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Abstract

AECL's radiological research and development (R&D) program encompasses work on sources of
radiation exposure, radionuclide transport through the environment and potential impacts on biota
and on human health. The application of the radiation protection knowledge and technology
developed in this program provides cradle-to-grave management for CANDU and related nuclear
technologies.

This document provides an overview of the Environmental Science and Technology (ES&T)
program which is one of the technical areas of R&D within the radiological R&D program. The
ES&T program uses science from three main areas: radiochemistry, mathematical modelling and
environmental assessment. In addition to providing an overview of the program, this summary
also gives specific examples of recent technical work in each of the three areas. These technical
examples illustrate the applied nature of the ES&T program and the close coupling of the
program to CANDU customer requirements.
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Resume

Le programme de recherche et developpement (R et D) radiologique d'EACL englobe les travaux sur les
sources de radioexposition, le transport des radionucleides dans 1'environnement et les effets possibles
sur le biote et la sante des etres humains. L'application des connaissances en matiere de radioprotection
et la technologie mise au point dans ce programme fournissent les moyens de gestion de la totalite du
cycle («du berceau a la tombe») des reacteurs CANDU et des technologies nucleaires qui s'y rapportent.

Le present document donne une vue d'ensemble du programme de Sciences et techniques de
1'environnement (S et TE) qui constitue l'un des domaines techniques de R et D du programme de R et D
radiologique. Le programme de S et TE fait appel aux sciences de trois principaux domaines : la
radiochimie, la modelisation mathematique et revaluation environnementale. En plus de donner une vue
d'ensemble du programme, le present resume donne aussi des exemples precis de travaux techniques
recents dans chacun de ces trois domaines. Ces exemples techniques illustrent les applications du
programme de S et TE et le rapport etroit du programme avec les exigences des clients qui utilisent les
reacteurs CANDU.
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1. INTRODUCTION

Radiological protection is a fundamental requirement in any nuclear endeavour. It is also an area
where public concerns are often expressed. If protection is inadequate, or is believed to be so, or
if concerns are not addressed, the beneficial application of nuclear technologies is inhibited.

The application of radiation protection principles stretches from cradle to grave - from design and
assessment, through operations of nuclear facilities and other applications of technologies, to
decommissioning and waste management. The aim is appropriate protection from exposure to
ionizing radiation.

To meet these needs, AECL undertakes a research and development (R&D) program that ranges
from sources of radiation exposure and radionuclides to ultimate potential impact on biota and on
human health. The radiological R&D program is broken into three main technical areas:

• Environmental Science and Technology (ES&T)
• Health Physics
• Health Effects

In these programs, the behaviour of radionuclides released to the atmosphere, surface waters, or
groundwaters are examined and described quantitatively to enable predictions to be made of the
concentrations to which people are exposed and the radiation doses that they receive. Human
physiological and biokinetic processes are studied to provide quantitative links between exposure
and radiation dose in tissues and organs. Biological processes that determine whether there are
any consequences to health from small absorbed doses are identified.

Throughout the program, measurement technologies are developed including radiochemical
analytical methods and instruments to measure radionuclides in environmental matrices at low
concentrations. The measurements support biosphere model development and validation, and site
monitoring. Such technologies are also developed to measure internal contamination by
radionuclides in people and to develop and validate biokinetic dosimetry models. This approach
provides an understanding of radiation protection from sources to effects.

The purpose of this document is to give an overview of the ES&T program which is lead by the
Environmental Research Branch (ERB) at Chalk River Laboratories (CRL).
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2. THE ENVIRONMENTAL SCIENCE AND TECHNOLOGY PROGRAM
OVERVIEW

The ES&T program focuses upon radionuclide emissions from CANDU reactors, radiation
protection of the environment and the effects of environmental processes on radionuclide
transport through the biosphere. It develops, synthesizes and applies environmental technologies
for the CANDU business.

Results from experimental, theoretical and modelling studies are applied at CANDU and AECL
sites to address issues of environmental and radiation monitoring and protection, worker and
public health and safety, emergency response, current and future waste management operations,
remediation of historical practices, and water flow studies in CANDU plants.

The ES&T program places special emphasis upon 3H and 14C since these are of particular
importance at CANDU sites. Staff also develop and support commercial activities for AECL,
respond to new initiatives by the CANDU Owners Group (COG), and address national and
international commitments in remediation, environmental protection and radiological assessment.

Evolving public attitudes, regulatory demands, and reductions in the public dose limits and
proposed new drinking water guidelines are placing increased importance on this program.
AECL and CANDU utilities must ensure that environmental radiological standards are met.

3. PROGRAM CUSTOMERS

The principal customers of the program are:

i) Utility members of the CANDU Owners Group (COG) and end users in COG.

ii) AECL's Product Engineering groups who are working on CANDU design.
iii) AECL Facilities and Nuclear Operations, and other licensed facilities at the Chalk River

Laboratories (CRL).
iv) Commercial clients,
v) Regulatory Agencies such as the AECB.
vi) Members of the Public.

The groups of end users interested in ES&T R&D include: designers interested in minimizing
releases, licensing groups desiring to calculate derived release limits and accident consequences,
operators wishing to establish new or improved practices, monitoring staff requesting cost-
effective radiochemical measurements and techniques, and staff concerned with emergency
response to abnormal incidents where radioactivity is released into the environment.

Work by staff in ES&T provides CANDU design and licensing groups with models and
assessment tools to calculate rates of radionuclide transport through the environment. These
assessment tools are used to ensure that CANDU facilities comply with regulatory limits.
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All ES&T staff participate both in research and applications work, simultaneously meeting the
needs of multiple customers. This approach is cost-effective for AECL and has been a
cornerstone of the ES&T program. AECL operations utilize program staff as required in issues
related to remediation, site characterization, radiological and chemical monitoring and emergency
response at CRL.

Staff in ES&T have the technical responsibility, on a performing basis, for several aspects of
AECL's operations including radiological and chemical monitoring at CRL and the Nuclear Power
Demonstration (NPD), and off-site emergency response. These functions are all required for site
licensing.

Several staff provide key technical advice to the lead branches for these activities and participate
on committees such as the Nuclear Emergency Preparedness Panel (NEPP), the Environmental
Panel and Safety Review Committee (SRC). All staff have a role in responding to emergencies,
and the various facets of our response have been designed by researchers active in those fields.
This is a very effective emergency response program because about thirty trained staff are
available immediately at very little incremental cost.

In the event of a radiological emergency, ES&T staff are expected to report through the CRL
Emergency Management Operations Centre (EMOC) to the Atomic Energy Control Board
(AECB) and to the Ontario Government Nuclear Emergency Response Centre. These groups
expect to be provided with accurate assessments of nuclide concentrations and dose rates in the
environment in less than 15 minutes. To address this challenge, ES&T staff have successfully
upgraded our remote ambient radiation monitoring network at CRL. This enables prompt
response measures to be planned.

Hydrogeological investigations around site facilities are frequently carried out for CRL operations
groups to locate and characterize any contamination. These and other monitoring work provide
important information for safety assessments by Radiation Protection Branch, the Environmental
Protection Section and the SRC. ERB expertise is essential in interpreting this information. In
addition, we provide technical environmental input to many assessments required for the CRL
site.

The principal expectation of all customers is the provision of high quality, state-of-the-science
knowledge, methodologies and data to support environmental protection and radiation protection
activities in the CANDU business. More specifically, customers expect continuous improvement
of existing techniques for estimating doses to members of the public. Data must be integrated
into state-of-the-science models and databases, and models of radionuclide movement must be
shown to be valid. Customers expect to receive sound recommendations and technical documents
to support their activities.
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4. PROGRAM PRODUCTS AND SERVICES

The major products and services provided by the ES&T research programs are technologies for
assessing environmental processes, improved measurement, monitoring and remediation tools and
validated assessment models. Specific types of products include:

i) Advanced nuclear and isotopic techniques for measurements of tritium and other
important CANDU nuclides (e.g. flow measurements, 3H/3He MS (Mass Spectrometry),
AMS (Accelerator Mass Spectrometry), alpha spectrometry).

ii) New technologies for environmental monitoring (e.g. new environmental thermal
luminescent dosimeters (TLDs), biomonitors, gamma survey probes, sediment profiling,
seepage assessment techniques, ambient radiation monitors),

iii) Databases and techniques to test and validate models used at CANDU sites. These are
developed with international colleagues in the International Research and Validation
Program (INTRAVAL), Biosphere Model Validation Study (BIOMOVS), Validation of
Model Predictions (VAMP) and Biosphere Modelling and Assessment (BIOMASS).

iv) Validated conceptual and mathematical models for predicting the movement of
radionuclides in the environment,

v) Environmental data and transport parameters for the major CANDU radionuclides:
tritium and 14C.

vi) Remediation technologies for CRL waste management areas and for commercial
programs.

The work within ES&T also provides technical support for CANDU commercial initiatives.

5. TECHNICAL RESEARCH PROGRAMS

The ES&T program focuses upon developing, improving, synthesizing and applying the scientific
knowledge and technology needed for environmental and radiation protection in the CANDU
business.

The research program has four objectives:

i) To improve radioanalytical techniques and monitoring tools for measuring radioactivity in
emissions and in the environment.

ii) To design quality-assured environmental transport models capable of accurately predicting
radionuclide concentrations resulting from routine and anomalous emissions,

iii) To assess accurately any environmental impacts of current and future CANDU/AECL
operations using i) and ii).

iv) To develop technologies to minimize potential environmental impacts of the CANDU
business.
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In the near term, the program's thrusts are to:

i) Resolve, effectively and economically, environmental and safety issues related to
radionuclides that are of particular importance to CANDU stations, such as 3H and 14C.

ii) Improve the efficiency and cost-effectiveness of measurement and monitoring techniques
by developing alternative or enhanced methods of analysis,

iii) Improve our understanding of the transport and cycling of 3H, 14C and radioiodines using
historical data and field release experiments,

iv) Establish the validity of transport models through international programs aimed at model
testing,

v) Improve the accuracy and precision of transport models through improved procedures for
parameter selection and better model formulation.

vi) Design and test methods to assess the impacts of CANDU emissions on non-human biota,
vii) Maintain and provide expertise to fulfill the technical requirements of CRL site

monitoring, emergency response, waste management hydrogeology, remediation and flow
measurement programs.

The first six program thrusts drive the R&D programs. The last thrust shows the linkage to
performing or service programs that were described previously.

The ES&T programs can be conveniently grouped into three main technical areas:
• Radiochemistry
• Mathematical Modelling
• Environmental Assessments

A brief description of ES&T work in each of these areas is described in subsequent sections.
More details of the technical plans for individual projects are given in the COG and CANDU
work packages.

6. ES&T RADIOCHEMISTRY PROGRAMS

The ability to accurately and precisely quantify radionuclide concentrations at environmental
levels is fundamental to all work in environmental radiation protection. Radiochemical
development work in the ES&T program has focused primarily upon three radionuclides that are
found in the environment at CANDU facilities. These are tritium (3H), carbon-14 and noble gases
(e.g. 41Ar). Several examples of this type of development work are summarized briefly below.

Passive air samplers for 14CO2 have been developed and sampling has been initiated at a number
of COG sites. Observed carbon-14 concentrations ranged from 317 to 481 Bq/kg-C at one site,
with an average of 359 Bq/kg-C. These concentrations are within the expected range of values at
the site. This field test demonstrates that these samplers can be effectively utilized to monitor 14C
in a very reliable and cost-effective manner.
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A prototype passive stack gas sampling system for measuring 14CC>2 emissions was constructed
and tested. The system consists of a nominal 5 L/day sampler developed initially for tritium inside
a housing constructed with PVC drain pipe fittings. The housing was mounted in the flow of
intake air to Building 513 at CRL to simulate conditions in the stacks. Repeated tests gave a
sampling rate of 6.0±0.3 L/day. This was somewhat higher than the nominal sampling rate for
tritium because of the turbulence caused by the air flow past the housing. At this sampling rate,
the system would collect several hundred mg of CO2 over a three month period, providing
adequate sensitivity for the 14C concentrations expected in CANDU stack emissions.

To improve the techniques currently in use for routine stack and environmental monitoring for
14C, a survey of cocktails/fluors for liquid scintillation was completed. Efficiencies, backgrounds
and figures of merit were measured for each cocktail, as well as the maximum permissible loading
of CO2 in the vial for two different normalities of NaOH. Recommendations developed from this
study should permit substantially larger amounts of carbon to be introduced into the vial for direct
counting, and hence improve the precision in monitoring results.

A comparison of three different sample treatments for 14C analysis was performed (direct
counting, CaCC>3 suspension, and Carbo-sorb/Permafluor absorption of CO2). A set of guidelines
has been developed that will enable the optimum treatment to be selected based on sample size
and type, specific activity expected and the precision required.

A solid scintillation detection system (SSC) suitable for monitoring tritium measurements on-line
was tested on a real aqueous effluent stream continuously over a 2 month period. The test
program showed that the monitor can reliably measure water-borne tritium releases and should be
able to provide real-time, source data for an aquatic dispersion model. There was only one minor
disruption of service involving plugging of the distillation unit drain which was simply rectified by
installing a rough-inlet filter at the intake. No other maintenance of the unit was needed. The
detector sensitivity (response/unit activity) was constant during the test period and no fouling or
degradation with time was observed. The monitor was set up to record tritium in the low energy
channel (0-18.6 keV). A second high-energy channel was also monitored (18.6-300 keV) to
provide a means of identifying false tritium signals due to spill over from the energy spectrum of
other nuclides in the effluent stream. The monitor operated well during the test period and was
able to track changes in the tritium activity in the sewer water quantitatively in real time.

In addition to the work on new analytical techniques highlighted above, the ES&T analytical
program places strong emphasis upon intercomparisons and other quality assurance tests.
Examples of these activities are listed below.

All CANDU monitoring laboratories routinely measure tritiated water vapour in air by sampling
with molecular sieve canisters. An intercomparison of samples was performed at CRL. The
results obtained by the participants tended to fall into two groups: some were around 1000 Bq/L,
while others were around roughly 2000 Bq/L. It is difficult to identify either set of results as
correct since ambient air rather than a standard was sampled. The results may be indicating
difficulties in sampling atmospheric HTO under conditions of cool weather and low absolute
humidity. The results suggest that the variability in sampling under these conditions introduces an
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uncertainty of a factor of two in the measurements. Further intercomparisons should be done
under cool conditions to see if similar variability occurs.

Most laboratories at CANDU stations use aqueous solutions to collect 14CC>2 for monitoring air
and stack gas releases. Solutions of known concentration were prepared and distributed to the
laboratories for an intercomparison. A higher concentration solution was prepared to simulate
samples from the workplace and a lower concentration solution was prepared to simulate
environmental samples. All of the results obtained for the high-level sample were similar, which
showed that all of the environmental laboratories produce comparable results for measurements of
14CC«2 in air in the workplace. The result from one of the laboratories for the low-level sample
was identified as an outlier. The laboratory was informed of this so procedures can be checked.

Laboratories at CANDU facilities routinely measure radioactivity in a variety of samples by
gamma-ray spectrometry. An intercomparison of gamma-ray spectrometry measurements of
biological materials was organized using instant mashed potatoes spiked with 133Ba, 134Cs, 137Cs
and 60Co. The results of the intercomparison show good agreement among the participants
(standard deviations less than 10%). This indicates that the analytical laboratories obtain
comparable results for these types of analyses.

An intercomparison exercise was carried out on HTO in several native vegetation samples and in
samples offish and vegetables. Tritium in the samples was measured using both azeotropic distillation
and He-3 mass spectrometric techniques. The values measured by all participants and by the two
techniques agreed very well.

These quality-assurance activities have provided evidence to the public and regulatory agencies
that the measurements performed at AECL sites and at the sites of CANDU reactors are credible
and reliable. Results of the intercomparisons provide part of the ongoing QA/QC that all
laboratories must perform.

7. ES&T MODELLING PROGRAMS

Mathematical models that quantitatively describe the behaviour of radionuclides in the
environment are essential for predicting doses to members of the public from CANDU emissions.
These predictions are used for three primary purposes:
i) Doses from routine emissions are calculated for critical groups for design purposes to

demonstrate that new CANDU reactors or existing CANDU reactors that are applying for
a license renewal can operate within their derived release limits (DRL).

ii) Doses from hypothetical releases are calculated for critical groups to show that doses will
be within regulatory limits for accidental releases,

iii) Doses are calculated to members of the public who might be exposed to radioactivity in a
real accident situation.
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Several examples of research work performed to provide appropriate models are described below.

Staff in the Environmental Research Branch completed a revision of the UNSCEAR document
"Dose Assessment Methodologies for Tritium and Radiocarbon". The United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) periodically estimates collective
effective dose equivalent commitments due to environmental releases of radioactivity from
sources such as natural production, weapons' fallout and the nuclear fuel cycle. The processes
that govern the movement of tritium and 14C through the environment were reviewed, focusing on
ways in which these radionuclides behave differently than others. Models capable of treating
these processes on local, regional and global scales were identified and described. The models
were critiqued, not only on their scientific merit, but also on their ease of implementation, since it
is UNSCEAR practice to endorse methods that can readily be adapted for use by scientists
throughout the world. The recommended models and parameter values were used to estimate
collective tritium and 14C doses per unit release on local, regional and global scales.

New data on atmospheric dispersion were collected in a field study at Gentilly-2 Nuclear Power
Station in 1997 September. Concentrations of the tracer gas SF6 were measured on crosswind
arcs at distances of about 500 and 1000 m from the reactor in 20 separate one-hour releases. The
observations (O) of centreline concentrations were compared with predictions (P) of the CSA
N288.2 dispersion model, which is recognized as the "official" Canadian code. The model
overestimated concentrations in all cases but one. The P/O ratios lay in the range 1-2 about two-
thirds of the time and exceeded 5 in less than 10% of the cases. The magnitude of the
overprediction tended to be greatest for stable atmospheric conditions, for which doses tend to be
largest. The model is therefore conservative, but not overly so, and can be used for any exclusion
zone radius in the range 500 - 1000 m with the confidence that it will not underestimate doses.

CANDU facilities use models of the dispersion of radioactivity in the atmosphere to estimate the
impact of accidental emissions. A method to enhance the predictions of emergency response
models was developed using measurements of ambient radiation fields in the plume made by field
crews or by remote instruments. The coupling of predictions and observations greatly increases
the accuracy (~5 fold) and confidence in the predictions of radiation doses. This in turn will
increase the effectiveness of the response to an accidental release of radioactivity.

A method has been developed to improve the calculation of doses from exposure to a plume of
noble gases. The method provides a correction for the fact that the plume is not infinite in extent.
The technique can be used, together with release rates and dose rates observed in the field, to
validate atmospheric dilution factors for a site and confirm DEL values for noble gases.

Work on tritium model evaluation in the international BIOMASS model testing program has
considered a scenario requiring the prediction of tritium concentrations in air, soil, plants and
groundwater due to hypothetical chronic atmospheric releases of HT and HTO. Concentrations
calculated by various participants were compared, reasons for differences discussed and explained
and the most appropriate modelling approaches identified. Results to date suggest that the
Canadian Standard Association model CSA N288.1 of tritium behaviour can be improved by: a)
increasing the value of fv, the ratio of HTO concentration in plant water to that in air moisture, b)
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calculating OBT concentrations in the plant explicitly, and c) treating HTO and OBT separately
in calculating doses. Participation in BIOMASS has provided very effective access to
international expertise in tritium modeling, to alternative modelling approaches and to data sets
against which the predictions of the CSA N288.1 model of tritium behaviour can be compared.

An experimental analysis of the amount of tritiated water and organically bound tritium accumulated in
plants following short-term exposure to HTO-in-air has been completed. Contrary to the predictions
of current dose assessment models, a significant formation of organically-bound tritium (OBT) occurs
in the edible portions of the crops studied (lettuce leaves and tomato fruit) during and immediately
following a night exposure. Also contrary to expectations, the measured ratio of tritium in the plant to
tritium in the air was consistently higher at night. Dew formation during the night appears to speed up
equilibration of the plant water with the atmosphere by bringing HTO in the liquid phase into contact
with the plant. Contact with this 'bulk water' HTO, even during partial stomal closure at night,
appears to be a more effective means of transfer than gaseous diffusion through fully open stomata
during the day. Contrary to expectations, the ratio of labile OBT: HTO in plant water during night
exposures was observed to be within a factor of approximately 2 of that during daylight experiments.
Current models assume night values of labile OBT:TFWT to be approximately 0.1 those during the
day, a discrepancy of a factor of five. Work is underway to revise the tritium models.

Mathematical models developed for estimating the OBT dose fractions in members of the public
predict OBT-in-urine levels on the order of approximately 0.1 Bq/L for individuals in the Deep
River/Chalk River area and somewhat lower OBT values for individuals further away. Measurements
have been completed to test these predictions and there is concordance between the empirical and
predicted OBT-in-urine values.

8. ES&T ENVIRONMENTAL ASSESSMENT PROGRAMS

Work on radiation protection often focuses upon human health issues. In recent years, new
regulations and a general increase in the awareness of environmental issues have increased the use
of assessments aimed at protecting plants and animals. While the models constructed for
assessing human health are not directly applicable, many of the conceptual approaches are
appropriate for environmental radiation protection.

The thrust of the ES&T programs on environmental assessment is to develop tools for the nuclear
industry so that environmental assessments can be completed in a cost-effective and timely
manner as ecological science continues to develop. Some examples of this work are given below.

The dose conversion factors that are used to relate radionuclide concentrations in tissues to dose
for humans are not directly applicable to other types of biota. As a result, many of the dose
calculations for fish, amphibians, plants, etc. are often strongly biased toward high doses. New
dose conversion factors are under development to provide more realistic estimates of the dose per
unit radionuclide concentration for non-human biota.
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The transfer factors (TF) that are used to calculate radionuclide transfer through biota are linked
to human food consumption. For example, TF values for fish use the concentration in fish flesh
since this is what humans consume rather than the average concentration in the fish. However,
the latter is more appropriate for a trophic transfer within a foodchain (e.g. a pickerel eating a
minnow). The concentration of radionuclides in entire organisms of selected species have been
measured to provide TF values for ecological assessments.

A review of environmental radionuclide releases from CANDU facilities and of the Federal Toxic
Substances Management Policy has been completed. A key part of this review was to evaluate
the radionuclides in terms of the three criteria included in the policy - predominantly
anthropogenic, environmentally persistent and bioaccumulative. Results show that 92% of the
radionuclides are predominantly anthropogenic, 44% environmentally persistent and only 12%
bioaccumulative.

9. PROGRAM FACILITIES

The ES&T program maintains and uses a variety of AECL and external facilities to perform its
R&D and service functions. The key facilities at CRL are:

1. The CRL outer area of approximately 35 km2 including hydrogeological and
meteorological stations.

2. A clean, low background building used for preparing environmental samples and for
housing nuclear counting equipment.

3. A noble gas mass spectrometry laboratory especially designed for measuring 3H, the decay
product of tritium.

4. Analytical chemistry instrumentation focused upon" elemental and inorganic analyses.
5. Two complete nuclear counting laboratories for the analysis of low-levels of radionuclides

emitting alpha, beta and gamma radiation.
6. Radiochemical laboratories equipped for handling tracers and active samples collected

from CANDU reactors (e.g. moderator water) or AECL's waste management areas (e.g.
soils and sand).

7. A drilling rig suitable for drilling holes in unconsolidated overburden sands and till into
shallow bedrock.

8. An ambient radiation and meteorology monitoring system (ARMMS) consisting of more
than 20 remote monitoring stations in the CRL outer area.

9. A Unix-based computer workstation and associate peripherals for numerical modelling.

In addition to these facilities maintained by the ES&T program, staff in ES&T utilize other
facilities including accelerator mass spectrometry, gas source mass spectrometry and various other
isotopic analytical techniques.
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10. SUMMARY

AECL's research program on Environmental Science and Technology is led by members of the
Environmental Research Branch, located at Chalk River Laboratories. Work in the program is
focused upon radionuclide emissions from CANDU reactors and related facilities, the
environmental processes that transport radionuclides through the environment, and environmental
radiation protection. This report provides a general overview of the program plus a series of
specific examples of work in each of the main areas of the program.
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