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ABSTRACT

This work is a step forward in the investigation of data gathering principles and analysis tools for
improved estimates of subsurface radium contamination concentrations and distributions using
surface gamma radiation spectra. Techniques to solve the inverse problem of estimating surface
gamma radiation spectra given a fully known subsurface radium distribution have been investigated
and applied with success. These techniques fell into three broad categories: empirical (using
laboratory and field data), analytical (using mathematical derivations of relationships), and computer
simulation (using Monte-Carlo photon transport simulation methods). Methods of analyzing surface
spectra to estimate certain source parameters have been studied. The most fully developed methods
are those involving the ratio of the areas of two peaks of differing energy from the same radionuclide
to determine the source depth. For a point source of radium and its progeny, these techniques are able
to reliably estimate the source depth from a single gamma radiation spectrum taken at the surface
directly above the source. The only significant uncertainties in this case are the soil density and
uncertainties introduced as a result of counting statistics. Further work remains to fully achieve the
goals of the larger project: to develop a comprehensive suite of tools for the improved interpretation
of surface gamma radiation spectra from subsurface distributions of radium contaminated soil.

1. INTRODUCTION

1.1. Background

Radium contaminated sites exist in many countries from the radium industries that operated
during the first half of this century under a less stringent regulatory climate than exists today.
In Canada, radium contamination dates back to 1933 when a radium refinery began operation
in Port Hope, Ontario. The refinery operated for about 20 years, refining ores that were mined
at Port Radium, some 3300 km away. During this time, wastes from the refinery were treated
no differently from any other industrial wastes. Transporting the ore from the mine to the
refinery included a 2200 km water transportation route through lakes rivers and portages,
followed by approximately 3000 km by rail. During the operation of the refinery, waste
products were used as fill materials around the town of Port Hope as the town expanded. The
radium produced in Port Hope was used at several dial-painting operations for the
manufacture of radioluminescent products. Many of these products, such as aircraft
instruments, are still in use today and are still maintained.
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The radium contamination legacy left by the Canadian radium industry is summarised in
Table I.

When characterizing radium contaminated sites, a primary objective is to determine the spatial
distribution and activity levels of the contaminant with a minimum expenditure. It is generally
cost effective to use field gamma radiation measurements as much as possible for the
characterizations, because such non-intrusive measurements can be made with little effort and
relatively inexpensive equipment. The gamma radiation emissions from radium and its decay
products are such that background concentrations are readily measurable with simple hand-
held equipment.

The nature of radium contamination is such that interpretation of data can be complicated. The
distribution of radium contamination in soil varies from site to site depending on the transport
processes that have occurred. Natural transport processes tend to produce a continuous or
homogeneous distribution. Human activities, such as earth moving, often result in a
discontinuous, heterogeneous distribution presenting special problems for characterization and
cleanup. The volume of suspect soil can be orders of magnitude larger than the volume of
discrete particles and pockets of contaminated soil that are present.

In Canada, the Low-Level Radioactive Waste Management Office (LLRWMO) manages
historic radioactive wastes that are a federal responsibility. The LLRWMO has developed and
refined methods to characterize and verify the success of cleanups of soil with heterogeneous
uranium and radium contamination. A combination of surface and sub-surface measurements
are collected and statistically analyzed to determine the cleanup limits.

Waste characterization surveys conducted by the LLRWMO proceed generally as follows.
First, the surface gamma radiation profile is established. The primary method used for surface
characterization is the Large Area Gamma Survey System (LAGS) that has been developed by
the LLRWMO with assistance contracted from SENES Consultants Limited. Gamma
radiation data are collected continuously along specified lines (generally one-half metre or one
metre lines) of pre-established blocks and read along with location data into a computer. Data
are analyzed and the potential locations of discrete anomalies or areas of suspected distributed
contamination are identified for follow-up investigation by a combination of manual detailed
surveys and computer analysis. The manual survey consists of gathering surface and sub-
surface spectral data and collecting and analyzing soil samples.

1.2. Purpose and scope of work

The primary purpose of this project is to improve the interpretation of surface gamma
spectroscopy measurements with respect to determining the activity level and spatial
distribution of subsurface radium.

This project has focused on the characterization of radium in the near surface (upper meter of
soil) uranium series radionuclide contamination, particularly 226Ra and its progeny. Discrete
sources have been considered in detail, and distributed sources have been considered as an
extension of the simpler point-source problem. Measurement techniques investigated were
limited to surface gamma radiation spectrometry using sodium iodide field spectrometers.

The rationale for development of the techniques described here are examined first. A literature
review was then performed to identify similar previous work. Predictive tools were developed
using information obtained through the literature review and newly-developed techniques.
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These tools were developed using computer simulation, mathematical modelling, and some
experimental and field data.

2. RATIONALE FOR DEVELOPMENT

2.1. General context

The Low-Level Radioactive Waste Management Office (LLRWMO) is operated by Atomic
Energy of Canada Limited (AECL) through a cost recovery agreement with Natural Resources
Canada, the federal department which provides the funding and establishes national policy for
LLRW management. Part of the mandate of the LLRWMO is to resolve historic radioactive
waste problems that are a federal responsibility. Historic radioactive wastes are LLRW for
which the original owner can no longer be held responsible and which are managed in a
manner no longer considered acceptable. The wastes generally stem from spillage of ores and
ore concentrates during transport from mine sites to refining facilities during the period when
these activities were conducted by the federal government, and from contaminated materials
originating from the use of radium in luminous dials.

The current owners of property with historic wastes are not licensed by the Atomic Energy
Control Board (AECB) to possess these materials. Once the federal government accepts
responsibility for the LLRW, the LLRWMO acts as the owner of the materials. The
LLRWMO remediates properties by removing the contaminated materials to storage or
disposal. Where contaminant concentrations are such that a license is required, the materials
are stored in a facility operated by the LLRWMO and licensed by the AECB. Where
contaminant concentrations are not of licensable activity, materials may be disposed of at a
local site or held in interim storage until a permanent site is established.

Two examples of LLRWMO projects that made use of characterization techniques being
refined under this coordinated research programme are given in the following section.

2.2. Fort McMurray Historic Uranium Cleanup Project

2.2.1. Project overview

Beginning in the 1930s, uranium ore and ore concentrates were shipped by barge from the
Port Radium mine in Canada's Northwest Territories along a 2200 km water transportation
route to the barge-to-rail transfer point in Fort McMurray, Alberta [1]. From Fort McMurray,
the ore was transported by rail to its final destination in Port Hope, Ontario, for refining. From
the 1930s to the 1960s, approximately 30 hectares of riverside property in Fort McMurray was
used for the unloading of barges and loading of railway waggons. Incidental spillage and
tracking during the transfer of uranium bearing materials was the cause of the contamination
of these properties. In the summer of 1992, during investigations of transfer points along the
water transportation route, elevated levels of radioactivity were discovered on these riverside
properties at Fort McMurray, Alberta [2]. The management of materials discovered at transfer
points along the water transportation route are within the LLRWMO mandate.

2.2.2. Pre-remedial activities

Data from a local background study, site characterizations, and an examination of human and
environmental toxicity were used to develop cleanup criteria for the project in consultation
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with the technical working group [3]. The contaminants of concern at the site, associated with
the uranium ore, were uranium, arsenic, and radium. An arsenic criterion of 30 ppm was
adopted from the recommendations of the Canadian Council of Ministers of the Environment
[4]. A comparison of arsenic and uranium toxicity indicated that uranium represented a hazard
less than that of arsenic, so 30 ppm was established as a conservative cleanup criterion for
uranium. The most restrictive criterion for the project was the 226Ra criterion of 0.1 Bq/g, the
upper end of the range of background values found in Fort McMurray. The regulator approved
the cleanup criteria before remedial activities took place at the sites.

The nature of contamination at the Fort McMurray sites fell into three categories [5]:

Category A: materials exceeding a uranium concentration of 500 ppm (mainly uranium ore)
and therefore requiring a license from the AECB;

Category B: soil heavily populated with fragments of uranium ore with average
concentrations greater than 30 ppm and less than 500 ppm uranium; and

Category C: material that does not exceed the cleanup criteria but contained occasional rocks
with elevated contaminant concentrations.

2.2.3. Contaminants characteristics

Contaminants attributable to the spillage of pitchblende ore at the Fort McMurray sites have
been identified as natural uranium and uranium series decay products, notably radium, and
arsenic. Analysis of pitchblende ore fragments and low-grade uranium bearing rock samples,
typical of those found on the Fort McMurray sites, was conducted to determine the range of
uranium, radium and arsenic concentrations in these materials. Ore analysis summary
information is provided in Table II.

Appropriate categorization of materials is confounded by soil samples that may miss discrete
particles and surface gamma radiation readings that cannot easily distinguish between
concentrated and disperse sources. To compensate for these shortcomings, efforts in materials
characterization are intensive, requiring area compositing of soil samples and gridded gamma
radiation surveys be conducted with a significant spatial density of measurements. While
initial delineation surveys to estimate material volumes and plan and execute remedial works
are intensive, the methods to verify compliance with cleanup criteria are suitable more
rigorous.

2.2.4. Verification strategy

A Verification Plan was prepared for the project. The verification work was designed to
measure the amounts of residual contaminants, specifically uranium, arsenic and radium,
throughout the site, and to detect and react to any areas containing contaminant concentrations
in excess of the cleanup criteria. Statistical considerations were incorporated into the
Verification Plan so that reported results could be compared directly to project criteria. The
Verification Plan contained detail of soil sampling frequency, sample compositing, averaging
areas and volumes, and prescribed methods. All project verification activities were conducted
on the site at the completion of remedial activities but prior to backfilling excavated areas.
The regulator approved the Verification Plan prior to the commencement of site verification
activities.
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Verification sampling systematically sampled both property areas where remedial work was
conducted as well as areas where no remedial work took place.

In areas where cleanup had taken place, individual surface soil samples were collected on a 5
m grid pattern and sets of 6 contiguous samples were composited for analysis. At the sample
locations, portable gamma ray spectrometer measurements were taken. Sample analysis values
exceeding the project criteria triggered additional remedial work in the sample area.

In areas of sites where no cleanup work had taken place, test pits were installed on a 20 m grid
pattern and samples collected from the surface down to native, undisturbed soil. Sample
results exceeding the project criteria triggered remedial work in the vicinity of the test pit.
Trenches were installed in the non-remedial areas by removing 15 cm layers of material and
conducting gamma radiation surveys over the exposed surface.

Over the site areas, both remedial and non-remedial gamma radiation surveys were conducted
with a computer-assisted radiation survey system developed by the LLRWMO. The system
collected gamma radiation readings on a 1 m line spacing and the data were used to identify
the locations of discrete pieces of uranium ore which were subsequently recovered and
characterized. Based on analyses and categorization of the recovered pieces of rock, an
estimate of contaminant concentrations was determined over the survey area and compared to
the project criteria.

As an example of the level of effort required to conduct a successful verification programme
to satisfy regulators that the cleanup criteria described above were met, Table III summarizes
salient points for a cleanup conducted on one property in Fort McMurray.

2.2.5. Potential applications

With regard to the spilled uranium ore cleanup work in Fort McMurray, Alberta, Canada, the
interpretive spectral tools discussed in this paper would have two primary applications:

— determination of source type (i.e. disperse, discrete, distributed); and,
— categorization of soils (i.e. Category A, B or C).

The primary objective of the verification programme conducted in Fort McMurray was to
insure no Category A or B materials remained on the site following cleanup activities. The
level of effort required to conduct the verification programme described above was
significant. The turn around time of analysis results directly impacted the project schedule and
budget. Where areas were found to exceed project criteria, additional excavation work was
conducted and the programme re-applied to the area.

The consequence of classifying material into a category higher than appropriate, i.e. Category
B as Category A or Category C as Category B, is the increased expense for disposal and the
wasted effort associated with excavation and verification activities. Mistakenly classifying
material into a lower category would result in materials exceeding project criteria remaining
on the site.

The application of interpretive tools for spectral analysis would facilitate better and more
rapid categorical classification of in situ materials. Simple, traditional spectral analysis of
gamma ray spectra collected in the field were not useful in determining compliance with
cleanup criteria. Mean values based on in situ spectroscopy did not correlate well with the
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corresponding composite soil sample analysis results. As a result, in situ data could not be
relied on to make immediate determinations of criteria compliance.

The ultimate application of a fully developed set of interpretive spectral tools would see the
need for soil sample analysis significantly reduced with soil samples analyzed only for quality
control purposes. A reliance on in situ measurements would eliminate the turn around time
required for analysis results and so limit the impact on project budget and schedule.

Improved categorization of soil materials and identification of source type would reduce costs
due to over-excavation and conservative errors used to determine category.

2.3. Malvern remedial project

2.3.1. Project overview

Historic low-level radioactive waste on residential properties in the City of Scarborough,
Ontario, Canada, was discovered in 1980. This contamination resulted from a small radium
incineration and processing operation on a farm in this area during the 1940s [6].
Development of the farm into a residential area during the early 1970s resulted in the spread
of the radium-contaminated materials throughout the development. During the 1980s,
proposals to remediate the contaminated properties by removal and relocation of the
radioactively contaminated soils were deferred because of unavailability of a storage site.

Detailed characterization studies were conducted in 1992 through 1994. Cleanup of the sites
began in the spring of 1995. Contaminated soils were excavated from the subject properties
and segregated with the use of a soil sorting plant. LLRW was segregated, containerized and
shipped to a licensed storage facility; mildly contaminated material was stored in an interim
storage mound, and clean excavated soil was used as cover material for the interim storage
mound.

The contamination existed in two forms, as bulk volumes of contaminated soils and, as
discrete, radium contaminated "artifacts" found in otherwise clean soil.

2.3.2. Pre-remedial activities

Criteria for the project were developed [7]. The cleanup action level for bulk soil
contamination corresponded to the 98th percentile of naturally occurring radium
concentrations in the metropolitan Toronto area, 0.073 Bq/g [8]. Samples collected were to
represent areas no greater than 10 m and 0.50 m in depth. For discrete particles, a risk-based
assessment was performed using the most conservative parameters. The goal was to identify
and remove any discrete artifact with an activity greater than 0.15 MBq (4 uCi). As the
contaminated artifacts were known to exist primarily in the topsoil layer, detection
instruments were required to detect a source of this activity buried beneath 10 cm of soil.

A computer-assisted, large area gamma radiation survey system was developed by the
LLRWMO to perform surveys of properties with data collected electronically with an on-
board computer [9]. Radiation measurements were collected on a frequency of 4 readings per
square meter. The intense survey coverage resulted in a greater than 90% probability of
detecting a 0.15 MBq source buried at 10 cm.
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Prior to the cleanup project and development of the soil sorting conveyor system, a pilot
project was conducted to test the technical realities of the development of a sorting system.
The primary goal of the sorting system was to:

— detect and segregate bulk soil volumes with a specific activity greater than 3.7 Bq/g;
— detect and segregate radium contaminated artifacts with an activity greater than

0.15 MBq; and,
— to determine the average activity of batches of soil for calculation of the radioactive

inventory [10].

A detailed investigation of all residences in the effected community was conducted. Gamma
radiation surveys were conducted on over 450 residential properties using the computer-
assisted radiation survey technology developed by the LLRWMO. The survey programme
detected areas of bulk radium contamination on 25 properties not identified during previous
survey campaigns, bringing the total number of properties requiring cleanup to 75.

The level of survey detail during initial investigative work is summarized in Table IV.

2.3.3. Verification strategy

A Verification Plan [11] for the work was prepared. The work described included systematic
soil sampling, and spectral measurements within the excavation area were designed so that
composite samples would represent the area a house may be built on, while the individual
measurements could be compared to the recommended averaging area of 10 m2. The
verification programme was also designed to detect contaminated materials in areas on the
property outside the excavation area, in the event that they had been overlooked during
delineation surveys.

On completion of the removal of contaminated materials from each property, a series of
measurements were made within the excavation area and, outside the excavation area in the
undisturbed soils. All areas of the property were surveyed with the computer-assisted survey
system, and where radiometric anomalies were identified in the survey data, a series a
measurements were collected with hand held survey meters. Gamma radiation measurements
greater than the upper limit of normal for the property were targeted for further remediation,
as they may be indicative of bulk contamination or discrete artifacts.

Within the excavation area, soil samples were collected on a 3 m grid spacing and composites
of 16 contiguous samples were prepared, analyzed by gamma spectroscopy, and compared to
the project criterion for 226Ra. At each sample location, surface spectral data were collected in
situ with a portable gamma-ray spectrometer. Values exceeding the project criterion for 226Ra
measured either in situ or by laboratory analyses triggered additional characterization and
further remedial work.

Outside the excavation area, a series of boreholes were installed around the excavation
perimeter and spectral data gathered in situ on 10 cm depth increments with a borehole probe.
Where values exceeded the project criterion for 226Ra, excavations were expanded during
additional remedial work.

The application of the verification programme on a cleanup property typically required a level
of detail summarized Table V.

63



2.3.4. Potential applications

It was the Malvern Remedial Project that instigated the LLRWMO involvement in this
programme of research. Intensive, intrusive and expensive characterization work on 450
residential properties involved the collection of thousands of soil samples and rigorous
gamma radiation surveys to identify areas of remedial work, remove hundreds of discrete
radium contaminated artifacts, and deem properties to meet cleanup criteria.

The first level of survey, an automated gamma radiation survey conducted on a 0.5 m line
spacing, was used to identify anomalous readings for further investigation. Contaminated
materials took generally two forms, either as discrete pieces of radium contaminated plastic
tubing or as areas of discontinuous, heterogeneous soil contamination. The identification,
delineation and recovery of these materials was confounded by the mix of contaminated
particles with clean soils and the thin layer of overburden material that may cover the
contamination. To discern the source of the anomalous radiation reading, several simple in
situ spectral measurements were taken to estimate mean activities for areas, and several soil
samples were taken and analyzed to compare to cleanup criteria. Comparison of in situ and
soil sample data indicated that in situ data were not reliable enough to determine compliance
with cleanup criteria. Recovery of discrete particles was time consuming, as exact locations
were difficult to determine, and an effort was made to minimize damage done to the lawns of
property owners.

The post-cleanup verification programme described above was problematic because of its
reliance on soil sample analyses. The project conducted required relocation of homeowners
while excavation work was conducted, so delays due to sample turn around time and re-
cleanups of failing areas had significant impacts on project schedule and budget.

Interpretive spectral tools would have found their usefulness in identifying the type of source
(i.e. discrete particles, disperse contaminated soils, heterogeneous distributed materials) and
reliably quantifying activities for immediate comparison to cleanup criteria.

2.3.5. Project summary

At project completion, all 75 properties met the cleanup criterion for 226Ra established for the
project. Approximately 33 m3 of soil and several hundred radium-contaminated artifacts were
removed as LLRW to a licensed storage facility [12]. Material volumes of 9077 m exceeding
the project cleanup criterion for radium, but not considered licensable, were stored in an
interim storage mound, to await future disposal. Materials excavated but that were found not
to be contaminated were used as top cover for the interim storage mound.

2.4. Highfields farm remediation

2.4.1. Site description

The Highfields Farm is located northwest of Toronto, Ontario, Canada. The majority of the
property has been used as farmland for either animal grazing or crop production. Many of the
fields have now overgrown by natural processes or by the planting of coniferous wood lots.
The only area of active farming, other than for grazing purposes, is the field, which includes
an area north of the barn near the southeast farmhouse residence.
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A portion of the Highfields Farm property was used as a radium recovery operation similar to
the one described earlier for the Malvern Remedial Project. A limited cleanup was completed
in the early 1980's. Activities involved the use of radium for industrial and medicinal
purposes. Some activities involving the use of radium were carried out on the property
preceding the regulations governing the possession, use and disposal of radium. This led to
the spread of radium contaminated materials at the property.

2.4.2. Summary of survey results

Gamma radiation surveys were conducted of the approximate 100 hectare Highfields Farm
property. A few individual data points were found to exceed 0.60 (j.Sv/h (100 |iR/h), measured
within 15 cm of the ground. The areas of greatest effect were approximately 2-4 m .

2.4.3. Cleanup objectives

The objective of the cleanup was to remove radium-contaminated soils with concentrations
greater than 3.7 Bq/g radium. Possession of such materials, considered low-level radioactive
waste (LLRW), requires a license issued by the Atomic Energy Control Board (AECB). To
achieve this objective, areas where the gamma radiation exposure rate exceeded 0.60 uSv/h
(100 \xRJh) measured at a height of 0.15 m above the ground were remediated. On completion
of the remedial work, gamma exposure measurements were not to exceed 0.60 u.Sv/h
(100 nR/h), measured at a height of 1 m from the excavation surface.

2.4.4. Remedial work

Excavation of contaminated soils was conducted in April 1998. Materials were excavated
with a mini-excavator, placing soil directly into steel drums. When each drum was full, its lid
was secured and, once removed from the work area, characterization measurements were
taken on the drum to estimate radium content.

3. DEVELOPMENT OF PREDICTIVE TOOLS

3.1. Overview

The overall objective of this project is to be able to provide tools that would allow the user to
estimate subsurface distributions of radium contamination based on spectra collected at the
surface. The general approach taken was to first deal with the inverse problem of predicting
surface spectra or important features of surface spectra based on a known subsurface
distribution of radium contamination.

Three different approaches to predicting spectra based on subsurface radium contamination
distributions were taken. The first approach discussed below is a review of empirical data,
collected both under "laboratory" conditions and within the context of field projects. The
second approach is to consider analytical (mathematical) methods of predicting the behaviour
of particular spectral features. The third is to make use of computer simulations to generate
surface spectra based on a modeled subsurface radium contamination distribution.

The primary advantage of the empirical approach is that it makes use of actual field data. The
downside is that the information on subsurface radium distributions, although quite extensive,
will still be somewhat imprecise. As well, the data will be limited to those situations that have
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been encountered in LLRWMO fieldwork and thoroughly studied, or those situations that can
be fairly easily constructed in practice. The empirical methods and results are discussed more
fully in Section 5.2.

The analytical approach has several advantages. The results (and uncertainty limits) will be
extremely precise, and the dependence on all of the relevant variables will be well known.
Also, the path from problem to solution will be very explicit. However, there are also several
disadvantages. Only the simpler relationships will be considered due to theoretical and
practical limitations. Required assumptions and simplifications will restrict the application of
this method and may introduce some uncertainty into the results. The analytical methods and
results are discussed more fully in Section 5.3.

Computer simulation of surface gamma spectra was accomplished using Monte Carlo photon
transport simulation. The strengths of this method are its precision and flexibility. Source
distributions can be defined exactly, and in whatever configuration is desired. The primary
weakness of this method are that there may be some deviation from real-world spectra due to
the limitations of the simulation model, and that a large amount of computing effort is
required to produce useful results. The simulation methods and results are discussed more
fully in Section 5.4.

This reason for using this multiple method approach is that it should be very robust against
methodological errors since the results of each approach will provide cross-checks on the
results of the others. As well, each of the three approaches brings a different set of strengths
(and weaknesses). Table VI shows a brief summary comparing the advantages and
disadvantages inherent in each of these approaches.

3.2. Empirical data

3.2.1. Laboratory data

Two sets of laboratory data were gathered. The earliest laboratory investigations made use of a
large graduated cylinder filled with dry sand to various depths and with a small radium source
placed on top of the sand. This cylinder was then placed directly on top of a HPGe gamma
spectrometer and spectra were gathered. The empirical data referred to in Fig. 1 were from
this experimental arrangement.

The most significant laboratory data gathered for this project made use of a small radium
source buried in a well-controlled volume of soil. Topsoil was placed and compacted into an
approximately 1.0 m x 1.2 m x 0.8 m deep steel container. The density (2.06 g cm"3) and
moisture content (12.6%) of this soil were determined. A small radium source was buried at
various depths below the center of the surface of this "soil cube". Figure 2 shows spectra
measured by an Exploranium GR-256 3"*3" Nal(Tl) field gamma spectrometer due to a small
radium source buried at depths of 0, 5, 10, 15, 20, and 30 cm.

The areas of the 609 keV and 2204 keV peaks of 214Bi were calculated for each of the spectra
from 0 to 20 cm. Figure 3 shows these peak areas as points fitted to an exponential curve.
Also shown in this figure is the relationship between the ratio of the peak areas to the source
depth, along with a fitted exponential curve. The curve is a very good fit, with an R2 value of
0.996. Under the conditions of this experiment, the ratio decreases by a factor of two for
approximately every 10 cm of increased source depth. The change in peak ratio with source
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depth is sufficiently large that, given reasonable counting statistics, the uncertainty in the
depth of the discrete source as estimated using this peak ratio would be acceptable.

3.2.2. Remedial project data

3.2.2.1. Malvern Remedial Project

During the Malvern Remedial Project, which pre-dated the present experimental work, surface
gamma spectroscopy measurements were taken in both background and contaminated areas.
However, very little effort went into determining the actual distributions of the subsurface
radium contamination in detail. Nevertheless, some simple observations were made.

Since the contamination was found primarily within the top 15 cm of the soil, it was expected
that the ratio of 2.1 MeV to 1.1 MeV photons would be slightly lower than for infinitely
uniform contamination. The ratio between 2.1 and 1.1 MeV peaks was highly variable but,
overall, the ratio was statistically significantly lower in the contaminated properties than in the
background properties, consistent with expectations.

Similarly, it was expected that the ratio of 1.7 MeV to 1.1 MeV photons would also be
slightly lower than for uniform conditions. However, contrary to expectations, the ratio
between 1.7 and 1.1 MeV peaks was, overall, significantly higher in the contaminated
properties.

There are several problems with this data set that might explain why these observations are
somewhat contradictory. Although the instrument type was the same for all measurements, the
actual instrument used to take measurements differed for the contaminated and background
properties. The soil type differed from property to property, but was probably more consistent
for the contaminated properties than the background properties due to their relative physical
proximity to one another. Overall, the analyses of these data are inconclusive. However, it is
possible that further analysis might produce useful results.

3.2.2.2. Highfields Farm remediation

The excavation of radium contaminated soils was conducted at two small areas at the site,
labeled excavation area X and T. Prior to excavation a series of gamma ray spectra were
collected with the portable GR-256 spectrometer. The detector was placed on contact with the
ground surface at grid locations established over the excavation area. Once all surface spectra
were taken, soil samples were collected at the spectral measurement points on 10 cm
increments to a total depth of 50 cm. Soil samples were also collected at several other grid
locations over the excavation area. Soil samples were analyzed in the PHFSO laboratory by
HPGe gamma spectroscopy to determine 226Ra activity (based on 2l4Bi activity).

3.2.2.3. Area T specifics

A total of 14 surface spectral were collected in this excavation area (see Fig. 4a). Spectra were
collected at locations 1 through 9 with the Cs-137 energy stabilization source in use and at
locations 2,4,5,6, and 8 without the use of Cs-137. Soil samples were collected at locations 1
through 25 on 10 cm increments to a total depth of 50 cm at each location.
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3.2,2.4. AreaXspecifics

A total of 26 surface spectral were collected in this excavation area, prior to excavation (see
Fig. 4b). Spectra were collected at locations 1 through 9 with the Cs energy stabilization
source in use and at locations 2, 4, 5, 6, and 8 without the use of 137Cs. At some locations,
multiple spectra were collected. Additionally, surface spectra were collected at locations 10,
11, 28, 29, and 30, outside of the excavation area. Surface readings were retaken at locations
10 and 11 after the excavation was complete. Soil samples were collected at locations 1
through 25 on 10 cm increments to a total depth of 50 cm at each location.
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3.2.2.5. Data analysis

Figures 5a and 5b show the median concentration by depth with distance (m) from the center
of contamination for each of the two areas. Figure 5b, which is for area X, shows that 226Ra
concentrations at the center of the contaminated area near the surface (0-10 and 10-20 cm
horizons) were about 7.4 Bq/g while concentrations below 20 cm were about 25 times higher
or about 185 Bq/g. Away from the center of contamination, the concentration profile is
substantially different: the higher concentrations are present at the surface (above 20 cm) and
the concentrations are lower below the surface. The profiles at area T shown in Fig. 5a are
similar although somewhat less pronounced.
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The near-surface concentrations decrease with distance from the center of contamination and
the sub-surface concentrations show a decreasing gradient with depth that is most likely due to
vertical transport through a combination of leaching, soil cracking and vegetation processes.
The negative exponential model has been applied often to describe this pattern for surface
contamination. Typical background for this area is about 0.037 Bq/g 226Ra and these levels are
approached at depth for location 3 m from the center of contamination.

The contamination was located in an agricultural field that suggests the following plausible
interpretation of the contamination pattern. A trench (or hole) was excavated and filled with
contaminated material. Agricultural tillage of the field spread the contaminated soil located
within the tillage zone (about 20 cm) horizontally from where the contaminated material was
placed. Concentrations decrease with distance largely due to this dispersion process. A
secondary dispersion process occurred in the vertical direction as 226Ra spread out from the
center was transported downward through a combination of physical and chemical processes.

This area was interesting since it contained elevated 226Ra levels located under 20 cm of
contaminated material. It is of interest to see if this material impacts the surface spectra from
in situ gamma spectroscopy.

3.2.3. Discussion of Peak-to-Peak Ratio Theory

Consider a point source of Ra buried in soil. It is possible to take a spectral measurement
directly above the point source by locating the point of maximum gamma radiation rate on
contact with the surface, and taking the measurement at that location.

It is possible to determine the depth of the source given this single spectrum even if the source
activity is unknown. Consider two gamma energies E\ and £2 from the decay of a single
radionuclide. Each of these gamma energies has particular gamma ray intensities, say Pi and
Pi. Now, let (AziEJS) be the mean free path for photons of energy E in material with
composition S of density p= 1.0 g cm"3. For any other density, the mean free path fj(E,S)-
jUo(E,S) I p. The attenuation factor, X, is given by:

A = - = P
(1)
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Assume the point source is buried a distance d under the surface of the ground. The flux, <f>, of
full energy photons at a height h from the ground surface (total distance from the source is r =
d + h) will be proportional to the radionuclide activity, A, gamma ray intensity, P, inversely
proportional to the square of the total distance (f), and proportional to e"M, ie:

-dp

(2)
(d + h)'

Now consider the flux ratio <j>\l<fa., where $ is the flux of photons of a given gamma energy
from a point source. When A\= A2, such as when the radionuclide is the same in both cases, or
when the radionuclides producing these particular gamma radiations are in equilibrium, this
ratio can be given as:

lh. P -dp^-^-

where /u\= ju(EhS). Rearranging this equation yields an expression for the normalized source
depth (depth times scatterer density):

dp =

which is a simple logarithmic equation of the form y = A ln(x) + B. It is interesting to note
that the expression for dp does not depend on h, the height of the detector above the ground.
The only variable (once a pair of energy lines is chosen) is the flux ratio. However, to obtain
the absolute depth, d, one must know the soil density p.

Figure 1 shows how this analytical solution can be applied to predict the ratio of peak areas
depending on the normalized source depth. Peak energies of 0.609 MeV and 1.765 MeV,
corresponding to two of the most significant 214Bi peaks, were selected. Mean free paths for
these two energies were chosen that correspond to scattering through dry sand. Note that it is
normalized source depth, and not absolute source depth, which is plotted on the vertical axis.
If the soil density were known, then it would simply be a matter of dividing the normalized
depth by the density to determine the absolute source depth.

For this particular application, the ratio of 0.609 MeV and 1.765 MeV peak areas seems to be
a potentially useful indicator of point source depth. The logarithm of the ratio varies linearly
with depth (as seen in Fig. 1), and the change is significant over the depth range of interest. At
the surface, the ratio is approximately 0.34, while at a depth of only 10 cm (a normalized
depth of 15 g cm"2 assuming a soil density of 1.5 g cm'3) the ratio has approximately doubled
to 0.66. The ratio continues to approximately double for every additional 10 cm increase in
depth.

3.3. Photon transport simulation

3.3.1. General approach

The general approach taken was to divide the problem of simulating surface spectra from
subsurface radium contamination distributions into a number of smaller problems. One
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simplification was to look only at point sources, recognizing that a more general source
distribution could be constructed by integrating the point source results over space, or
similarly by modeling a more general distribution by a number of point sources. A second
simplification was to model a small number of discrete energies rather than the entire
spectrum of interest for each point source with the intent to then to generate interpolated
results to derive a spectrum from a monoenergetic source of any energy. Adding several
monoenergetic source spectra together would then generate a full spectrum. A third
simplification was to disregard energy resolution effects during the Monte Carlo simulations.
It was decided that it would be simpler to include these effects at the end of the process, once
the absorbed energy spectra had been produced.

This general approach is summarized in Fig. 6. On the left in the boxes are each of the
"products", and on the right are the processes performed to produce the products.

Many deposited energy spectra from
monoenergetic point sources buried at

various discrete distances from the detector
and depths below the ground

Deposited energy spectra from point sources
of AN Y single energy buried at various
discrete distances from the detector and

depths below the ground

Interpolate between energies

Deposited energy spectra from point sources
of ANY single energy buried at ANY

distance from the detector or depth below
tile ground

Interpolate/extrapolate between source
distances and deptlis

Deposited energy spectra from point sources
of ANY ENERGY SPECTRUM buried at

ANY distance from the detector or depth
below the ground

Deposited energy spectra from
GENERALIZED SOURCE

! DISTRIBUTIONS WITH ANY ENERGY
; SPECTRUM

Combine deposited energy spectra from
many monoenergetic sources from a point

Add or integrate deposited energy spectra
from many point sources

Apply detector energy resolution effects
("Gaussian energy broadening")

: MEASURED ENERGY SPECTRA
i FROM GENERALIZED SOURCE
j DISTRIBUTIONS WITH ANY ENERGY
I SPECTRUM
I

FIG 6. General Approach to Photon Transport Simulation

3.3.2. The Monte Carlo method of photon transport simulation

Monte Carlo photon transport simulations were performed to determine detector response to
mono-energetic point sources. The conditions of the simulation can be completely understood
and controlled exactly, which is very difficult if not impossible using empirical methods. For
example, the moisture content of the soil can be specified exactly, and will not vary
throughout the soil volume or with time. As well, the photon transport simulation methods
can be applied to situations that might be difficult to reproduce experimentally. For instance,
it is a very simple matter to adjust the simulated soil composition to determine the effects of
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an increased proportion of heavier elements. The amount can be adjusted exactly and to any
level.

Monte Carlo photon transport simulations also have some disadvantages over experimental
techniques. The results obtained may not be exactly representative of the real world,
potentially due both to simplifications in the computer model, and to errors in the input to or
algorithms within the simulation. Discrepancies due to implementation errors are generally
easy to detect because the results are often wildly incorrect. However, discrepancies due to
computer model simplifications may be subtle and are therefore more difficult to detect. In
order to guard against both sources of error, the results of the simulation are compared to
experimental data for validation.

Monte Carlo photon transport simulation methods [13] [14] were used to develop detection
efficiencies based on a given source spectrum and detection geometry. These methods trace
the paths of individual photons from the source to the detector, simulating the physical
interactions that take place along the way.

3.3.2.1. Problem geometry and physical characteristics

The basic geometry of the problem reproduces the field conditions. The problem space is
defined within a column of radius 500 cm and length 1000 cm, beyond which is "void". A
plane divides the upper and lower halves of the problem space into "air" and "soil" regions.
The detector, modeled after the Exploranium GR-256, is a sodium iodide crystal shaped into a
cylinder of length 7.62 cm and radius 3.81 cm. It is surrounded by a 1.5 cm thickness of foam
rubber, all contained within a 0.2 cm thick aluminum housing. The center of the crystal is
15 cm from the surface of the soil, and the crystal is oriented such that its axis is perpendicular
to the normal to the soil surface. Fig. 7 shows the basic geometry of the problem.

The dry fraction of the soil was assumed to consist of the ten most abundant elements in the
earth's crust [15]. A moisture content of 12.6% by mass was assumed to be made up of pure
water. This moisture content corresponds to that of the soil used to collect the experimental
data. Table VII shows the simulated composition of the soil. Two densities were simulated.
First, a density of 2.06 g cm'3 was chosen to match that measured for the soil used in the
laboratory test. A density of 1.6 g cm"3 was also used to represent more typical in-situ soil.

Ail-
NaI(Tl)

A1.5 cm foam rubber surround;
0.2 cni Al housing not shown>

Soil

Source

Void

FIG. 7. Problem Geometry
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It is important to note that soil composition can have a significant effect on the results.
Although outside the scope of this work, Federal Guidance Report 12 examined the effects of
different selections of soil compositions on the air kerma from sources in the soil [16]. At
energies above a few hundred keV, the differences are relatively small. However, at energies
between 10 and 100 keV, the difference can be as large as a factor of five or six. The "earth's
crust" model examined in Federal Guidance Report 12 was similar to the composition used in
this study, and was about half way between the two extremes in air kerma ratios for varying
soil compositions.

The air was modeled as having a density of 0.00122 g/cm^, and being composed of 76%
nitrogen and 24% oxygen by mass. This is a simplified version of the "US Standard
Atmosphere" taken at sea level [15].

The composition of the thallium activated sodium iodide (Nal(Tl)) crystal was taken to be
84.4% iodine, 15.3% sodium, and 0.3% (10~3 mole fraction) thallium by mass, with a density
of 3.67 g cm"3, as described in [17].

The 1.5 cm thick layer of foam rubber padding was assumed to be composed of long polymer
chains which would mean that there would be approximately two hydrogen atoms for every
carbon atom. The result is 86% by mass of carbon, and 14% by mass of hydrogen.

The 0.2 cm thick detector housing was assumed to be composed completely of aluminum with
a density of 2.7 g cm" .

Point sources were simulated buried at various depths in the soil and at various lateral
distances between the center of the detector and the point source.

3.3.2.2. Radionuclide data

The radionuclides of primary interest are Ra and its progeny. These are shown in Table
VIII. Other naturally occurring radionuclides are also of interest, since they will influence the
gamma radiation spectra collected in the field. The remainder of the uranium series
radionuclides (of which 226Ra is the final part), the actinium series radionuclides, the thorium
series radionuclides, and potassium-40 are also primordial radionuclides which are naturally
present in soil in sufficient quantities as to be easily measured by gamma spectroscopy.
Caesium-13 7, a fission product, is another gamma radiation emitter that is occasionally found
in surface soils. However, unless the specific activity of 137Cs in soil is particularly high as
result of a specific event (such as the Chernobyl incident), it is generally not a concern when
interpreting environmental gamma radiation spectra.

Of the radium series radionuclides in Table VIII only four emit gamma radiation of any
significance for the purposes of this study: 226Ra, 214Pb, 214Bi, and 210Pb. All other gamma
radiations have a gamma ray intensity of less than 0.1%. Table EX shows the significant
gamma decay energies and intensities for the three radionuclides of interest in energy
ascending order. Gamma rays having an intensity of less than 0.1% or energies less than 0.05
MeV are omitted. These are also shown graphically in Fig. 8.

An important feature of the 226Ra decay series is the presence of 222Rn. This radionuclide
appears in the form of a noble gas with a half-life of 3.8 days, and can therefore be transported
significant distances from its original site. This phenomenon introduces a major confounding
factor, since the significant gamma radiation emitters in the 226Ra decay series (other than
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226Ra itself, which contributes only about 2% of the gamma photons) are all radioactive
progeny of 222Rn.
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FIG. 8. Radium Plus Progeny Emission Spectrum

For localized sources, it is often the case that the emanated 222Rn diffuses far enough so that
its progeny are diluted to a point where their contribution is essentially indistinguishable from
background. In this case, it is convenient to define an equivalent radium (eRa) activity. A
source with a given eRa activity is such that it produces the same photon flux as a source of
the same activity of 226Ra in equilibrium with its progeny. If the radon emanation coefficient
(the fraction of radon produced which leaves the source) is £,, and all emanated radon is
assumed lost, then the eRa activity, AeRa, can be expressed as AeRa = AR 3 (1 - £;), where AR3 is
the 226Ra activity.

Another useful concept is the equilibrium ratio which refers to the ratio of AeRa / AR3. Since
21 Pb and 214Bi are essentially always in equilibrium with each other, the equilibrium ratio is
also equivalent to the activity ratios 214Pb / 226Ra or 214Bi / 226Ra.

In general the equilibrium ratio is less than one (ie. some radon escapes and is lost). However,
equilibrium ratios greater than one are possible, if a nearby source of radon is contributing
significantly to the radon progeny concentration at the location of the source under
consideration. The simplifying assumption of complete equilibrium will be used throughout
this study, with the understanding that the results can be applied to non-equilibrium cases as
well by interpreting the results in terms of 226eRa activity instead of 226Ra activity.

3.3.2.3. Simulation of monoenergetic point sources

The photon transport simulation was performed using a commercially available code
developed at Los Alamos National Laboratory called MCNP (Monte Carlo N Particle),
version 4B [18]. MCNP is a general-purpose code that can be used for the Monte Carlo
simulation of neutron, photon and/or electron transport. For photon transport, the code takes
into account coherent (Thompson) scattering; incoherent (Compton) scattering; photoelectric
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absorption with the possibility of zero, one or two fluorescent emissions; and pair production
absorption with local emission of annihilation radiation. Electron transport is not simulated in
the model used: all energy transferred to electrons is assumed to be deposited locally, although
bremsstrahlung photons are generated using a thick-target Bremsstrahlung model.

The first general-purpose Monte Carlo code developed at Los Alamos was written in 1963.
Several other similar codes were developed there over the next 15 years. In 1977, after having
merged several of these codes together, the first version of MCNP appeared. However, it was
not until 1983 that MCNP was first distributed internationally. The current version of MCNP
(version 4B) has about 3000 active users at about 200 installations worldwide. The source
code is written to comply with the ANSI FORTRAN 77 standard, and compiled to run on
many different platforms. The installation used for this project is licensed to Atomic Energy of
Canada Limited (AECL) Chalk River Laboratories, and runs under the UNIX operating
system. The simulations were run on a Silicon Graphics workstation located at Chalk River
Laboratories.

Monoenergetic point sources of five discrete energies (0.5, 1.0, 1.5, 2.0 and 2.5 MeV) were
simulated at various lateral distances from the detector center ranging from 0 to 200 cm, and
buried at various depths from 0 to 100 cm. Fig. 9 shows all source locations simulated.

MCNP is controlled primarily through the use of input files, which specify most user-supplied
problem parameters. Although hundreds of different input files were required to develop the
detection efficiencies in this report, they all followed the same general form. The result of the
Monte Carlo photon transport simulations was a large number of deposited energy spectra
from monoenergetic point sources at various discrete distances from the detector and buried at
discrete depths in the soil. Spectra that included energy resolution effects were also generated,
but not used further in this work.

Figure 10 shows an example of spectra from a monoenergetic (2.5 MeV) point source buried 5
cm in soil at a lateral distance of 5 cm from the center of the detector. For comparison, both
the deposited energy spectrum and the spectrum that takes into account detector resolution
effects are shown. Of particular note is the full energy peak at 2.5 MeV, the single and double
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escape peaks at 1.989 MeV and 1.478 MeV, and what appears (at least in the deposited energy
spectrum) to be the pair production peak at 0.511 MeV.

Figures 11 and 12 show a series of spectra from a point source buried 5 cm in soil at a lateral
distance of 5 cm from the center of the detector. The five spectra shown in each figure is from
a monoenergetic source of each of the simulated energies (0.5, 1.0, 1.5, 2.0 and 2.5 MeV).
Figure 11 is of deposited energy spectra, and so the peaks are at discrete energies. Figure 12 is
of "measured" energy spectra, so the peaks have a distinct width that reflects the energy
resolution of the simulated detection system. Note in Fig. 13 that the full-width at half-
maximum (FWHM) of the full energy peaks increases with energy as expected.

3.3.2.4. Detector energy resolution

The energy resolution of a Nal(Tl) spectrometer cause a "blurring" of the deposited energy
spectrum. Although there are many origins of resolution loss, the primary source in most
Nal(Tl) spectroscopy applications is a result of statistical spreads resulting from the finite
number of electrons generated per event at the initial photocathode in the photomultiplier
tube. Take, for example, the case of 1 MeV of electron energy deposited in an Nal(Tl) crystal
by a gamma ray photon. For this type of detector, the scintillation efficiency is approximately
12% and the scintillation photon energy is approximately 3 eV. Therefore, approximately 120
keV is converted into visible light, which translates to approximately 40,000 scintillation
photons. Allowing for some light-loss, perhaps 30,000 of these photons reach the crystal-
phototube interface. Assuming an average quantum efficiency of the photocathode over the
scintillation spectrum is 20%, then 6,000 photoelectrons are produced. This is the stage in the
signal chain where the number of information carriers is at a minimum, and therefore the
expected variability is at a maximum. If we further assume that Poisson statistics hold, then
the standard deviation on the mean of 6,000 photoelectrons is 77 (the square root of 6,000), or
about 1.3%

Energy resolution is formally defined as the full width at half maximum (FWHM), in percent
of peak energy, of the peak. For a Gaussian distribution, the FWHM is 2.35 times the standard
deviation, so the energy resolution at 1 MeV in the example given above would be 3.0%.

The energy resolution of the simulated detection system (the Exploranium GR-256) was
determined empirically using the four most prominent peaks from a spectrum of 226Ra plus
progeny: 0.609 MeV, 1.12 MeV, 1.765 MeV and 2.204 MeV. The results are shown
graphically in Fig. 13. The energy resolution curve, R(E), was fitted to an equation of the
form:

R(E) = FWHM(E) = A + Bx^E + CxE2

^ ' ~ 2.35 ~ 2.35

where A, B and C are numerical constants selected in the fitting process. This particular form
was chosen since the numerator of this equation, which describes the standard deviation of the
Gaussian peaks, is the form accepted by MCNP for its "Gaussian Energy Broadening"
function. Through iterative fitting, it was found that simplifying the equation slightly by
setting A- 0 did not significantly effect the "goodness of fit" to the data. The result was
5=°0.0731 and C= -0.0636 MeV"1. The smooth curve in Fig. 13 represents this fitted equation
using these parameters.

78



10% v

eo

o

2?

0.1 1

Energy (MeV)
FIG. 13. GR-256 Energy Resolution

10

c

6

*S> Potassium series radionuclides

E Thorium series radionuclides

• Uranium series radionuclides

0.01 -

0.001 —•

Energy (MeV)

FIG. 14. Relative Naturally Occuring Radionuclide Gamma Radiation
Emission Spectra Convoluted with Detector Resolution Effects
(K:U:Th Specific Activity Ratio of 15:1:1)

Detector resolution effects could have been incorporated in the MCNP simulation. In fact, the
MCNP simulations of monoenergetic point sources produced two spectra each: one with and
one without resolution effects. To simplify the analysis of the data, it was decided to use the
non-broadened spectra in the following analysis, and then apply the energy broadening effect
at the end of the process.

To demonstrate the resolution effects on the measured spectrum in the absence of other
convoluting factors such as scattering, and detection efficiency, Fig. 14 shows an example
gamma radiation emission spectrum for naturally occurring radionuclides to which the effects
of detector resolution have been applied. The energy resolution used is the same as described
above for the GR-256. Note the narrower peaks in the low energy range and the significant
increase in peak width as energy increases. Unfortunately, in real spectra scattering effects
tend to overwhelm the low end of the spectrum to make these relatively narrow peaks
unusable. As well, due to the relative ease with which lower energy photons are attenuated, far
fewer of the low energy emitted photons reach the detector.
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3.3.3. Model fitting

The MNCP simulation produced the energy spectra absorbed by the Nal crystal for a matrix of
depths, distances and monoenergetic sources. Statistical models were fit to these spectra to
produce general relationships relating adsorbed spectra to a continuous function of emitted
energy, depth, and distance. These models facilitate estimation of spectra (interpolation)
between simulated locations for discrete (point) sources and allow integration across volume
sources.

The models comprised terms relating to the physical distance between source and the crystal,
the distance through soil, the distance through soil and the depth in the soil. Modifying terms
incorporating the energy of the absorbed photons were included in the model. Three separate
models were fit to the simulated data depending on the region in the spectra; specifically, the
uncollided peak, the continuum 350 keV or lower than the emitted energy and the area
between the emitted energy and the continuum more than 350 keV lower than the emitted
photons.

The Marquardt algorithm, implemented under PROC/NLIN of the SAS software system, was
used to fit the logarithms of the simulated counts to the models. The model fitting was
restricted to energy levels of 1000 keV or larger for two reasons: first, the GR-256 uses a Cs-
137 source for energy calibration during the in situ measurements and this source makes
simulation of the spectra difficult for energies less than about 800 keV. Second, there are no
major peaks from the uranium (226Ra) series between the 137Cs energy and 1,000 keV.

The initial model fitting fit the data reasonably well; however, it is felt that the fitted model
could be improved substantially with further work.

3.3.4. Estimated spectra

The models were used to the estimate spectra based on the source geometry and activity. The
definition of source activity includes not only the activities present but the energy, and
abundance, for each emitted photon. There a large number of photons released in the natural
radionuclide series; hence, only those that contribute significantly to the spectra were
modeled. A cut-off of 0.1% abundance was used.

Absorbed energy spectra are numerically integrated over the source volume for each emitted
photon using the fitted models and then the gaussian energy broadening correction is applied.
The contributions are summed over the entire spectrum to provide the observed spectra in the
GR-256 device.

Figure 15 compares two spectra. The simulated background spectrum is for typical natural
background radionuclide levels with 0.037 Bq/g for the natural uranium and thorium series
and 0.6 Bq/g level for 40K. The second spectrum in this figure is an actual measured spectrum
for soil with approximately these specific activities. Energies below 1 MeV are not shown
since the measured spectrum in this energy region is significantly influenced by a small 137Cs
source within the detector housing used to stabilize the spectrum. The contribution to the
simulated from this source is not taken into account, so comparisons of these spectra at
energies below approximately 1 MeV are not possible. Although the shapes of the spectra are
very similar, it is clear that there is a shift in energy between the two that is more pronounced
at higher energies than at lower energies. Stretching of spectra measured in the field due to
temperature and other effects on the electronics is not an uncommon phenomenon.
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Figure 16 compares the same two spectra as Fig. 15, except that the energies associated with
each channel in the measured background spectrum have been multiplied by a constant factor
to compensate for the observed stretch in the measured spectrum.

Figure 17 compares measured and simulated spectra from point sources at various depths. The
measured spectra are the same as those shown in Fig. 2 and discussed in section 4.2.1. of this
report. The measured and simulated spectra shown in Figs. 16 and 17 compare fairly well. The
full energy peaks line up very well, although the match for the continuum regions is not as
good. Although this is by no means definitive, it does appear that it is possible to make use of
the full energy peak areas from the simulated spectra to reliably estimate the real-world full
energy peak areas. As well, it is clear that some additional work remains before the continuum
regions of the simulated spectra can be used.

81



1E+00

| 1E-01

c
3
O
O

Simulated Radium
Contamination
Simulated Background

1E-02

1000 1500 2000 2500 3000

Energy (keV)

FIG. 17. Comparison of Simulated Spectra from Background and
Radium Contaminated Soil

3.4. Review of potentially useful spectral features

Peak-to-peak ratios are potentially the most useful spectral feature for determining source
depth. With some depth information, the determination of the activity of the source should be
improved over current techniques. Other spectral features, such as peak-to-trough ratios, may
also prove useful. A full analysis of these, and possibly other, spectral features should be a
primary focus of future work.

4. SUMMARY AND CONCLUSIONS

4.1. Summary of results

Techniques to solve the inverse problem of estimating surface gamma radiation spectra given
a fully known subsurface radium distribution have been investigated and applied with success.
These techniques fell into three broad categories: empirical (using laboratory and field data),
analytical (using mathematical derivations of relationships), and computer simulation (using
Monte-Carlo photon transport simulation methods). Methods of analyzing surface spectra to
estimate certain source parameters have been studied. The most fully developed methods are
those involving the ratio of the areas of two peaks of differing energy from the same
radionuclide to determine the source depth.

4.2. Conclusions

The work performed within this Coordinated Research Project is a significant step forward in
the investigation of data gathering principles and analysis tools for improved estimates of
subsurface radium contamination concentrations and distributions using surface gamma
radiation spectra. For a point source of radium and its progeny, peak ratio techniques are able
to reliably estimate the source depth from a single gamma radiation spectrum taken at the
surface directly above the source. The only significant uncertainties in this case are the soil
density and uncertainties introduced as a result of counting statistics.
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Estimates of source depth may be useful themselves in some specific circumstances. In
general, a more important use of the estimated or effective source depth is its use in improving
the estimate of source activity.

Further work is required to fully achieve the goals of the larger project: to develop a
comprehensive suite of tools for the improved interpretation of surface gamma radiation
spectra from subsurface distributions of radium contaminated soil.

4.3. Future work

Further work remains to fully achieve the goals of the larger project: to develop a
comprehensive suite of tools for the improved interpretation of surface gamma radiation
spectra from subsurface distributions of radium contaminated soil. This work might first focus
on improving the simulation of the continuum portion of the spectra. Additional work in
quantifying the peak-to-peak ratio method for estimating source depth would likely be a
primary focus. With well quantified tools for estimating source depth, estimates of source
activities from surface spectra can be improved significantly.
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TABLE I. RADIUM CONTAMINATION FROM THE CANADIAN RADIUM INDUSTRY.

Source of radium
contamination
Water
Transportation
Route

Port Hope area

Former radium dial
painting operations

Instrument Repair
shops

cause

Spillage of ore
during transport

Radium
contaminated
material from the
refinery

Contamination of
work areas followed
by a reuse of the
buildings

Working with
luminescent dials
without
contamination
control.

inventory

60,000 nr1 of
contaminated soil at 14
areas over 2200 km of
transportation network.

1,300,000 mJ of
contaminated soil,
harbour sediments and
refinery residues

Five buildings and
properties

Several hundred shops
with varying amounts of
radium contamination.

status

Approximately 31,000 rrr' of soil
contaminated with uranium ore has been
cleaned up. Estimated doses are less than
1 mSv/a for remaining sites. Some properties
have been redeveloped.
Approximately three-quarters of this material
is in two waste management facilities, with
the remainder at many smaller sites within
the Town of Port Hope. The area
communities are currently discussing the
final disposition of all of the material.
All buildings have undergone partial
cleanups and are acceptable for occupancy.
Doses are estimated at less than 1 mSv/a.
Some 200 m3 of contaminated building
materials has been generated. More than
1000 mJ of contaminated soil and building
materials remains.
Investigations and/or cleanups have taken
place at about 50 shops. Generally, 1 to 10
mJ of mildly contaminated waste is generated
at a location.

TABLE II. ORE ANALYSIS

Statistic

Mean
Minimum
Maximum
No. of samples

Pitcl

Uranium
[%]
36
12
53
22

lblende fragm

Arsenic
[%]

1.1
0.03

13
22

ents

226Ra
[kBq/g]

86.5
33.5
155
22

Low-grac

Uranium
[%]

4.8
0.05
20
11

le uranium bea

Arsenic
[%]

0.20
0.0014

0.94
11

iring rock

226Ra
[kBq/g]

8.65
0.078
30.3
11

TABLE III. FORT McMURRAY PROPERTY SUMMARY INFORMATION

Item

Property Area
Excavation Area
Excavation volume
Individual soil samples and spectral readings
Composite soil samples
Gamma Radiation readings
Test Pits
Verification Iterations

Number

99,000 m2

25,950 m2

22,000 m3

1,405
232

177
496
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TABLE IV. MALVERN REMEDIAL PROJECT EXTENDED
SURVEY SUMMARY INFORMATION

Item

Number of properties
Typical property area
Number of gamma measurements/property
Number of soil samples/property
Spectral readings/property

Number

450
600 m2

2400
81
40

TABLE V. MALVERN REMEDIAL PROJECT VERIFICATION
SURVEY SUMMARY INFORMATION

Item

Number of properties
Typical property area
Typical excavation area
Number of gamma radiation readings
Number of individual soil samples
Number of spectral readings
Number of iterations of verification programme

Number

75
600 m2

400 m2

2400
72
72
2

TABLE VI. STRENGTHS AND WEAKNESSES OF EACH APPROACH

Approach

Empirical

Analytical

Simulation

Strengths

Results are based directly on field data

A large database of relevant data already exists

Exact results can be obtained

Dependence on all significant variables can be
considered independently
Results directly relate spectral features with
source parameters

Complex scenarios can be considered, and
reasonably precise results obtained

Scenarios not often found during project work
or easily reproduced experimentally can be
considered

Radium distributions can be specified exactly

Weaknesses

Data available are limited to those encountered during
LLRWMO projects and experiments
Dependencies on independent variables may be
difficult to resolve due to the lack of control over the
source and soil parameters in project data
Surface spectrum measurement uncertainties will
introduce significant uncertainty in the results,
particularly under low geometric efficiency situations
Incomplete knowledge of subsurface radium
distributions will introduce significant uncertainty in
the results

Only practical for the simplest of scenarios

Results require verification using field data

The problem of predicting spectral features from source
parameters must be solved before working on inferring
source parameters from spectral features
Significant PC computing power and time are required

Low geometric efficiency scenarios may require
prohibitive amounts of computing time
Results require verification using field data
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TABLE VII. SIMULATED SOIL COMPOSITION

Element
Oxygen
Silicon
Aluminum
Iron
Calcium
Sodium
Magnesium
Potassium
Titanium
Hydrogen

Mass fraction
0.527
0.246
0.073
0.049
0.036
0.021
0.020
0.018
0.005
0.005

TABLE VIII. i i6Ra AND ITS DECAY PROGENY8

Radionuclide

2 2 6 Ra
2 2 2 Rn
2 1 8Po
2 1 4 Pb
2 1 4Bi
2 1 4Po
2 1 0Pb
2,0Bi

2 1 0Po
2 0 6Pb

Half-life

1600 y
3.823 d
3.05 m
26.8 m
19.9 m
164 us
22.3 y
5.01 d
138.4 d
stable

Decay modeb

a
a
a

P
P
a

P
P
a

n/a

a Low-probability branchings (in all cases less than 0.02%) have been
omitted

b The primary decay mode
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TABLE DC. GAMMA RADIATION EMISSIONS FROM z/bRa AND ITS PROGENY1226T

Radionuclide

2 2 6Ra
2 2 6Ra
214Bi
2 1 4Bi
2 1 4Bi
2 l 4 Bi
2,4Bj
2 1 4Bi
2 1 4Bi
214Bi
214Bi
2 I 4 Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 l 4 Bi
2 l 4 Bi
2 l 4 Bi
2 1 4Bi
2 I 4Bi
2 1 4Bi
2 I 4 Bi
2 1 4Bi
2 I 4Bi
2 1 4Bi
214Bi
214Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
214Bi
2 1 4Bi
2 1 4Bi
2 I 4Bi
2 1 4Bi
2 1 4Bi
214Bi
2 1 4Bi

Energy
[MeV]
0.084
0.186
0.077
0.079
0.090
0.274
0.387
0.389
0.406
0.427
0.455
0.470
0.474
0.609
0.665
0.703
0.720
0.753
0.768
0.786
0.806
0.821
0.904
0.934
0.964
1.052
1.070
1.120
1.133
1.155
1.158
1.208
1.238
1.281
1.304
1.378
1.386
1.401

Intensity
[%1
0.30
3.28
0.36
0.60
0.27
0.18
0.37
0.41
0.17
0.11
0.32
0.13
0.12

46.30
1.57
0.47
0.40
0.13
5.04
0.32
1.23
0.15
0.11
3.21
0.38
0.32
0.29
15.10
0.26
1.70
3.51
0.46
5.94
1.48
0.12
4.11
0.78
1.39

Radionuclide

2 1 4Bi
2 I 4 B i
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 I 4 Bi
2 1 4Bi
2 I 4 Bi
214B1
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 1 4Bi
2 l 4 P b
2 1 4Pb
2 1 4Pb
2 1 4Pb
2 l 4 P b
2 1 4Pb
2 l 4 P b
2 1 4Pb
2 1 4 Pb
2 l 4 Pb
2 l 4 P b
2 l 4 P b
2 1 4 Pb
2 1 4Pb
2!4pb

2 1 4 Pb
2 1 4 Pb
210pb

Energy
[MeV]
1.408
1.509
1.539
1.543
1.583
1.595
1.599
1.661
1.684
1.730
1.765
1.838
1.847
1.873
1.896
2.119
2.204
2.293
2.448
0.053
0.075
0.077
0.087
0.242
0.258
0.275
0.281
0.295
0.352
0.462
0.480
0.487
0.534
0.580
0.786
0.839
0.047

Intensity
[%1
2.49
2.22
0.44
0.36
0.72
0.27
0.34
1.15
0.24
2.97
15.80
0.38
2.09
0.23
0.18
1.17
4.98
0.33
1.56
1.11
6.21
10.46
4.67
7.50
0.55
0.33
0.33

19.20
37.10
0.17
0.34
0.44
0.19
0.37
1.10
0.59
4.00

1 Gamma radiation emissions with energy < 0.05 MeV or intensity < 0.1% have been omitted
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