 

 
downgradient – In the direction of decreasing 
hydrostatic head. 
 
downgradient well – A well that is installed 
hydraulically downgradient of a site and that 
may be capable of detecting migration of 
contaminants from a site. 
 
drinking water standards (DWS) – Federal 
primary drinking water standards, both proposed 
and final, as set forth by the EPA in 40 CFR § 
141 and 40 CFR § 143. 
 
effluent – A liquid or gaseous waste discharge 
to the environment. 
 
effluent monitoring – The collection and 
analysis of samples or measurements of liquid 
and gaseous effluents for purposes of 
characterizing and quantifying the release of 
contaminants, assessing radiation exposures to 
members of the public, and demonstrating 
compliance with applicable standards. 
 
Environmental Restoration – A DOE program 
that directs the assessment and cleanup of its 
sites (remediation) and facilities 
(decontamination and decommissioning) 
contaminated with waste as a result of nuclear-
related activities. 
 
exposure (radiation) – The incidence of 
radiation on living or inanimate material by 
accident or intent. Background exposure is the 
exposure to natural background ionizing 
radiation. Occupational exposure is that 
exposure to ionizing radiation received at a 
person’s workplace. Population exposure is the 
exposure to the total number of persons who 
inhabit an area. 
 
external radiation – Exposure to ionizing 
radiation when the radiation source is located 
outside the body. 
 

fauna – The population of animals in a given 
area, environment, formation, or time span. 
 
flora – The population of plants in a given area, 
environment, formation, or time span. 
 
formation – A mappable unit of consolidated or 
unconsolidated geologic material of a 
characteristic lithology or assemblage of 
lithologies. 
 
gamma ray – High-energy, short-wavelength 
electromagnetic radiation emitted from the 
nucleus of an excited atom. Gamma rays are 
identical to X-rays except for the source of the 
emission. 
 
Gaussian puff/plume model – A computer-
simulated atmospheric dispersion of a release 
using a Gaussian (normal) statistical distribution 
to determine concentrations in air. 
 
grab sample – A sample collected 
instantaneously with a glass or plastic bottle 
placed below the water surface to collect 
surface-water samples (also called dip samples). 
 
groundwater, unconfined – Water that is in 
direct contact with the atmosphere through open 
spaces in permeable material. 
 
half-life, radiological – The time required for 
half of a given number of atoms of a specific 
radionuclide to decay. Each nuclide has a unique 
half-life. 
 
hardness – The amount of calcium carbonate 
dissolved in water, usually expressed as part of 
calcium carbonate per million parts of water.  
 
high-level waste - High-level radioactive waste 
or HLW means: (1) Irradiated reactor fuel, (2) 
liquid wastes resulting from the operation of the 
first cycle solvent extraction system, or 
equivalent, and the concentrated wastes from 
subsequent extraction cycles, or equivalent, in a 
facility for reprocessing irradiated reactor fuel, 
and (3) solids into which such liquid wastes 
have been converted. 
 
hydrogeology – Hydraulic aspects of site 
geology. 
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hydrology – The science dealing with the 
properties, distribution, and circulation of 
natural water systems. 
 
in situ – In its original place; field 
measurements taken without removing the 
sample from its origin; remediation performed 
while groundwater remains below the surface. 
 
internal dose factor – A factor used to convert 
intakes of radionuclides to dose equivalents. 
 
internal radiation – Occurs when natural 
radionuclides enter the body by ingestion of 
foods or liquids or by inhalation. Radon is the 
major contributor to the annual dose equivalent 
for internal radionuclides. 
 
ion – An atom or compound that carries an 
electrical charge. 
 
irradiation – Exposure to radiation. 
 
isotopes – Forms of an element having the same 
number of protons but differing numbers of 
neutrons in their nuclei. 
 
• long-lived isotope – A radionuclide that 

decays at such a slow rate that a quantity of 
it will exist for an extended period (half-life 
is greater than three years). 

 
• short-lived isotope – A radionuclide that 

decays so rapidly that a given quantity is 
transformed almost completely into decay 
products within a short period (half-life is 
two days or less). 

 
lower limit of detection – The smallest 
concentration or amount of analyte that can be 
reliably detected in a sample at a 95 percent 
confidence level. 
 
maximally exposed individual – A 
hypothetical individual who remains in an 
uncontrolled area and would, when all potential 
routes of exposure from a facility’s operations 
are considered, receive the greatest possible dose 
equivalent. 
 
migration – The transfer or movement of a 
material through air, soil, or groundwater. 

milliroentgen (mR) – A measure of X-ray or 
gamma radiation. The unit is one-thousandth of 
a roentgen. 
 
minimum detectable concentration – The 
smallest amount or concentration of a 
radionuclide that can be distinguished in a 
sample by a given measurement system at a 
preselected counting time and at a given 
confidence level. 
 
monitoring – Process whereby the quantity and 
quality of factors that can affect the environment 
or human health are measured periodically to 
regulate and control potential impacts. 
 
mrem – The dose equivalent that is one-
thousandth of a rem. 
 
natural radiation – Radiation from cosmic and 
other naturally occurring radionuclide (such as 
radon) sources in the environment. 
 
nuclide – An atom specified by its atomic 
weight, atomic number, and energy state. A 
radionuclide is a radioactive nuclide. 
 
outfall – The point of conveyance (e.g., drain or 
pipe) of wastewater or other effluents into a 
ditch, pond, or river. 
 
part per billion (ppb) – A unit measure of 
concentration equivalent to the weight/volume 
ratio expressed as µg/L or mg/mL. 
 
part per million (ppm) – A unit measure of 
concentration equivalent to the weight/volume 
ratio expressed as mg/L. 
 
pathogen – A disease-producing agent; usually 
refers to living organisms. 
 
person-rem – Collective dose to a population 
group. For example, a dose of 1 rem to 10 
individuals results in a collective dose of 10 
person-rem. 
 
pH – A measure of the hydrogen-ion 
concentration in an aqueous solution. Acidic 
solutions have a pH from 0 to 6, neutral 
solutions have a pH equal to 7, and basic 
solutions have a pH greater than 7. 
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piezometer – An instrument used to measure the 
hydraulic potential of groundwater at a given 
point; also, a well designed for this purpose. 
 
polychlorinated biphenyl (PCB) - Any 
chemical substance that is limited to the 
biphenyl molecule and that has been chlorinated 
to varying degrees. 
 
polynuclear aromatic hydrocarbon (PAH) – 
Any organic compound composed of more than 
one benzene ring. 
 
process water – Water used within a system 
process. 
 
purge – To remove water before sampling, 
generally by pumping or bailing. 
 
quality assurance (QA) – Any action in 
environmental monitoring to ensure the 
reliability of monitoring and measurement data. 
 
quality control (QC) – The routine application 
of procedures within environmental monitoring 
to obtain the required standards of performance 
in monitoring and measurement processes. 
 
quality factor – The factor by which the 
absorbed dose (rad) is multiplied to obtain a 
quantity that expresses, on a common scale for 
all ionizing radiation, the biological damage to 
exposed persons. A quality factor is used 
because some types of radiation, such as alpha 
particles, are more biologically damaging than 
others. 
 
rad – An acronym for Radiation Absorbed 
Dose. The rad is a basic unit of absorbed 
radiation dose. (This is being replaced by the 
“gray,” which is equivalent to 100 rad.)  
 
radiation detection instruments – Devices that 
detect and record the characteristics of ionizing 
radiation. 
 
radioactivity – The spontaneous emission of 
radiation, generally alpha or beta particles or 
gamma rays, from the nucleus of an unstable 
isotope. 
 
radioisotopes – Radioactive isotopes. 

radionuclide – An unstable nuclide capable of 
spontaneous transformation into other nuclides 
by changing its nuclear configuration or energy 
level. This transformation is accompanied by the 
emission of photons or particles. 
 
reference material – A material or substance 
with one or more properties that is sufficiently 
well established and used to calibrate an 
apparatus, to assess a measurement method, or 
to assign values to materials. 
 
release – Any discharge to the environment. 
Environment is broadly defined as any water, 
land, or ambient air. 
 
rem – The unit of dose equivalent (absorbed 
dose in rads multiplied by the radiation quality 
factor). Dose equivalent is frequently reported in 
units of millirem (mrem), which is one-
thousandth of a rem. 
 
remediation – The correction of a problem. See 
Environmental Restoration. 
 
Resource Conservation and Recovery Act 
(RCRA) – Federal legislation that regulates the 
transport, treatment, and disposal of solid and 
hazardous wastes. 
 
RFI Program – RCRA Facility Investigation 
Program; EPA-regulated investigation of a solid 
waste management unit with regard to its 
potential impact on the environment. 
 
roentgen – A unit of exposure from X-rays or 
gamma rays. One roentgen equals 2.58 x 104 
coulombs per kilogram of air. 
 
screen zone – In well construction, the section 
of a formation that contains the screen, or 
perforated pipe, that allows water to enter the 
well. 
 
semivolatile organic analyte (SVOA) – Any 
organic compound with a high boiling point 
which will volatilize upon heating. 
 
sievert (Sv) – The SI (International System of 
Units) unit of dose equivalent; 1 Sv = 100 rem. 
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slurry – A suspension of solid particles (sludge) 
in water. 
 
source – A point or object from which radiation 
or contamination emanates. 
 
specific conductance – The ability of water to 
conduct electricity; this ability varies in 
proportion to the amount of ionized minerals in 
the water. 
 
stable – Not radioactive or not easily 
decomposed or otherwise modified chemically. 
 
storm-water runoff – Surface streams that 
appear after precipitation. 
 
strata – Beds, layers, or zones of rocks. 
 
substrate – The substance, base, surface, or 
medium in which an organism lives and grows. 
 
surface water – All water on the surface of the 
earth, as distinguished from groundwater. 
 
suspended solids – Mixture of fine, nonsettling 
particles of any solid within a liquid or gas. 
 
terrestrial radiation – Ionizing radiation 
emitted from radioactive materials, primarily 
40K, thorium, and uranium, in the earth’s soils. 
Terrestrial radiation contributes to natural 
background radiation. 
 
thermoluminescent dosimeter (TLD) – A 
device used to measure external gamma 
radiation. 
 
total activity – The total quantity of radioactive 
decay particles that are emitted from a sample. 
 
total solids – The sum of total dissolved solids 
and suspended solids. 

total suspended particulates – Refers to the 
concentration of particulates in suspension in the 
air irrespective of the nature, source, or size of 
the particulates. 
 
transuranic element (TRU) – An element 
above uranium in the Periodic Table, that is, 
with an atomic number greater than 92. All 11 
TRUs are produced artificially and are 
radioactive. They are neptunium, plutonium, 
americium, curium, berkelium, californium, 
einsteinium, fermium, mendelevium, nobelium, 
and lawrencium. 
 
troughing system – A collection and 
containment system designed to collect leaks of 
oil that have been contaminated with PCBs. 
 
turbidity – A measure of the concentration of 
sediment or suspended particles in solution.  
 
upgradient – In the direction of increasing 
hydrostatic head. 
 
vadose zone – Soil zone located above the water 
table. 
 
volatile organic compound (VOC) – Any 
organic compound which has a low boiling point 
and readily volatilizes into air (e.g., 
trichloroethane, tetrachloroethylene, and 
trichloroethylene). 
 
watershed – The region draining into a river, 
river system, or body of water. 
 
wetland – A lowland area, such as a marsh or 
swamp, inundated or saturated by surface or 
groundwater sufficiently to support hydrophytic 
vegetation typically adapted to life in saturated 
soils. 
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Appendix A:  Radiation 
This appendix provides basic information about radiation. This information is intended to be a 
basis for understanding normal radiation dose from sources unassociated with the Paducah 
Site. People are constantly exposed to radiation. For example, radon in air; potassium in food 
and water; and uranium, thorium, and radium in the earth’s crust are all sources of radiation. 
The following discussion describes important aspects of radiation, including atoms and isotopes; 
types, sources, and pathways of radiation; radiation measurement; and dose information. 

 
ATOMS AND ISOTOPES 
All matter is made up of atoms. The atom is 
thought to consist of a dense central nucleus 
surrounded by a cloud of electrons. The nucleus 
is composed of protons and neutrons. Table A.1 
summarizes the basic components of an atom. In 
an electrically neutral atom, the number of 
protons equals the number of electrons. Atoms 
can lose or gain electrons through ionization. 
The number of protons in the nucleus determines 
an element’s atomic number, or chemical 
identity. With the exception of hydrogen, the 
nucleus of each type of atom also contains at 
least one neutron. Unlike protons, the number of 
neutrons may vary among atoms of the same 
element. The number of neutrons and protons 
determines the atomic weight of the atom. 
 
Atoms of the same element with a different 
number of neutrons are called isotopes. Isotopes 
have the same chemical properties but different 
atomic weights. Figure A.1 depicts  
 

isotopes of the element hydrogen. Uranium, 
which has 92 protons, is another example of an 
element that has isotopes. All isotopes of 
uranium have 92 protons; however, each 
uranium isotope has a different number of 
neutrons. Uranium-234 has 92 protons and 142 
neutrons; 235U has 92 protons and 143 neutrons; 
and 238U has 92 protons and 146 neutrons. 

 
Figure A.1.Isotopes of the Element Hydrogen 

 
Table A.1. Summary of the Basic Parts of an Atom 

 
Particle Location Charge Comments 

Protons Nucleus + positive 
The number of protons determines the element. 
If the number of protons changes, the element 
changes. 

Neutrons Nucleus No charge 
Atoms of the same element have the same 
number of protons, but can have a different 
number of neutrons. This is called an isotope. 

Electrons Orbit nucleus – negative This negative charge is equal in magnitude to 
the proton’s positive charge. 

Source: Bechtel Jacobs Company LLC. Radiological Worker I and II Academics Training, Student 
Handbook, Revision 2. 
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BASIC INFORMATION ABOUT 
RADIATION 
Radioactivity was discovered in 1896 by the 
French physicist Antoine Henri Becquerel when 
he observed that the element uranium can 
blacken a photographic plate, even when 
separated from the plate by glass or black paper. 
In 1898, the French chemists Marie Curie and 
Pierre Curie concluded that radioactivity is a 
phenomenon associated with atoms, independent 
of their physical or chemical state. The Curies 
measured the heat associated with the decay of 
radium and established that 1 g (0.035 oz) of 
radium gives off about 100 cal of energy every 
hour. This release of energy continues hour after 
hour and year after year, whereas the complete 
combustion of a gram of coal results in the 
production of a total of only about 8,000 cal of 
energy. Radioactivity attracted the attention of 
scientists throughout the world, following these 
early discoveries. In the ensuing decades, many 
aspects of the phenomenon were thoroughly 
investigated (Encarta 2002a).  
 
Radiation is energy in the form of waves or 
particles moving through space. Radiation 
occurs because unstable atoms give off excess 
energy to become stable. Ionization is the 
process of removing electrons from neutral 
atoms. NOTE: Ionization should not be confused 
with radiation. Ionization is a result of the 
interaction of radiation with an atom and is what 
allows the radiation to be detected. Ionizing 
radiation is energy (particles or rays) emitted 
from radioactive atoms that can cause ionization. 
Ionizing radiation is capable of displacing 
electrons and changing the chemical state of 
matter and, subsequently, causing biological 
damage; therefore, ionizing radiation is 
potentially harmful to human health. Examples 
of ionizing radiation include alpha, beta, and 
gamma radiation. Nonionizing radiation 
bounces off or passes through matter without 
displacing electrons. Nonionizing radiation does 
not have enough energy to ionize an atom. It is 
unclear whether nonionizing radiation is harmful 
to human health. Examples include visible light, 
radar waves, microwaves, and radio waves. 
Radioactivity is the process of unstable or 
radioactive atoms becoming stable by emitting 

radiant energy. Radioactivity that occurs over a 
period of time is called radioactive decay. The 
discovery that radium decays to produce radon 
proved conclusively that radioactive decay is 
accompanied by a change in the chemical nature 
of the decaying element. A disintegration is a 
single atom undergoing radioactive decay. 
Radioactive half-life is the time it takes for one-
half of the radioactive atoms present to decay. 
 
TYPES, SOURCES, AND 
PATHWAYS OF RADIATION 
Visible light, heat, radio waves, and alpha 
particles are examples of radiation. When people 
feel warmth from the sunlight, they actually are 
absorbing the radiant energy emitted by the sun. 
Electromagnetic radiation is radiation in the 
form of electromagnetic waves; examples 
include gamma rays, ultraviolet light, and radio 
waves. Particulate radiation is radiation in the 
form of particles; examples include alpha and 
beta particles. The spectrum of particle and 
electromagnetic radiations ranges from the 
extremely short wavelengths of cosmic rays and 
electrons to very long radio waves that are 
hundreds of kilometers in length. Figure A.2 
shows the difference between a longer 
wavelength and a shorter wavelength. Figure 
A.3 illustrates the wavelengths of several types 
of radiation along with an example of something 
that is approximately the same dimension in 
length.  
 
The radiation’s ability to penetrate material is an 
important consideration in protecting human 
health. Adequate shielding decreases the power 
of radiation by absorbing part or all of it. Figure 
A.4 shows the different penetrating power of 
alpha, beta, and gamma rays. Alpha rays are 
stopped by the thickness of a few sheets of paper 
or a rubber glove. A few centimeters of wood or 
a thin sheet of copper stops beta rays. Gamma 
rays and X-rays require thick shielding of a 
heavy material, such as iron, lead, or concrete 
(Encarta 2002b).  
 
Radiation is everywhere. Most occurs naturally, 
but a small percentage is from humanmade 
sources. Naturally occurring radiation is 
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Figure A.2. Comparison between Longer (a) and Shorter (b) Wavelengths1 

 
 
 

 
 

Figure A.3. The Approximate Wavelengths of the Various Regions of the Electromagnetic Spectrum and an 
Example of Something That Is Approximately the Same Size2 

 
 
 

 
 

Figure A.4. The Penetrating Potential of the Three Types of Ionizing Radiation:  
Alpha (α), Beta (β), and Gamma (γ)3 

 
                                                      
1 (“Electromagnetic…” 2002, Appendix A references) 
2 (“Exploring …” 2002, Appendix A references) 
3 (“Experiment…” 2002, Appendix A references) 
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identical to the radiation resulting from human-
made sources. 
 
Naturally occurring radiation is known as 
background radiation. In fact, this naturally 
occurring radiation is the major source of 
radiation in the environment. People have little 
control over the amount of background radiation 
to which they are exposed. Background radiation 
remains relatively constant over time. The 
amount of background radiation present in the 
environment today is much the same as it was 
hundreds of years ago. Sources of background 
radiation include uranium in the earth, radon in 
the air, and potassium in food. Depending on its 
origin, background radiation is categorized as 
cosmic, terrestrial, or internal. Cosmic 
radiation comes from the sun and outer space 
and is made up of energetically charged particles 
from that continuously hit the earth’s 
atmosphere. Because the atmosphere provides 
some shielding against cosmic radiation, the 
intensity of cosmic radiation increases with 
altitude above sea level. Therefore, a person in 
Denver, Colorado, is exposed to more cosmic 
radiation than a person in Paducah, Kentucky. 
Terrestrial radiation refers to radiation emitted 
from radioactive materials in the earth’s rocks, 
soils, and minerals. Radon (Rn); radon progeny, 
the relatively short-lived decay products of 
radium-235 (235Ra); potassium (40K); isotopes of 
thorium (Th); and isotopes of uranium (U) are 
the elements responsible for most terrestrial 
radiation. Internal radiation is radiation that is 
inside the body and is in close contact with body 
tissue. Internal radiation can deposit large 
amounts of energy in a small amount of tissue. 
Radioactive material in the environment enters 
the body through the air people breathe, the food 
they eat, and even through an open wound. 
Natural radionuclides in the body include 
isotopes of U, Th, Ra, Rn, Pu, bismuth (Bi), and 
lead in the 238U and 212Th decay series.  
 
In addition, the body contains isotopes of 
sodium-24 (24Na), 40K, rubidium (Rb), and 
carbon-14 (14C). Most of our internal exposure 
comes from 40K. In addition to background 
radiation, there are human-made sources of 
radiation to which most people are exposed. 
Examples include consumer products, medical 
sources, and other sources. Some consumer 

products are sources of radiation. In some of 
these products, such as smoke detectors and 
airport X-ray baggage inspection systems, the 
radiation is essential to the performance of the 
device. In other products, such as televisions and 
tobacco products, the radiation occurs 
incidentally to the product function. Medical 
sources of radiation account for the majority of 
the exposure people receive from human-made 
radiation. Radiation is an important tool of 
diagnostic medicine and treatment. Exposure is 
deliberate and directly beneficial to the patients 
exposed. Generally, diagnostic or therapeutic 
medical exposures result from X-ray beams 
directed to specific areas of the body. Thus, all 
body organs generally are not irradiated 
uniformly.  
 
Radiation and radioactive materials are also used 
in a wide variety of pharmaceuticals and in the 
preparation of medical instruments, including 
the sterilization of heat-sensitive products such 
as plastic heart valves. Nuclear medical 
examinations and treatment involve the internal 
administration of radioactive compounds, or 
radiopharmaceuticals, by injection, inhalation, 
consumption, or insertion. Even then, 
radionuclides are not distributed uniformly 
throughout the body. Other sources of radiation 
include fallout from atmospheric atomic 
weapons tests; emissions of radioactive 
materials from nuclear facilities such as uranium 
mines, fuel processing plants, and nuclear power 
plants; emissions from mineral extraction 
facilities; and transportation of radioactive 
materials. Atmospheric testing of atomic 
weapons has been suspended. About one-half of 
1 percent of the United States population 
performs work in which radiation in some form 
is present. Radiation and radioactive material in 
the environment can reach people through many 
routes. Potential routes for radiation are referred 
to as pathways. Several radiation pathways are 
shown in Figure A.5. For example, radioactive 
material in the air could fall on a pasture. Cows 
could then eat the grass, and the radioactive 
material on the grass would show up in the 
cow’s milk. People drinking the milk would thus 
be exposed to this radiation, or people could 
simply inhale the radioactive material in the air. 
The same events could occur with radioactive 
material in water. Fish living in the water would 
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be exposed. People eating the fish would then be 
exposed to the radiation in the fish, or people 
swimming in the water would be exposed. 

 
Figure A.5. Possible Radiation Pathways 

 
MEASURING RADIATION 
To determine the possible effects of radiation on 
the environment and the health of people, the 
radiation must be measured. More precisely, its 
potential to cause damage must be determined. 
When measuring the amount of radiation in the 
environment, what actually is being measured is 
the rate of radioactive decay, or activity. The 
rate of decay varies widely among the various 
radioisotopes. For that reason, 1 g of one 
radioactive substance may contain the same 
amount of activity as several tons of another 
substance. Activity is measured by the number 
of disintegrations a radioactive material 
undergoes in a certain period of time. In the 
United States, activity is expressed in a unit of 
measure known as a curie (Ci). In the 
international system of units, activity is 
expressed in a unit of measure known as a 
becquerel (Bq). One disintegration per second 
(dps) equals one becquerel (Bq). One curie 
equals: 
 
• 37,000,000,000 atom disintegrations per 

second (3.7x1010
 dps) 

 
• 37,000,000,000 becquerels (3.7x1010

 Bq) 
 
• 1,000,000 microcuries (1x106

 μCi) 
 
DOSE INFORMATION 
The total amount of energy absorbed per unit 
mass as a result of exposure to radiation is 

expressed in a unit of measure known as a 
radiation absorbed dose (rad). In the 
international system of units, 100 rad = 1 gray. 
However, in terms of human health, it is the 
effect of the absorbed energy that is important 
because some forms of radiation are more 
harmful than others. The unit, rad, does not take 
into account the potential effects that different 
types of radiation have on the body. The 
measure of potential biological damage caused 
by exposure to and subsequent absorption of 
radiation is expressed in a unit of measure 
known as a roentgen equivalent man (rem). 
One rem of any type of radiation has the same 
total damaging effect and pertains to the human 
body. Dose is expressed in millirems (mrem), 
because a rem represents a fairly large dose. One 
millirem is equal to 1/1000 rem. The 
International System of Units uses the Sievert 
(Sv), l00 rem = 1 Sievert (Sv), 100 mrem = 1 
millisievert (mSv).  
 
Many terms are used to report dose, as listed in 
Table A.2. Several factors are taken into 
account, including the amount of radiation 
absorbed, the organ absorbing the radiation, and 
the effect of the radiation over a 50-year period. 
The term “dose,” in this report, includes the 
committed effective dose equivalent (EDE) and 
the EDE attributable to penetrating radiation 
from sources external to the body.  
 
Determining dose is an involved process using 
complex mathematical equations based on 
several factors, including the type of radiation, 
the rate of exposure, weather conditions, and 
typical diet. Basically, radiant energy is 
generated from radioactive decay or activity. 
People absorb some of the energy to which they 
are exposed. This absorbed energy is calculated 
as part of an individual’s dose. Whether 
radiation is natural or human made, its effects on 
people are the same.  
 
A comparison of some dose levels is presented 
in Table A.3. Included is an example of the type 
of exposure that may cause such a dose or the 
special significance of such a dose. This 
information is intended to help the reader 
become familiar with the type of doses 
individuals may receive. The average annual 
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dose received by residents of the United States   
Table A.2. Dose Terminology 

 
Term Description 

absorbed dose Quantity of radiation energy absorbed by an organ divided by an 
organ’s mass 

dose equivalent Absorbed dose to an organ multiplied by a quality factor 
effective dose equivalent Single weighted sum of combined dose equivalent received by all 

organs 
committed dose equivalent Effective dose equivalent to an organ over a 50-year period following 

intake 
committed effective dose equivalent Total effective dose equivalent to all organs in the human body over a 

50-year period following intake 
collective effective dose equivalent Sum of effective dose equivalents of all members of a given population 
quality factor A modifying factor used to adjust for the effect of the type of radiation, 

for example, alpha particles or gamma rays, on tissue 
weighting factor Tissue-specific modifying factor representing the fraction of the total 

health risk from uniform, whole-body exposure 
 

Table A.3. Comparison and Description of Various Dose Levels 
 

Dose Level Description 
1 mrem (0.01 mSv)  Approximate daily dose from natural background radiation, including radon.  
2.5 mrem (0.025 mSv)  Cosmic dose to a person on a one-way airplane flight from New York to Los 

Angeles.  
10 mrem (0.10 mSv)  Annual exposure limit, set by the EPA for exposures from airborne emissions from 

operations of nuclear fuel cycle facilities, including power plants and uranium 
mines and mills.  

45 mrem (0.45 mSv)  Average yearly dose from cosmic radiation received by people in the Paducah area. 
46 mrem (0.46 mSv)  Estimate of the largest dose any off-site person could have received from the 

March 28, 1979, Three Mile Island nuclear power plant accident.  
66 mrem (0.66 mSv)  Average yearly dose to people in the U.S. from human-made sources.  
100 mrem (1.00 mSv)  Annual limit of dose from all DOE facilities to a member of the public who is not a 

radiation worker.  
110 mrem (1.10 mSv)  Average occupational dose received by U.S. commercial radiation workers in 

1980.  
244 mrem (2.44 mSv)  Average dose from an upper gastrointestinal diagnostic X-ray series.  
300 mrem (3.00 mSv)  Average yearly dose to people in the U.S. from all sources of natural background 

radiation.  
1-5 rem (0.01-0.05 Sv)  EPA protective action guidelines state that public officials should take emergency 

action when the dose to a member of the public from a nuclear accident will likely 
reach this range.  

5 rem (0.05 Sv)  Annual limit for occupational exposure of radiation workers set by NRC and DOE.  
10 rem (0. 10 Sv)  The BEIR V report estimated that an acute dose at this level would result in a 

lifetime excess risk of death from cancer, caused by the radiation, of 0.8%.  
25 rem (0.25 Sv)  EPA guideline for voluntary maximum dose to emergency workers for non-

lifesaving work during an emergency.  
75 rem (0.75 Sv)  EPA guideline for maximum dose to emergency workers volunteering for 

lifesaving work.  
50-600 rem (0.50-6.00 Sv)  Doses in this range received over a short period of time will produce radiation 

sickness in varying degrees. At the lower end of this range, people are expected to 
recover completely, given proper medical attention. At the top of this range, most 
people would die within 60 days.  

Adapted from Savannah River Site Environmental Report for 1993 (SRS 1994). 
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dose  received  by  residents of the United States  
from cosmic radiation is about 27 mrem (0.27 
mSv) (NCRP 1987). The average annual dose 
from cosmic radiation received by residents in 
the Paducah area is about 45 mrem (0.45 mSv). 
The average annual dose received from 
terrestrial gamma radiation in the United States 
is about 28 mrem (0.28 mSv). The terrestrial 
dose varies geographically across the country 
(NCRP 1987); typical reported values are 16 
mrem (0.16 mSv) at the Atlantic and Gulf 
coastal plains and 63 mrem (0.63 mSv) at the 
eastern slopes of the Rocky Mountains. In the 
Paducah area, background levels of 
radionuclides in soils are within typical levels 
indicating that the dose received from terrestrial 
gamma radiation is within the range of typical 
reported values (DOE 1998). The major 
contributors to the annual dose equivalent for 
internal radionuclides are the short-lived decay 
products of radon, mostly Rn-222. They 
contribute an average dose of about 200 mrem 
(2.00 mSv) per year. This dose estimate is based 
on an average radon concentration of about 1 
pCi/L (0.037 Bq/L) (NCRP 1987). The average 
dose from other internal radionuclides is about 
39 mrem (0.39 mSv) per year, most of which 
can be attributed to the naturally occurring 
isotope of potassium, 40K. The concentration of 
radioactive potassium in human tissues is similar 
in all parts of the world. Table A.4 presents the 
internal dose factors for an adult. The United 
States average annual dose received by an 
individual from consumer products is about 10 
mrem (0.10 mSv) (NCRP 1987). The dose from 

medical sources includes nuclear medicine 
examinations, which involve the internal 
administration of radiopharmaceuticals and 
generally account for the largest portion of the 
dose received from humanmade sources; 
however, the radionuclides used in specific tests 
are not distributed uniformly throughout the 
body. In these cases, comparisons are made 
using the concept of EDE, which relates 
exposure of organs or body parts to one effective 
whole-body dose. The average annual EDE from 
medical examinations is 53 mrem (0.53 mSv), 
including 39 mrem (0.39 mSv) for diagnostic X-
rays and 14 mrem (0.14mSv) for nuclear 
medicine procedures (NCRP 1989). The actual 
doses received by individuals who complete 
such medical exams are much higher than these 
values, but not everyone receives such exams 
each year (NCRP 1989). The dose from other 
sources include small doses received by 
individuals that occur as a result of radioactive 
fallout from atmospheric atomic weapons tests, 
emissions of radioactive materials from nuclear 
facilities, emissions from certain mineral 
extraction facilities, and transportation of 
radioactive materials. The combination of these 
sources contributes less than 1 mrem (0.01 mSv) 
per year to the average dose to an individual 
(NCRP 1987). A comprehensive EPA report of 
1984 projected the average occupational dose to 
monitored radiation workers in medicine, 
industry, the nuclear fuel cycle, government, and 
miscellaneous industries to be 105 mrem (1.05 
mSv) per year for 1985, down slightly from 110 
mrem (1.10 mSv) per year in 1980 (EPA 1984). 

  
Table A.4. Internal Dose Factors for an Adult 

 
  Intakea (mrem/pCi) 

Isotope 
Half-life (years) Inhalation 

(soluble) 
Inhalation 

(slightly soluble) 
Inhalation 
(insoluble) Ingestion 

237Np 2,100,000 NA 0.49 NA 0.0039 
239Pu 24,000 NA 0.51 0.33 0.0043 
99Tc 210,000 0.00000084 0.0000075 0.12 0.0000013 

230Th 75,000 NA 0.32 0.26 0.00053 
234U 240,000 0.0027 0.0071 0.13 0.00026 
235U 710,000,000 0.0025 0.0067 0.12 0.00025 
238U 4,500,000,000 0.0024 0.0062 0.12 0.00023 

aSource: U.S. DOE. July 1988. Internal Dose Conversion Factors for Calculations of Dose to the Public, DOE/EH-
0071. 
NA = not available in the above-referenced document 
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Appendix B:  Radionuclide and 
Chemical Nomenclature 

 
 

Table B.1. Half-Life and Derived Concentration Guide for Selected Radionuclides 
 

Radionuclide Symbol Half-life Ingested Water DCG (μCi/ml) 
Americium-241  241Am 432 years 3E-08 
Bismuth-210  210Bi 5.01 days 2E-05 
Cesium-137  137Cs 30.2 years 3E-06 
Cobalt-60  60Co 5.3 years 1E-05 
Lead-206  206Pb Stable None 
Lead-210  210Pb 21 years 3E-08 
Lead-214  214Pb 26.8 minutes 2E-04 
Neptunium-237  237Np 2,140,000 years 3E-08 
Plutonium-239  239Pu 24,110 years 3E-08 
Polonium-210  210Po 138.9 days 8E-08 
Polonium-214  214Po 164 microseconds None 
Polonium-218  218Po 3.05 minutes None 
Potassium-40  40K 1,260,000,000 years 7E-06 
Protactinium-234m  234mPa 1.17 minutes None 
Radium-226  226Ra 1,602 years 1E-07 
Radon-222  222Rn 3.821 days None 
Technetium-99  99Tc 212,000 years 1E-04 
Thorium-230  230Th 80,000 years 3E-07 
Thorium-231  231Th 25.5 hours 1E-04 
Thorium-234  234Th 24.1 days 1E-05 
Uranium-234  234U 247,000 years 5E-07 
Uranium-235  235U 710,000,000 years 6E-07 
Uranium-236  236U 23,900,000 years 5E-07 
Uranium-238  238U 4,510,000,000 years 6E-07 

 
Derived Concentration Guide (DCG) is the concentration of a radionuclide in air or water that would result in an effective 
dose equivalent of 100 mrem under conditions of continuous exposure for one year by one exposure mode (i.e., ingestion 
of water, submersion in air, or inhalation). DCGs do not consider decay products when the parent radionuclide is the 
cause of the exposure. 
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Table B.2. Nomenclature for Elements and Chemical Compounds 
 

Constituent Symbol Constituent Symbol 
Aluminum Al Manganese  Mn 
Ammonia  NH3 Mercury  Hg 
Antimony Sb Nickel  Ni 
Arsenic  As Nitrate  NO3 - 
Barium Ba Nitrite  NO2 - 
Beryllium Be Nitrogen  N 
Cadmium  Cd Oxygen  O 
Calcium  Ca Ozone O3 
Calcium carbonate  CaCO3 Phosphate  PO4 3- 
Carbon C Phosphorus  P 
Chlorine Cl Potassium  K 
Chromium Cr Radium  Ra 
Chromium, hexavalent  Cr6+ Radon  Rn 
Cobalt  Co Selenium  Se 
Copper  Cu Silver  Ag 
Fluorine  F Sodium  Na 
Hydrogen fluoride  HF Sulfate  SO4 2- 
Iron  Fe Sulfur dioxide  SO2 
Lead Pb Thorium  Th 
Lithium Li Uranium  U 
Magnesium Mg Zinc  Zn 

 

 



 

 

Units of Radiation Measure 
 

Current System System International Conversion 
curie (Ci)  

 
rad (radiation absorbed dose) 

 
rem (roentgen equivalent 

man) 

becquerel (Bq)  
 

gray (Gy)  
 

sievert (Sv) 

1 Ci = 3.7 x 1010 Bq  
 

1 rad = 0.01 Gy  
 

1 rem = 0.01 Sv 

 
 
 
 
 

Conversions 
 
Multiply  by  to obtain  Multiply  by  to obtain  

in  2.54  centimeters  centimeters  0.394  in  

ft  0.305  m  m  3.28  ft  

mile  1.61  km  km  0.621  mile  

lb  0.4538  kg  kg  2.205  lb  

gal  3.785  L  L  0.264  gal  

ft2  0.093  m2  m2  10.764  ft2  

mi2  2.59  km2  km2  0.386  mi2  

ft3  0.028  m3  m3  35.31  ft3  

acres  0.40468  hectares  hectares  2.471  acres  

dpm  0.45  pCi  pCi  2.22  dpm  

pCi  10-6  μCi  μCi  106  pCi  

pCi/L (water)  10-9  μCi/mL (water)  μCi/mL (water)  109  pCi/L (water)  

pCi/m3 (air)  10-12  μCi/mL (air)  μCi/mL (air)  1012  pCi/m3 (air)  
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