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ABSTRACT

Radioactive releases to the environment from nuclear facilities
constitute a public health concern. Protecting the public from such
releases can be achieved through the establishment and enforcement of
regulatory standards. In the United States, numerous standards have
been promulgated to regulate release control at nuclear facilities. Most
recent standards are more restrictive than those in the past and reqaire
that radioactivity levels be as low as reasonably achievable (ALARA).
Environmental monitoring programs and radiological dose assessment
are means of ensuring compliance with regulations. Environmental
monitoring programs provide empirical information on releases, such
as the concentrations of released radioactivity in environmental media,
while radiological dose assessment provides the analytical means of
quantifying dose exposures for demonstrating compliance.

INTRODUCTION

Protection of the public from radioactive releases to the environment involves
consideration of three areas: regulatory standards, environmental monitoring, and
radiological dose assessment.

Regulatory standards are necessary for controlling radioactive releases to the
environment. In general, such standards are established to curtail potential
radiological risks to the public's health from the release of radioactive materials.
Most current standards in the United States are also required to reduce the release
of radioactivity to levels that are as low as reasonably achievable (ALARA) to further
diminish risks to the public. Recent protection standards in the United States for
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operating nuclear installments have tended to be more restrictive than those in the
past. This trend has been echoed in a series of studies (National Research Council
1980, 1989) on the radiological effects of low-level radiation exposure on humans;
findings have shown an increase in human sensitivity to radiation exposure.

To bring about compliance with regulatory standards, an effective
environmental monitoring program must be developed and implemented. Such a
program would cover the general area adjacent to the nuclear installment.
Monitoring would include pathways in the surveillance area that are crucial to
exposure of the public. Monitoring procedures, such as sampling frequency and
detection methods, should be included to ensure the accuracy of the measured data.

In general, monitoring of the environment would provide empirical
information such as the concentrations of released radioactivity in various
environmental media that have been identified as important pathways to humans.
Such information can be better interpreted in dose measures for demonstrating
compliance with regulator)' standards. Radiological dose assessment is a necessary
tool for this purpose. In contrast to monitoring, which relies primarily on an
experimental approach, dose assessment is based on a methodology that is derived
from environmental transport and human dosimetric models.

REGULATORY STANDARDS

Radiation protection standards have been summarized in various publications
(Taylor 1971,1979; Glasstone and Jordan 19S0; Mills et al. 19SS; Kocher 198S) and,
therefore, this paper will not enumerate or provide the history of these standards.
Rather, the focus is on several important radiation protection standards in the United
States, including those recently promulgated by the U.S. Environmental Protection
Agency (EPA) on airborne radioactivity (Title 40, Code of Federal Regulations [CFR],
Part 61) and U.S. Nuclear Regulatory Commission (NRC) standards on radiation
protection (10 CFR 20). These standards are particularly relevant to uranium fuel
cycle facilities such as nuclear power generating plants and waste disposal sites.

United States radiation protection standards basically follow the
recommendations of the International Commission on Radiological Protection (ICRP).
According to ICRP Publication 26 (1977), any exposures are to be based on
(1) justification of practice, (2) the ALARA criterion, and (3) limits to individuals.
Dose limits to individuals are recommended in ICRP Publication 45 (1986b). In ail
recommendations, the dose measure used is the "effective dose equivalent," which
takes into account the health risk weighting factors of the exposed organs (ICRP
1977).

In the United States, environmental radiation protection standards are
established by three government agencies with different jurisdktional responsibilities.
These agencies are the U.S. Environmental Protection Agency, the U.S. Nuclear
Regulatory Commission, and the U.S. Department of Energy (DOE). U.S. Nuclear



Regulatory Commission regulations generally apply to NRC licensees associated with
commercial nuclear activities; DOE Orders apply to DOE and its contractors; and
EPA regulations tend to cover all environmental issues and take precedence over
NRC regulations and DOE Orders. (The standards of the latter two agencies,
however, can be more restrictive than EPA standards.)

The following sections will discuss the limits prescribed by regulations
concerning (1) basic radiation protection, (2) airborne radioactivity, (3) radioactivity
in drinking water, (4) uranium fuel cycle operations, (5) releases from nuclear power
plants, and (6) releases from radioactive waste disposal facilities.

Basic Radiation Protection

Revised radiation protection regulations have been proposed by the NRC
since 1986 and are scheduled to be issued officially under 10 CFR 20 early this year.
These regulations will differ from previous ones in the following areas:

• Use of "effective dose equivalent" as the dose measure for exposures,
including external and internal doses;

• Required implementation of the ALARA criterion;

• An annual dose limit of 0.1 rem (1 mSv) to individuals; and

• Air and water concentration limits for radionuclides are based on annual
limits of intake, as suggested in ICRP publications 30 (1982) and 48
(1986a), rather than on maximum permissible concentrations as currently
practiced.

In addition, the new regulations will contain a provision to protect minors.

Airborne Radioactivity

The EPA regulation (40 CFR 61) concerning airborne radioactivity releases
was promulgated in 1990 under the authority of the Clean Air Act. Highlights of the
regulation include the following:

• The annual dose limit to a member of the general public from airborne
radioactive releases (including iodine) is 10 mrem (0.1 mSv); this limit is
applicable to DOE, non-DOE federal, and NRC-Iicensed facilities;

• The annual dose limit to a member of the general public from airborne
iodine is 3 mrem (0.03 mSv);



The limit on the radon-222 emission rate from DOE radon sources,
phosphogvpsum stacks, or uranium mill tailings operations and disposal
is 20 pCi/m2s; and

The annual emission limit of polonium-210 from an elemental
phosphorus plant is 2 Ci.

Radioactivity in Drinking Water

The EPA drinking water regulations (40 CFR141) were promulgated under
the Safe Drinking Water Act, which contains the following major provisions:

• The annual dose limit from man-made, beta/gamma-emitting
radionuclides at the tap is 4 mrem (0.04 mSv) to the total body or any
internal organ;

• The limit for radium concentration at the tap is 5 pCi/L for radium-226
and radium-228; and

• The limit for gross alpha-particle activity, including radium-226 but
excluding radon and uranium, is 15 pCi/L.

Drinking water regulations are currently under revision by the EPA, which will
probably result in some changes in the above provisions.

Uranium Fuel Cycle Operations

The EPA regulation on the operations of uranium fuel cycle facilities (40 CFR
190) was promulgated in 1977. The regulation applies to all facets of the uranium
fuel cycle, including milling, isotope separation, fuel fabrication, nuclear power
generation, and fuel reprocessing. Some provisions of the regulation are as follows:

• Annual dose limits to a member of the public from all uranium fuel cycle
operations for all radionuclides except radon and its daughters are
25 mrem (0.25 mSv) to the whole body, 75 mrem (0.75 mSv) to the
thyroid, and 25 mrem (0.25 mSv) to any other organ; and

• Limits on releases per gigawatt-year of electricity generation from an
entire uranium fuel cycle are 50,000 Ci of krypton-S5, 5 mCi of
iodine-129, and 0.5 mCi of plutonium-239, plus other alpha-emitting
transuranic radionuclides with half-lives greater than one year.



Releases from Nuclear Power Plants

In addition to the provisions under the EPA regulation on uranium fuel cycle
operations, the NRC has provided specific guidelines (1974) aimed at achieving
ALARA conditions for the operation of NRC-licensed commercial nuclear power
plants. These provisions are contained in Appendix I to 10 CFR 50. For operating
licensees, the NRC has deemed that compliance with the suggested guidelines can
be demonstrated by achieving ALARA conditions.

The provisions of Appendix I to 10 CFR 50 contain a set of annual dose limits
that are fractions of the annual dose limits specified in 10 CFR 20. These dose limits
apply to the whole body, the skin, or to any other organ and range from 3 to
15 mrem for the routine discharge of gaseous and liquid effluents. With the recent
revision of 10 CFR 20, it is likely that the provisions of 10 CFR 50 and Appendix I
to 10 CFR 50 will change.

Releases from Radioactive Waste Disposal Facilities

The disposal of low-level and high-level wastes and uranium mill tailings is
governed by specific NRC and EPA regulations. However, for disposal facility
operations, the dose limits set forth in 10 CFR 20 are applicable; for the release of
radioactive material into the environment, the dose limits set forth in 40 CFR 190 are
applicable. Other regulatory requirements can be found in 10 CFR 60 and
40 CFR 191 for high-level waste, 10 CFR 61 and proposed drafts 40 CFR 193 and 764
for low-level waste, and 10 CFR 40 and 40 CFR 192 for uranium and thorium mill
tailings.

ENVIRONMENTAL MONITORING

The objective of environmental monitoring is to determine radioactivity levels
in the environment, thereby ascertaining compliance with regulator}' standards. Thus
monitoring includes measurements of background radiation and incremental
radioactivity levels from the releases from a nuclear facility. Environmental
monitoring principles are discussed in ICRP Publication 43 (19S4).

The NRC requires extensive environmental radiation monitoring programs
for various nuclear facilities around the nation (see, e.g., 10 CFR 20 and 10 CFR 61).
The objectives of environmental monitoring of a nuclear facility, such as a nuclear
power plant, radioactive waste disposal site, or spent fuel reprocessing plant, can be
categorized by operational phases — preoperational, operational, and postoperational.
The objectives of the preoperational phase are (1) determination of the levels and
variations of radiation and radioactive materials in the neighborhood of the facility
before the facility is operative, (2) investigation of critical pathways to humans, and



(3) evaluation of sampling and analytical methods. The data collected in this phase
constitute a baseline from which levels and variations measured after the facility is
operative can be compared.

The objectives of the operational phase are (1) provision of data for
comparison with preoperational data, (2) demonstration of compliance with
applicable radiation standards, and (3) detection of any environmental changes
produced by facility operations.

The objectives of the postoperational phase are (1) verification of the
confinement capability of any stored or resident radionuclides and (2) determination
of the impact of decommissioning activities on the local environment.

The most important objective of any environmental monitoring program for
the three operational phases of a nuclear facility is the determination of radiation
levels that result from facility operations; this information can then be used to
estimate human health effects.

Environmental monitoring focuses on the key environmental pathways that
can potentially lead to human exposure. These pathways include direct radiation,
airborne and waterborne radionuclides, and ingesrion. The ingestion pathways
include milk, water, fish and invertebrates, and food products. Table 1 provides a
summary of an environmental monitoring program established according to NRC
standard radiological effluent technical specifications for a boiling-water reactor (NRC
1982a) and a pressurized-water reactor (NRC 1982b). These specifications are used
by operating power plants to implement the requirements of Appendix I of 10 CFR
50.

The sample locations given in Table 1 are generally selected in the area
adjacent to the nuclear facility and also serve as control locations. The locations are
such that the collected samples will adequately represent the radiation levels for each
pathway that is analyzed. The table also shows the sampling and collection
frequency and type and frequency of analysis. For example, to record direct
radiation exposure, the thermoluminescent dosimeter is to be used and its readings
analyzed on a quarterly basis. Airborne iodine-131, however, needs to be collected
and analyzed on a weekly basis. The required detection capabilities for
environmental sample analyses must meet the prescribed lower limits of detection.
Requirement and frequency of analysis may vary from one type of nuclear facility
to another, depending on the nature and tyue of radionuclide released.

To implement an environmental monitoring program effectively, an accurate
land use census must be performed at regular intervals. The land use census would
identify the nearest resident, vegetable garden, and milk-producing animal. Such
information is important for determining the maximally exposed individual so as to
demonstrate compliance with the specified dose limits for the various environmental
pathways.

Quality assurance of an environmental monitoring program can be
implemented by performing independent checks on the precision and accuracy of the



TABLE 1 Summary of Radiological Environmental Monitoring Program for a
Nuclear Power Plant

Exposure Pathway
and/or Sample

Direct Radiation

Airborne

Radioiodine and
parriculates

Waterborne

Surface

Ground

Drinking

Sediment from
shoreline

Ingestion

Milk

Number of
Representative
Samples and

Sample Locations

Thirty-eight indicator
and two control
locations

Four indicator and
one control location

One indicator and
one control location

One or two indicator
locations

Three indicator and
one control location

One indicator
location

Three indicator and
one control location

Sampling and
Collection
Frequency

Quarterly

Continuous sampler
operation with
sample collection
weekly

Composite sample
over 1-month period

Quarterly

Composite sample
over 2-week period
when iodine-131
analysis is
performed;
otherwise, monthly
composite

Semiannually

Semimonthly when
animals are on
pasture, monthly at
other times

Type and Frequency
of Analysis

Gamma dose, quarterly

Radioiodine cannister:
iodine-131 analysis,
weekly

Particulate sampler:
gross beta radioactivity
analysis following filter
change; gamma isotopic
analysis of composite
(by location), quarterly

Gamma isotopic
analysis, monthly;
composite for tritium
analysis, quarterly

Gamma isotopic and
tritium analysis,
quarterly

lodine-131 analysis of
each composite;
composite for gross bets
and gamma isotopic
analyses, monthly;
composite for tritium
analysis, quarterly

Gamma isotopic
analysis, semiannually

Gamma isotopic and
iodine-131 analysis,
semimonthly when
animals are on pasture.
monthly at other times



TABLE 1 (Cont'd)

Exposure Pathway
and/or Sample

Number of
Representative
Samples and

Sample Locations

Sampling and
Collection
Frequency

Type and Frequency
of Analysis

Food products One sample of each
principal class of
food products from
any area that is
irrigated by water in
which liquid plant
wastes have been
discharged.

Samples of three
kinds of broad-leafed
vegetation grown
nearest each of two
different off-site
locations of highest
predicted annual
average ground-level
D/Q, if milk
sampling is not
performed.

One control sample
each of similar
broad-leafed
vegetation

At harvest time

Monthly when
available

Monthly when
available

Gamma isotopic
analyses of edible
portion; at harvest time

Gamma isotopic and
iodine-131 analysis;
monthlv when available

Gamma isotopic and
iodine-131 analysis;
monthlv when available

Source: NRC 1982a and 1982b.

measurements of radioactive material in environmental sample matrices. Such
assurance can be provided by participating in a program such as the Interlaboratory
Comparison Program, or another such program that has been approved by regulatory
agencies.

Methods of monitoring low-level radioactive materials in the environment
have been summarized by Jester and Yu (1985). A major problem in environmental
monitoring is that it can take days or weeks before the monitoring results are
available to persons who are responsible for interpreting whether or not a potentially
hazardous situation is beginning to develop. Thus more sensitive real-time
environmental monitors that are capable of qualitatitive analysis of automatically
collected radioactive environmental samples are needed.



RADIOLOGICAL DOSE ASSESSMENT

While environmental monitoring provides empirical data about radiation
levels in environmental media, radiological assessment offers a means of translating
such data into doses for direct demonstration of compliance with the regulatory dose
limits. Radiological dose assessment requires physical and mathematical modeling
of the environmental transport of released radionuclides and their subsequent
exposure to humans.

Radiological dose assessment methodologies have been described in several
publications. The NRC Regulatory Guide 1.109 (1977), ICRP Publication 29 (1979),
National Council on Radiation Protection and Measurements Report No. 76 (19S4),
and NRC Report NUREG-0133 (1978) offer dose assessment methodologies for
evaluating compliance with Appendix I of 10 CFR 50. A more detailed discussion
of radiological dose assessment is provided in NRC Report NUREG/CR-3332 (Till
and Meyer 19S3). For compliance with airborne regulations (40 CFR 61), the EPA has
published a risk assessment methodology (EPA 1989) for dose assessment. The
methodologies mentioned have also been written as computer codes. The NRC's
GASPAR Code (Eckerman et al. 19S0) and the EPA's CAP-88 Code (1990b) can be
used for airborne pathways, while the NRC's LADTAP-II Code (Simpson and McGill
1980) can be used for waterborne pathways.

A radiological dose assessment methodology must consider the following:
environmental transport of radionuclides, radionuclide concentrations in environ-
mental media, human radionuclide intake, and human radiation dosimetry. The first
three areas concern the passage of radionuclides to humans; the fourth area concerns
the conversion of the intake radioactivity into the dose measure. In the case of
external exposure, humans will receive the dose directly from the penetrating
radiation. -

Environmental Transport of Radionuclides

The environmental transport aspect of dose assessment includes estimating
the environmental concentrations on the basis of the dispersion mechanisms from the
release point. Atmospheric and aquatic dispersion models are used to predict
radionuclide concentrations for atmospheric releases and liquid discharge from a
facility, respectively. Atmospheric dispersion of radionuclides provides a direct
exposure pathway (e.g., inhalation) to humans.

Atmospheric dispersion is generally described by the Gaussian plume mode!.
The relative air concentration (X/Q) in the downwind sectors from the release is
predicted, thereby providing a key parameter for the inhalation pathway. A descrip-
tion of the dispersion model is provided in NRC Regulatory Guide 1.111 (1976b).

An aquatic dispersion model predicts liquid effluent concentrations in surface
water, thereby providing parameters for drinking water and aquatic food ingestion



pathways. A description of the aquatic dispersion model is provided in NRC
Regulatory Guide 1.113 (1976a).

Radionuclide Concentrations in Environmental Media

Following dispersion in the environment, radionuclides may concentrate in
certain environmental media, thus providing potential exposure to humans. The
sources of such exposures are discussed below.

Direct ground exposure. As the result of atmospheric dispersion,
radionuclides would be deposited on the ground along the plume path. Some
radionuclides can emit penetrating radiations such as gamma photons.
Consequently, a receptor can incur exposure from contaminated ground.

Ingestion of contaminated foodstuffs. Radionuclides from atmospheric
dispersion might be deposited in an agricultural area, thus contaminating food
products. Radionuclide uptake by plants can take place via direct deposition on leafy-
vegetables or via root uptake from the soil. The uptake transfer factors can vary
among types of soil, species of crops, and radionuclides. With the available transfer
parameters, radionuclide concentrations in agricultural products that are available for
human consumption can be estimated. In considering this pathway, dietary habits
of the affected population should be taken into account.

Ingestion of drinking water and aquatic foodstuffs. Drinking water is an
important pathway from liquefied releases. Fish and invertebrates would constitute
the major aquatic foodstuffs of the liquefied pathway. Following liquid discharge,
radionuclides would gradually be diluted and dispersed into the body of water. The
water may be a source of potable water for human consumption. Also, radionuclides
can accumulate, over time, in fish and invertebrates living in the affected area. These
foodstuffs may then be harvested and consumed by humans.

Other pathways. In addition to the major pathways discussed above, there
are minor pathways that may be considered on certain occasions. These pathways
would include direct exposure from the shoreline, boating, swimming, and ingestion
of foodstuffs irrigated from the affected water body. A discussion of these pathways
is provided in NRC Regulatory Guide 1.109 (1977).

Human Radionuclide Intake

Assessment of radiation exposures to humans requires knowledge of the
amount of radionuclide intake via various environmental media, such as those
previously mentioned. For the purpose of demonstrating compliance with regulatory
limits, the intake is usually maximized so as to determine the maximally exposed
individual and thus obtain a conservative dose estimate. Intake parameters include
the inhalation rate, amount of water consumed, quantity of food consumed (both
agricultural and aquatic foodstuffs), and exposure time to external radiation. Intake



may vary among population age groups (e.g., milk consumption by children versus
adults) and can depend on dietary habits. The various intake values are
recommended in NRC Regulatory Guide 1.109 (1977). The EPA has published a
report (EPA 1990a) in which the available data on various factors used in assessing
human exposure are summarized.

Human Radiation Dosimetry

All calculated doses are expressed in terms of the effective dose equivalent
as defined in ICRP Publication 26 (1977). The quantity is defined as the weighted
sum of the dose equivalent to different organs or tissues:

H = Zj W; ^

where i equals the organ index, Wj equals the weighting factor of organ i by taking
into account the stochastic risks (i.e., fatal cancer effects), and H; equals the dose
equivalent for organ i.

Dosimecric models have been developed for correlating radiation exposures
with effective dose equivalents (or organ dose equivalents). For external exposures,
such information has been obtained via the depth-doses calculated for "standard
man" in ICRP Publication 23 (1975); the results have been published in ICRP
Publication 51 (1987). Data compiled on effective dose equivalents from external
gamma exposures are available in a DOE report (DOE 1988a). For internal
exposures, effective dose equivalents have also been developed for radionuclide
intake via inhalation or ingesrion. These were developed on the basis of dosimeUic
and metabolic models that are described in ICRP Publication 30 (1982). Data
compiled on effective dose equivalents from internal exposures, including all
exposures from gamma, beta, and alpha radiation, have been published by the DOE
(1988b) and more recently by the EPA (1989).

The effective dose equivalent used for internal dosimetry is usually called the
"committed effective dose equivalent" because of the residual amount of
radionuclides that might remain in the body for a prolonged period following intake.
In developing conversion factors, it is standard (and also conservative) practice to
assume a period of 50 years from intake to the committed effective dose equivalent.

CONCLUSION

Recent developments in regulating radioactive releases to the environment
show a consistent trend toward more restrictive requirements. To demonstrate
compliance with such requirements and the ALARA criterion, a sound environmental
monitoring program must be developed and implemented. Such a program should



be conducted so that the sampling results provide the most expeditious and most
indicative measure of the potential environmental hazard from the release.
Compliance with radioactive release regulations must be further augmented by a
comprehensive radiological dose assessment that can accurately predict direct doses
to the public, thereby demonstrating compliance with regulatory dose limits.
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