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ABSTRACT

The risk to human health from radioactive waste management sites can be

calculated as the product of the probability of accidental exposure (intrusion)

times the probability of a health effect from such exposure. This report

reviews the literature and evaluates methods used to predict the probabilities

for unintentional intrusion into radioactive waste management areas in Canada

over a 10,000-year period. Methods to predict such probabilities are

available. They generally assume a long-term stability in terms of existing

resource uses and society in the management area. The major potential for

errors results from the unlikeliness of these assumptions holding true over

such lengthy periods of prediction.

ABRfiGfi

Le risque provenant des sites de controle de dechets radioactifs peut etre

calcule comme etant le produit de la probability d'exposition accidentelle

(intrusion) par la probability d'un risque pour la sante par une telle

exposition. Ce rapport passe en revue la documentation et evalue les methodes

utilisees pour predire les probabilites d'intrusions involontaires sur des

aires de controle de dechets radioactifs au Canada sur une periode de 10,000

ans. Des methodes pour predire de telles probabilites sont disponibles. I'ne

stabilite a longue echeance en termes d'utilisation de ressources existantes et

de societe est generalement supposee dans la region de controle. Le plus grand

risque d'erreur provient du fait que ces suppositions pourraient se reveler

faussas pour de si longues periodes de predictions.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication, and neither the
Board nor the author assumes liability with respect to any damage or loss
incurred as a result of the use made of the information contained in this
publication.
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1.0 INTRODUCTION

Radioactive wastes of various types in Canada are currently, or will likely in the future,

be disposed of by means of shallow, intermediate and deep geologic disposal. If

institutional controls lapse in the future, there is a finite probability that accidental

intrusion into one of these sites may occur. The public health significance of this

intrusion will depend upon the nature of the intrusion and the consequent radiological or

chemical exposure that may occur. The risk resulting from accidental intrusion at

disposal sites is thus the product of the probability of accidental incrusion times the

probability of a health effect occurring as a result of the intrusion.

The objective of this study is to review and discuss methodology(ies) that various groups

have used or may use for estimating the probabilities of various scenarios of inadvertent

human intrusion into different types of waste disposal facilities. This provides an

approach to the first part of the two-part risk equation. It is worth noting that many

authors have taken the approach of initially assuming an intrusion probability of one and

then calcualting the resultant radiation dose. If the resultant dose is insignificant, then

there is no need to spend time and effort calculating an intrusion probability which, by

definition, cannot exceed one.

In order to provide a standard reference point for illustration scenarios and the discussion

of methodologies for estimating probabilities of intrusion, it is necessary to make some

assumptions. These assumptions centre around the concept that persons in the future

will behave and carry out land use activities similar to those which are being carried out

today.

Activities such as:

o farming, land clearing and urban development,

o burying of power cables, gas lines, foundations for large buildings and

reservoir construction, or
o mining exploration, deep tunneling and geotherma! resource development.

May reasonably be expected to result in probabilities of an accidental intrusion into

surface, intermediate and deep waste repositories.
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It is possible that developments over the next several decades or century may make these

types of activities obsolete, and society may not bear any resemblance to what we know

today. A more highly 'advanced' society may reasonably be expected to be able to

identify and then to tope' with or avoid altogether accidental intrusion. Lower

technology societies would have less chance of circumventing intrusion barriers

incorporated into the design of such aisposal sites. The highest risk (product of intrusion

probability times health detriment) would thus appear to exist for a society similar to

that found in 'advanced' countries today, where intrusion technologies are more

widespread than knowledge of consequences at the individual worker level if no risk is

suspected (i.e., the intrusion is truely accidental).

It would thus seem reasonable to conclude that, if probabilities of intrusion are

calculated based upon present-day accidental intrusion technologies, the highest risk

level may be expected to be derived from the calculations.
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2.0 STUDY METHODS

The major tasks in this study involved identification, retrieval and critical review of the
pertinent literature.

2.1 Information Retrieval

Three main methods were used to identify and retrieve literature relative to the
appropriate methodology for prediction of intrusion probabilities:

• a search of computer databases;

• contacts with regulatory agencies, consultants and facility operators

involved with radioactive waste management, and

• a review of reference lists, symposiums, etc. from relevant publications.

Computerized information databases searched during this study are listed in Table 2.1.

Searches were conducted through the Canadian Institute for Scientific and Technical

Information CCISTI) in Ottawa. A list of several hundred references was generated from

which about 30 were found to be relevant to this study. These and other references

reviewed are listed in Section 7.0.

Contacts were made with a variety of regulatory agencies, nuclear waste management

facility operators and researchers in the United States and Canada. These groups are

also identified in Section 7.0 of this report. Most ol the relevant work had been done at

institutions in the U.S.A. in the late 1970's or early 1980's. As a result, few people were

still available at these institutions who could remember these studies or the titles of

relevant reports. The U.S. Nucloar Regulatory Commission's Facilities Management

Institute identified and supplied the key documents from this period of research. Several

U.S. university researchers currently active in the field were also contacted and supplied

their most recent literature. This field of research is not currently very active. N'o

Canadian research on analysis of probabilities for intrusion into radioactive waste

management sites was identified.

A large portion of the relevant literature was identified through references cited in
papers obtained through the above searches. Several abstracting services or conference
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TABLE 2.1: COMPUTER DATABASES SEARCHED

Database Coverage

NT1S U.S. Government Reports (1964 to present)

- over one million references

HIM Engineering Meetings (1979 to present)

- about one-half million references

ENVIROLINE Environmental Literature (1971 to present)

- over 100,000 references

El Engineering Index (Compendex) (1970 to present)

- over one-half million references

INIS InternationaJ Nuclear Information (1970 to present)

- over one million references

POLLUTION

ABSTRACTS

Pollution (1970 to present)

- over 100,000 references



proceedings were also reviewed, including: Owen e2aL_(1986), Kocher (1982), Ainslie

(1986), the Canadian Nuclear Association Second International Conference on

Radioactive Waste Management 0 986), Proceedings of Waste Management '83,

Symposium on Management of Low-Level Radioactive Waste (Atlanta, 1977), and the

Symposium on Waste Management and Fuel Cycles (Washington, 1979).

2.2 Literature Review and Reporting

The critical review of literature and preparation of this report were conducted by Beak

Consultants Limited. An external advisory committee was set up to advise the authors

during the study and review the report. This consisted of members from the University

of Waterloo Institute for Risk Research and from the Alr.CB.

2.3 Study Strategy

The approach followed in this study wa; to review a broad base of literature on intrusion,

and then narrow the focus to what were considered "reasonable1 intrusion scenarios for

the Canadian content. Based upon these scenarios, a review of the approaches used to

estimate probabilities of intrusion were carried ou;, along with a discussion of how these

methodologies may be used.
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3.0 INTRUSION SCENARIOS AND APPROACHES USED TO ESTIMATE

PROBABILITY OF ACCIDENTAL INTRUSION

Predictions of the probabilities for intrusion scenarios are most important where such

scenarios can result in significant radiological impacts. Some authors have argued that,

if the radiological impact for an assumed intrusion is iccep table, an analysis of the

probability of intrusion is not required.

This section focuses on the intrusion scenarios for each disposal c?tegory which may

result in significant risks. The dosimetry modelling techniques used to evaluate these

risks have not been reviewed in this study. These scenarios which could result in the

most significant radiological impacts, if they occur, are felt to be the scenarios for

which probability analyses of intrusion are most relevant. Probability analysis techniques

that may be applicable to intrusion are discussed in Section 5.0.

3.1 Intrusion Into a Deep Repository

The general consensus is that surficial land uses, such as farming or inhabitation, on a

deep disposal site will not involve activities which could result in a significant probability

of intrusion exposure. This assumes that the site is properly designed, and that

radioisotopes do not escape into local groundwater pathways at unacceptable rates which

could result in a form of secondary intrusion. The assumptions are also made by most

authors that:

o with intentional intrusion to recover the waste for reuse, the risk is the

responsibility of the intruder; and

o for most intrusion scenarios into a deep repository, a high level of technical

capability is required; this technical know/edge level is assumed to be

adequate for the intruders to monitor and identify radiological risks before

significant exposure occurs.

Based upon the literature, the following four intrusion scenarios are judged to result in

significant radiological impact, and thus the probability of their occurrence is important

in determining the risk potential. These scenarios are:
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o salt solution mining;

o exploratory drilling and/or excavation for minerals;

o drilling for petroleum resources; and

o geothermal drilling.

3.1.1 Salt Solution Mining

This is an intrusion scenario which has received considerable research interest in the

U.S.A. and the U.K. The scenario has incorporated a variety of potential exposure

pathways, including mining and distribution of contaminated salt to a large population,

opening of pathways to allow contaminant movement into nearby aquifers, and exposure

of exploration crews. Since this is not a concept currently proposed for Canadian

radioactive waste disposal, i t is not detailed in this report. There are, however,

significant mineral deposits in Canada which are currently being solution mined and many

others which have the potential to be. Those who are interested in further details are

referred to Battelle Memorial Institute (J931), Lawson (1983), Woolfolk and Baer (1983),

Intera Technologies 0985), Litt le (1979 to 1980), Harper and Raines (1985), and Battelle

Pacific Northwest (1980).

3.1.2 Mineral Exploration

Davis and Runchal (1984) utilized a Delphic panel approach to estimate relative

probabilities for intrusion into a Hanford weapons waste repository in deep Basalt. The

Delphic panel methodology involved the assembly of an texpert' panel which volunteered

their opinions. The relative probabilities of intrusion were then calculated based upon

the "consensus probability' as determined by the panel. One-third of the panelists felt

that deep mining had a high probability of resulting in an intrusion into this area over the

long-term. This was the only intrusion scenario felt to possibly result in significant

radiological impacts, and thus the only scenario worthy of evaluation. Further risk

evaluation was left to future studies. Gillis (1985) reached a similar subjective

conclusion that mineral exploratory drilling was the only credible scenario for direct

intrusion into a deep repository. They 'felt' that anyone with the technology to conduct

such deep exploration would identify the risk as soon as samples were brought to the

surface for logging and analysis, thus minimizing potential exposure problems. Dixon

(1985) 'felt' that depths of 50 m or more with engineered barriers would provide perpetual
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resistance to intrusion. The Human Interference Task Force (1984) also concluded that

geological exploration or mining were the only credible intrusion scenarios for a deep

geological waste repository. They feit that, with the measures proposed to isolate such

wastes, a society with an inferior technology would not be capable of accessing the waste

repository. A society with an equal or superior technology should be capable of

identifying wastes if they are hit during bedrock drilling, and would identify the risk and

take precautions prior to significant exposure. Cameron (19X1) also assumed that any

society with the technology to find resources 600 m underground will have the technology

to determine and avoid the risks. All of these approaches avoid the determination of

accidental intrusion probability by using the approach of assuming it is one and then

evaluating the risk on that basis.

Little (1979 to 1980) provide one of the most extensive analyses of potential contaminant

release mechanisms relative to a deep radioactive waste repository. Many other U.S.

authors use the Little probability calculations as a starting point for their intrusion risk

calculations. Only one type of deep repository intrusion scenario was felt to be credible,

drilling. A variety of drilling scenarios was described:

c oil and gas exploration;

o deep water wells;

o geothermal exploration;

o drilling welJs lor deep injection disposal of wastes;

o mineral exploration;

o salt solution mining;

o scientific exploration; and

o preparation for storage of a liquid resource.

Statistics on drilling rates for different bedrock types to depths greater than 300 m in

the U.S.A. were found to be:

o Granite: 3.8x10~* to 3.8xl0'3/km2,

o Basalt: 6.3xlO~3 to 1.6xlO~2/km2, and

o Shale: 3.8xIO~ 3 to 7.5xlO~1/km2.
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The Litt le report conducted that most exploratory drilling is preceded by geophysical

research which might identify tile location of a repository and result in precautions.

Further, they believed that borehole logging, geochemical or geophysical testing are

likely to identify a radiation risk if a fuel bundle or repository structure is hit. They do

develop what they consider as the most likely accidental intrusion scenario for a deep

repository, with the following characteristics:

o a/though the site is chosen to avoid known resources, some unpredicted

resource becomes scarce and valuable in the future causing exploratory

drilling in the repository area;

o drilling is intensive over a relatively short period of time as the resource is

exploited and depleted;

o the intensive exploration occurs soon after the 100-year institutional

control period specified by the U.S. EPA. The report authors feel this is

ultraconservative, since it is doubtful that knowledge of the site would be

lost so soon, and since this represents a maximum period for potential

exposure;

o the scenario includes drilling for any of a variety of existing valuable

resources and assumes variable levels of these resources in the repository

area. Hydrocarbons vary from none to presently uneconomic or too deep to

recover. Water varies from only present at deep levels to abundant near

the surface. No presently economic ores are found in the area, nor is there

a geotherma! anomaly with the exception of the repository itself;

o drilling rates in the first century after loss of institutional control is

between five to 50 holes per century per 8 km area. This decreases to two

to five holes per century after this period;

o the waste disposal area is 8 km , fuel bundles are 0.15 m in diameter, and

35,000 of these are randomly distributed throughout the site area; and

o boreholes are 0.1 m in diameter.

Merkhofer and Keeney (19&7) summarize the conclusions of the U.S. Department of

Energy on deep disposal intrusion potential. Probabilities were estimated by pooling the

subjective estimates of a panel of experts who had been trained in probability

estimation. Details of how these probability estimates were pooled were not provided in

this paper. The results, discussed in Section 5, can be summarized as:
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o No deep disposal intrusion scenario resulted in unacceptable risks of

exposure;

o Intrusion scenarios were judged to have a much lower probability of

resulting in radioactive exposure than the geophysical aspects of the site;

and

o The only intrusion scenario judged to have any probability of resulting in

exposure was exploratory drilling into a salt bed disposal site. Intrusion
through exploration drilling into other (not salt bed) media was "judged to

be extremely unlikely" and given a probability of 0.

3.1.3 Petroleum Drilling

Litt le (1979 to 1980) reported that petroleum drilling rates in the U.S.A. average 0.005

holes per km per year deeper than 385 m. This statistic is used in their drilling scenario

discussed above. They do emphasize the limitations on such probability estimating

techniques with a reference to the history of petroleum exploration. A hundred years

ago, there was no petroleum drilling, and there have been over two milliion holes drilled

since.

3.1.^ Geothermal or Scientific Drilling

Litt le (1979 to 1980) noted that the history of geothermal drilling or deep scientific

exploration drilling is too short to develop any reliable statistics for predicting future

rates. Cameron (19&1) felt that curiosity over the heat source is a potential cause for

intrusion into a high-level repository.

3.1.5 Summary

Based upon the current Canadian deep geologic disposal concept, the most likely

accidental intrusion scenarios would include:

o geothermal or drilling,

o mineral exploration, and

o scientific exploration.
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Based on the literature reviewed and trie conclusions reached by research in the U.S.A.,

these scenarios are ail very unlikely with probabilities near zero.

3.2 Scenarios for Intrusion into a Shallow Repository and

Uranium Mill Tailings

Much of the intrusion research in the U.S.A. has related to shallow land burial of

radioactive wastes from a variety of sources. No relevant American reports were found

on uranium mill tailings intrusion scenarios, but most of these would be similar from a

probabilistic approach, with the major differences being exposures once intrusion

occurred.

Based on the literature reviewed the following scenarios were juc%ed most representative

of long-term, inadvertent, intrusion into a shallow repository:

o farming/dwelling,

o excavating/constructing (including mineral exploration), and

o archaeology/treasure hunting.

3.2.1 Farming/Dwelling Intrusion Scenario

This is the most commonly investigated scenario for intrusion into a shallow, low-level

burial site (Virginia and Christie, 1981; Pinner and Hill, 1982; U.S. NRC, 1981; Hansen

and Rogers, 1983; Rogers et^ah, 1986). Both Pinner and Hill (1982) and Sandquist and

Rogers (1986) presented evidence, based on historical uses of vacant lands, that an

isolated farm dwelling is a much more likely accidental intrusion scenario than an urban

residential development.

The farming/dwelling scenario usually assumes a number of combined exposure pathways:

o resuspension and inhalation of surface soils during cultivation;

o direct gamma exposure;

o drinking water from a local well; and

o eating locally produced crops and meats.
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In some cases (Pinner and Hil l , 1982; Hardy and Dixon, 1986), accidental intrusion

incJudes excavation to construct farm buildings.

In most of these studies, the intrusion probability is assumed to be one after an initial

institutional control period, and the risk based upon this. If the probability of one times

the risk consequence of intrusion is acceptable, then the disposal technology is

considered acceptable. Hunter and Lester (19S4) relate intrusion probabilities directly to

waste burial depth with 1 metre burial intrusion p = 1x10" /yr. This is divided by depths

in metres for probabilities at deeper burial depths. Sandquist and Rogers (1986), based

upon extrapolation, existing land use patterns in the state, adjusting for future trends,

provide calculations for the time required for the intrusion scenario probability to

increase to one for disposal in Idaho, as follows:

o

o

o

pasture and grazing use - 1,000 years;

cropland - 5,000 years; and

residential - 100,000 years.

3.2.2 Excavation/Construction Scenario

Dickmand and Boland (1983) labelled accidental intrusion through excavation as an

"improbable worst case" scenario. Pinner and Hill (1982) calculate probabilities for a

variety of construction activities (recreational, uti l i ty, residential, business, service)

based on the existing rate of vacant land utilization in the U.K. They establish overall

construction probabilities for any single year which decline from 3.4x10" /year at year

10 to 4.5x10 /year for the 500th year after disposal. These are about 1,000 times less

than their calculations for the probability of the land being farmed. Sandquist and

Rogers (1986) estimated residential construction/use potential based upon past and

current land use for an Idaho disposal site at 100 to 20 times less than the agricultural

use probability.

3.2.3 Shallow Burial and Uranium Mill Tailings Intrusion Scenario Summary

Although numerical probabilities of intrusion are not given for uranium mill tailings,

Walsh has identified a series of possible accidental intrusion scenarios. The Nuclear

Energy Agency (1982) made a brief comment on potential intrusion into uranium mill
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tailings disposal areas. They noted that intrusion is a "possibility that must be

considered, and should be controlled either by local, state or national regulatory

agencies". Regarding probability analysis for intrusion, the NEA had the following

statements:

o 100 years is the maximum extent that one can rely on engineered facilities;

o 1,000 years after disposal is the "period beyond which it may be reasonably

expected that geomorphological, climatological, institutional and technical

awareness are so unpredictable that further prediction is meaningless"; and

o 10,000 years after disposal is the "time frame during which

geomorphological stability of a region may have changed to such an extent

that further projection becomes meaningless".

In Canada, about 9 million tonnes, or less than 1% of the tailings disposed to date, have

been used as mine backfill or placed in deep-lake disposal (Feenstra et̂  a_l̂ , 1985). These

could be considered similar to deep disposal from an intrusion scenario analysis

viewpoint.

Based on the above, three types of intrusion scenarios are most representative for the

shallow land burial scenario:

o Farming/Dwelling Scenario,

o Excavation Scenario, and

o Recreational Exposure Scenario.
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4.0 DATA ON EXISTING LAND USES IN CANADA RELEVANT TO

PREDICTING FUTURE INTRUSION POTENTIAL

Most evaluations of tiie long-term probabilities for accidental intrusion into radioactive

waste disposal sites are based on extrapolation of existing land uses and resource

values. This assumes no significant changes in many factors such as climate, societal

technology, population, etc. over a period of usually 10,000 years. Although this

assumption is tenuous at best, it is a necessary starting point. This chapter reviews some

of the data sources relevant to land uses and resource values in Canada which could be

used as a starting point in quantitative evaluations of probabilities for intrusion into

Canadian waste disposal areas.

«.l Waste Disposal Areas

Three types of disposal were discussed in Section 3.

o Deep disposal of spent reactor fuel or high-level waste in a granite pluton at

a depth of 500 to 1,000 m.

o Shallow disposal of intermediate to low-level wastes. As currently proposed,

a site could be the size of a shallow land disposal facility described as

approximately 100 m by 20 m by 8 m (Hardy and Dixon, 1986).

o Uranium mill tailings are by far the bulk of the radioactive wastes in

Canada. Due to the volume and area of these wastes, there is no proposal to

move them from their existing locations, nor bury them to a significant

depth (> 2 m).

Uranium mill tailings in Canada are found entirely within the Canadian Shield. There are

an estimated 635 ha of uranium mill tailings growing at about 5% per year. Tailings are

distributed about 81% in the Elliot Lake area, 14% in northern Saskatchewan and 5% in

the Bancroft area.

The Canadian high-level repository is currently proposed to be located in the Canadian

Shield region of northern Ontario. Wastes likely to be deposited by shallow burial include

refinery and other miscellaneous low level wastes. The 9 ha of refinery wastes in the

Port Hope, Ontario area, are located in an area of sand and clay lacustrian deposits
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overiying Ordovician bedrock. The shallow low level waste buried area at Chalk River is

also located in a sandy outwash area.

Radioactive waste disposal in Canada is and is expected to be confined to a smail number

of areas, mostly in the Canadian Shield and, with the exception of Saskatchewan raiiings,

almost all in Ontario. Thus, for estimation of future land uses or resource

exploration/extraction, these are the important locations.

4.2 Regions of Canada

Statistics Canada (1986) provides a summarization of much of the Canadian demographic

data needed to predict future land uses. The statistics are provided following two types

of regional subdivision, by ecoregion (Figure 4.1) and by drainage basin (Figure 4.2). The

ecoregion approach lends itself better to the requirements of this study and will be used

in the following examples. The drainage basin approach utilizes smaller subdivisions, and

thus might be more appropriate for site-specific evaluations.

On an ecoregion basis (Figure 4.1), the Chalk River and Port Hope disposal sites are

within the Mixed-Wood Plain Ecoregion area of southern Ontario. The majority of

tailings disposal areas, as well as likely deep repository, are located within the Boreal

Shield Ecoregion. Smaller areas of tailings in northern Saskatchewan are located within

the Boreal Plain and Taiga Shield Ecoregions. Future uranium tailings could be found n

these areas of northern Saskatchewan, as well as the Southern Arctic Ecoregion areas of

the Northwest Territories (Baker Lake) or Labrador (Makkovik). The areas of these

ecoregions are:

o Mixed-Wood Plain

- Ontario: 13,802,000 ha

o Boreal Shield

- Ontario: 65,218,000 ha

- Saskatchewan: 1,000,300 ha

o Boreal Plain

- Saskatchewan: 25,876,300 ha

o Taiga Shield

Saskatchewan: 3,989,000 ha
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FIGURE 4.1
Ecoregions of Canada
(Statistics Canada,1986)
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FIGURE 4.2
Drainage Basins of Canada
(Statistics Canada,1986)
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o Southern Arctic

- N.W.T.: 77,100,500 ha
- Labrador: 5,622,000 ha

Using the drainage basin subdivisions (Figure 4.2), the Canadian waste sites would be

located as follows:

o Uranium Mill Tailings

Northern Saskatchewan: Arctic Ocean, Mackenzie River Drainage Area
(area = 179,536,500 ha)

- Elliot Lake: Atlantic Ocean Basin, Lake Huron Shore Drainage Area 182

(area = 5,585,000 ha)

- Bancroft: Atlantic Ocean Basin, Lake Ontario Shore Drainage Area 161
(area = 1,281,500 ha)

o Chalk River: Atlantic Ocean Basin, Ottawa River Drainage Area 151

(Ontario) (area = 4,263,500 ha)

o Port Hope: Atlantic Ocean Basin, Lake Ontario Shore Drainage Area 162
(area = 191,000 ha)

o Northern Ontario Shield: would include portions of about nine drainage

basins

•.3 Population Density

Intrusion potential wi/i relate to population density of the area. Figure 4.3 provides

statistics data on population by ecoregion as of the 1981 census (Statistics Canada,

1986). For the areas in which radioactive wastes will be or are disposed, the following

population statistics are provided:
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FIGURE 4.3
Population and
Population Density by
Ecozones, 1981
(Statistics Canada, 1986)
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Population Statistics for Ecoregion in Which
Deep and Surface Disposal Sites

Are or Are Proposed to be Located

Disposal Type

Ontario Deep Disposal

ChaJk River/Port Hope

Ontario Tailings

Saskatchewan Tailings

(Ecoregion)

(Bored Shield)

(Mixed Wood

Plain)

(Boreal Shield)

(Boreal Plain)

1981
Population

Total

900,487

7,719,172

900,487

136,128

1981
Population

Density
(people/km )

1

56

1

i

% Population
Changes
1976-81

0.6

4.8

0.6

0.6

In this case, the drainage basin statistics provide different land use data, as illustrated

below:

1981

Disposal
Area

Chalk River

Port Hope

Elliot Lake

Bancroft

Northern

Saskatchewan

Drainage
Basin

(Ottawa River)

(Lake Ontario)

(Lake Huron)

(Lake Ontario)

(Mackenzie River)

1981
Population

Total

1,298,464

551,875

1,051,119

551,875

332,747

Population
Density

(people/km )

9

115

8

115

L 1

%of
Population

That is Rural

29.9

9.1

36.2

9.1

43.8

4.4 Mining Regions

Figures 4.4 and 4.5 show the major mining areas in Canada. All of the uranium mill

tailings sites, as well as Shield areas of Ontario in which the deep disposal site will

probably be located, are areas of significant mining activities. The Port Hope area does

not have mining activities. The Chalk River-Ottawa area has limestone quarries, but

these are not found in close proximity to Chalk River.
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FIGURE 4.4
Coal Mining and
Resources, 1983
(Statistics Canada, 1986)
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FIGURE 4.5
Principal Mining Regions
(Statistics Canada, 198G)
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4.5 Petroleum Exploration

Areas of oil and gas exploration (Figure 4.6) and development (Figure 4.7) in Canada do

not coincide with any of the existing nor proposed radioactive waste sites. This intrusion

scenario would thus become one of low probability.

4.6 Erosion

Although not strictly an intrusion, concern has been expressed over flooding, water or

wind erosion resuspending radioactive wastes to increase the area of potential exposure

to intruders. Statistics Canada (1986) indicates that areas of likely radioactive waste

disposal in Canada are not found in areas of high surface erosion rates (Figure 4.8).

4.7 Agricultural Use

Soils in Canada have been classified as to their productive potential. The top three

classes shown in Figure 4.9 are productive lands, while lower classes are marginal to

unproductive with not much potential for agriculture beyond use as pasture. Thus, one

can assume the potential for future agricultural intrusion scenarios is much less for iands

which are not within these three classes. As shown on Figure 4.9, there are no

productive farmlands in areas where uranium mill tailings are disposed or likely to be so

in the near future. However, both the Port Hope and Chalk River disposal areas are

within or close to prime agricultural lands.

4.S Summary

Most of the approaches used to date for estimating probabilities of accidental intrusion

depend upon extrapolation of present-day land use and population densities. The

Statistics Canada (1986) data lend themselves well to sipplying raw data for analysis of

long-term intrusion probabilities. These methodologies, which use these data, are

presented in Section 5.0, with examples of how the date presented above could be used to

assess intrusion probabilities for Canadian radioactive waste disposal sites.
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FIGURE 4.6
Oil and Gas Production
and Exploration Activities,198
(Statistics Canada, 1986)
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FIGURE 4.7
Major Resource Projects
(Statistics Canada, 1986)
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FIGURE4.8
Water and Wind Erosion
(Statistics Canada, 1986)
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FIGURE 4.9
Canada Land Inventory
Agricultural Soil Capability
Classes 1,2 and 3
(Statistics Canada, 1986)
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SECTION 5

METHODS USED TO CALCULATE

INTRUSION PROBABILITIES

(A REVIEW OF LITERATURE)



5.0 METHODS USED TO CALCULATE INTRUSION PROBABILITIES

Various methods have been used at different stages in the process of calculating .ntrus.o;,

probabilities. Three stages in this process may be recognized, as follows:

1. definition of the system (disposal concept and events that could lead to

intrusion),

2. calculation of event probabilities associated with intrusion scenarios, arv.

3. simulation of the system.

Each of these stages in the process is discussed in detail below.

5.1 Definition of the System

Any probability s ta tement is based on a set of facts or assumptions defining the event to

which the s ta tement refers , as well as the universe of other possible events . An event

can be any change in state of the systems under study. This system has limits both in

time and space (e.g., a particular study area or time period under consideration) which

determine the number of possible s ta tes the system can achieve. These system limns

enter directly into the probability calculations, and should always be explicitly defined as

part of the probability s t a t ement .

Several methods of initially defining and illustrating the system are in common use. Both

fault trees and event t rees are used to present the sequences of events which can lead to

intrusion, but in different ways. Fault t rees start with the event of interest and then

work backwards to identify all the combinations of events that may cause the event of

interest . Event t rees start at the other end by defining all of the different kinds of

initial events , and then for each, identify the sequences of events which could follow and.

in part icular, which of these lead to the event oi interest . These approaches arc

contras ted in Figure 5.1, using an example from Pinner and Hill's (19S2) analysis of

intrusion into shallow waste disposal sites (see Section 5.2.1). Building on the site is an

event assumed to lead to intrusion. Green and Bourne (1972) di 'cuss conventional

notation for more complicated event or fault t rees .

Once the pertinent events have been identified, a probability tree may be used to sl.o-*

the sequences of events (i.e., s ta te transitions) possible in some series of occasions or
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FIGURE 5.1: EVENT AND FAULT TREES FOR INTRUSION INTO SHALLOW WASTE

DISPOSAL SITES (after Pinner and Hill, 1982)
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' trials' over time, and the probabilities of transition from one state of the system to

another in each time period. The probabilities may also be presented in matrix form

although, if they change with time, more than one matrix is required.

Figure 5.2 and Table 5.1 illustrate a probability tree and matrix for Pinner and Hill's

(I9S2) analysis. The probability tree includes all possible events, in all possible

sequences, which could lead to intrusion over a specified time period. Thus, intrusion is

viewed as the final event in a sometimes complex sequence. Many possible sequences

could lead to int. jsion.

Event probabilities are often conditional (i.e., dependent on preceding events).

Therefore, the probability of a certain event occurring within a number of time intervals

can be calculated from probabilities of prior events: probabilities are multiplied along

each pathway leading to the event of interest (e.g., intrusion), and added over all such

pathways.

The event, fault and probability trees are simplified representations of the real system.

The more levels and events they contain, the closer they approach a complete

representation. However, at some point, the number of events recognized becomes

sufficiently large, and our ability to distinguish between them and assign probabilities

becomes so small that increased detail is unwarranted. At this point, the limit of our

ability to define the system has been reached.

The system should be defined in as much detail as possible, as a first step in calculating

intrusion probabilities. This is the critical stage in the process, on which all else

depends. The next stage is to calculate event probabilities at the level of detail most

appropriate to available data, expertise and intended use.

5.2 Calculation of Event Probabilities

The sy 'ems which have been considered in previous attempts to calculate intrusion

probabilities have been highly simplified. However, they serve to illustrate a number of

different approaches which, in combination, could lead to more sophisticated probability.

models. Examples of these basic approaches, all deriving intrusion probabilities fron

current land use trends, are &.• ~ussed in the following sections.
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FIGURE 5.2: PROBABILITY TREE FOR INTRUSION INTO SHALLOW WASTE

DISPOSAL SITES (after Pinner and Hill, 1982)
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TABLE 5.1: PROBABILITY MATRIX FOR INTRUSION INTO SHALLOW WASTE

DISPOSAL SITES (after Pinner and Hill, I9S2)

Probability of Transition From
•

To Derelict Land Agriculture Bunding"1

Derelict Land A 0

Agriculture F ] P ] B

Building F 2 Pj P 2

Note: A = I - F J P J - F 2 P , = q ;

B = 1 - P 2 = q2

C = 0

Agricutural land cannot directly become derelict since derelict land, by definition, is

an abandoned building site.

The model terminates when a building is erected, since this is assumed to cause

intrusion. Hence, probability of transition from the building state is considered to be

zero.



5.2.1 Conditional Probabilities

Pinner and Hill (1982) compute probabilities of intrusion into shallow waste disposal sites

by excavation during construction of new buildings. The probability of building on a

derelict (i.e., abandoned) waste disposal site is assumed to be the same as the probability

of building on any other derelict land, and buildirg on the site is automatically assumed

to involve excavation Jeading to intrusion. Building is considered to occur either directly

on the derelict site, or indirectly on agricultural land which has been reclaimed over the

site. The probability of building depends on this prior condition of the land.

Building is a terminal event in the probability analysis, since it is assumed to breach the

disposal site. At this point, Pinner and Hill (1982) would initiate a deterministic analysis

of radionuclide dispersion and dose consequence. The dosimetry model is not considered

here.

Figure 5.2 illustrates the probability tree for this system. Table 5.1 illustrates tht

corresponding probability matrix. The annual probabilities of building on derelict land

and agricultural land, respectively, are:

Pdb = F 2 P L a r l d

Pab = P 2

where: F . = the fraction of previously derelict land now farmed,

F2 = the fraction of previously derelict land now used for building,

Pj = the current annual reclamation rate for derelict land (either use),

P , = the current annual reclamation rate for agricultural land, and

annual reclamation rate = proportion of available land reclaimed in one year.

The probability of farming on previously derelict land is F J P J . Pinner and Hill (19S2)

assume annual probabilities to be constant over the long-term. Thus, they are ignoring

any socioeconomic factors that might act to alter rates of land use and thus the

probability function. To date, there have been no attempts to incorporate socioeconomic

forecasting into intrusion probability analyses.

The universe over which F j , F2, P | and ?2 a r e calculated should be appropriate to the

geographic region in which disposal is being considered. Pinner and Hi 1! (19S2) u^ed lane
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use statistics for the whole of England and Wales. The universe should not be confused

with the disposal site itself. For example, the fractions F, and F-, are not properties of

the site; the site is either derelict, agricultural or built upon, and exists entirely in one of

these states.

The probability of building on a derelict disposal site in a particular year n sinre the site

was abandoned is computed as:

Pb(n) = F 2 P j ( q 1
n 1 ) * F 1 P I P 2 ( q 2

n 2 * q i q 2
n
 + q , 2

q 2 " " q,

where: qj - 1 -Pj - the probability of derelict land remaining derelict, and

q2 = 1-P2 = the probability of agricultural land remaining agricultural.

The first term of this equation represents the probability of the site remaining derelict

for n-1 consecutive years, then being used for building. The second term represents the

probability of the site becoming agricultural at any time up to n-1 years, then being used

for building in year n. Each term takes the standard form of a binomial time secies, the

first term with one change of state, the second term with two changes occurring over a

range of possible time intervals.

The Pinner and Hill (1982) equation can be derived as a specific case of the sub-Markov

Chain model (Bhat, 1984). This is a general model for a system with a number of possible

states it can be in at different points in time. In the example, there are four possible

states for the land: derelict, agricultural, being built on in year n, and built on prior to

year n. The first three states are of interest here, since the third state represents the

intrusion event of interest. Table 5.1 gives the probability that, if the system is in state

j in a given year, it will be in state i the next year. If this matrix is called (P) with three

rows and three columns, and elements (i,j), and (V) is the column vector of initial state

probabilities, then:

Pb(n) = the row 3 element in (P)n (V)

Thus, for n = 4:

PbCO = the row 3 element of (P)-(P)-(P)'(P)-(V).
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where: '.' is the symbol for matrix multiplication. The elements of (V) are (1,0,0) if the

waste site is assumed to be initially established on derelict land.

In general, the conditional probability of going from state 2 initially to state i in n years

is:

Pj(n) = the row i element of (P)n (V).

where: V = ( 0 , 1 , 0). The conditional probability of going from state 3 initially to state

i in n years is given by the same equation, but with V = (0, 0, 1).

Details of matrix multiplication can be found in Bhat (19S4) or any text on matrix

algebra.

Having calculated intrusion probabilities for each year, a risk assessment of the svstem

was performed by Pinner and Hill (19S2), in which health risks integrated over 50 years

from exposure were multiplied by exposure risks given intrusion, and by the intrusion

probabilities P|->(n). The health risks and exposure risks were obtained from a

deterministic pathways model.

Sample calculations of intrusion probability for a generic site, following the methods of

Pinner and Hill (1982), are illustrated in Table 5.2. Exposure and dose-consequenre

calculations are not included. Generic site parameters were chosen to be representative

of Canadian disposal environments.

5.2.2 Time-Dependent Probabilities

Time-dependence can also be introduced into the sub-Markov Chain model of Section

5.2.1. To make this model time-dependent, a matrix of transition probabilities is required

for each time period in the temporal series. In the notation of Pinner and Hill (19S2) and

Section 5.2.1, the probability of intrusion by building in year n is:

Pb(n) = the row 3 element of (P)[-(.P)2'(.P)i (P)n"(V).

where: (P) is the matrix of transition probabilities corresponding to Table 5.1 tor year

n, and '*' is the symbol for matrix multiplication.
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Sandquist J t̂jLh (1986) illustrate the use of time-dependent annual intrusion rates to

calculate the cumulative probability of intrusion into low-it vel waste repositories over a

particular time period.

The cumulative probability of one or more intrusions over a period of t years is:

P(e >1) = 1 - (l-p)1

where; p = the annual probability of intrusion.

As in Section 5.2.1, a binomial probability model is assumed.

Time-dependence was imposed to reflect an avoidance of the disposal site for a short

period following loss of site control. A step-function was used to represent this time

dependence of intrusion probability:

Time Period Annual Intrusion

(years) Probability (p)

1-100 P/10

101-200 P/-y/Tb~

201-co P

A continuous function for annual intrusion probability could also be used.

Following this step-wise avoidance timetable, a step-wise function for cumulative

intrusion probability was derived:

P(e>l) = 1 - (1- _P_)1 0 < t<100
10

P(e>l) = 1 - (1- _PJ1 0 0 (1- _p_) t-100 100<t<20&

P(e>l) = 1 - (1- _PJ 1 0 0 (1- _PJ 1 0 0 (l-P)1-2 0 0 t<200
1 0
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The maximum annual intrusion probability P was separately determined for cropland.

pasture and residential land use areas (J) as follows:

P, = F [ C

where: F- = fraction of site iand used for purpose i in year 200, adjusting for

changes in land use by linear extrapolation of current trends, and

C = maximum fraction of site to be used for waste disposal.

Any co-occurrence of land use and waste was thus assumed to result in intrusion. A

separate probability analysis was performed for each of the land use areas.

Sandquist J^tjaL obtained their land use fractions F from the U.S. Department of

Agriculture, Economic Research Service. The statistics used were for the entire state in

which the disposal site would be located. They assumed that a maximum of 1 °c of the

site (c = 0.01) would be used for disposal.

Sample calculations of intrusion probability for a generic site following the methods o:

Sandquist_et_aL (1986), are illustrated in Table 5.2.

5.2.3 Delphic Probabilities

There may be cases where experts do not agree on formulae for calculation of

probabilities of events leading to intrusion, based on land use statistics and waste site

characteristics, or on the best statistics to use. Such disagreement can often be traced

to differing jets of assumptions, or lack of relevant data. In these situations, a range of

opinions must be reduced to a probability statement. This can be done by subjective

arbitration or by more objective Bayesian statistical techniques.

Genest and Zidek (1986) have reviewed Bayesian statistical approaches to pooling expert

opinion. Many different approaches are possible, depending on the form of the question

that the experts are considering, and the desired properties of the pooled concensus. For

opinions concerning a single event probability, two fundamental approaches to opinic"

pooling have been described - linear or logarithmic. Both approaches require ti.f

expression of an individual's opinion in the form of a probability distribution.
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TABLE 5.2: SAMPLE PROBABILITY CALCULATIONS FOR INTRUSION INTO

SHALLOW WASTE DISPOSAL SITES (after Pinner and Hill, 19S2)

Input Data

F, (fraction of derelict land farmed)

F2 (fraction of derelict iand used for building)

Pi (annual reclamation rate for derelict land)

?2 (annual reclamation rate for agricultural land)

0.25

0.75

0.01

0.005

Probability Calculations

Pb(l)
Pb(2)

= 1-0.01 = 0.99

= 1-0.005 = 0.995

= (0.75) (0.01) = 0.00750

= (0.75) (0.01) (0.99)+ (0.25) (0.00(0.005) = 0.0074375

= (0.75) (0.01) (0.99)2 + (0.25) (0.01) (0.005) (0.99 + 0.^95) r 0.0073755625

Five-Year Summary of Intrusion Probability

Year Probability

Cumulative

Probability

0.00750

0.007^375

0.0073755625

0.00750

0 .0223 !



TABLE 5.3: SAMPLE CALCULATIONS FOR CUMULATIVE PROBABILITY OF

INTRUSION WITH TIME-DEPENDENT ANNUAL PROBABILITIES AND

AVOIDANCE (after Sandquist e_t aL, 1986)

Asymptotic Annual Intrusion Probabilities (P)

Period (years) Cropland Pasture Residential

1-100

101-200

201-co

0

0.01

0.02

0

0.03

0.10

0.002

0.01

Cumulative Intrusion Probability Calculations

Period (years) X Y

Z = (1-P/X)y

Cropland Pasture Residential

t=JS0yrs 1-100

P(e> 1) = 1 -I7(Z):

10 50

t = 150 yrs

P(e > 1) = 1

t = 250 yrs

P(e > 1) = 1

1-100

101-200

-I7CZ):

1-100

101-200

201-a

-T7(Z):

10

3.162

10

3.162

1

100

50

100

100

50

1

0.8535
0.1W5

1

0.7285

0.3642

0.7347

1

0.6201
0.3791

1

0.3855

0.0052

0.9989

1

0.9689
0.C31I

1

C.9387

0.6050

0.4 321

77 is the symbol for sequential multiplication.



Probabi l i ty distr ibutions may take the form of discrete probabil i t ies (for several or more

mutually exclusive events, e.g., intrusion vs. no intrusion), probabil i ty density functions

(probabil i ty wi th respect to some reference measure x), or cumulat ive probabil i ty densiu

functions. Care must be taken in pooling expert opinion to ensure that experts arc

expressing their opinions in the same fo rm.

The linear opinion pool is defined as fol lows:

i ' Pn>

where: T = the pooled concensus probabil i ty d is t r ibut ion,

n = the number of experts,

Pj = the probabil i ty distr ibut ion given by the i th expert, and

WJ = a re l iab i l i ty factor for the i th expert, such that Y~wi = 1.

If Pj is a probabi l i ty density function of x, w i th mean m^ then the mean of the linear

pool T is the weighted ar i thmet ic mean:

n

m = / wj mj (Note: £ u i = ^

1=1

Linear opinion pools, based on experience with their use, can be quite variable and are

often distributed with several modes. Moreover, they tend to be relatively insensitive to

the choice of expert reliability factors.

The logarithmic opinion pool is defined as follows:

n n
W|

T (Pj, Pn) = N 2 | P; (Note: N = exp (X,w i 'n

i=l
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FIGURE 5.3
Calculation of a Most-Likely
Probability Function from
Expert Opinions About
its Form
(After Mosleh and Apostalakis, 1986)
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TABLE 5.t: SAMPLE CALCULATIONS FOR POOLING OF LOG-NORMAL

PROBABILITY DISTRIBUTIONS DERIVED FROM EXPERT OPINION

(after Mosleh and Apostolakis, 1986)

Expert

No. Variance

Values of Percentiles on X-axis

10% 50% 90%

Standard Normal

Most Likely (x\Q, w)

4,000

4,000

5,000

220

245

260

-1.285

242.3

510

530

550

510.8

i,cso

1,120

1.285

1C76.9

Note:

Bias is assumed to be zero.

Intermediate Calculations:

°m =

Most Likely x From: percent/100 =

= 648.11

= 588.75

6.236

0.582

rrpf - - I
' \ 2{

- - I ln *' ~ 8 ) ' '
{ I



where N is a normalizing constant, and other parameters are defined as before. If P .s

probability density function of x, with mean rrij, then following normalization, the rre

of the logarithmic pool T is the weighted geometric mean:

gm = exp (J_ \ " Wj In rrij) Note: £ W J = 1)(J_ \ "
n / >

The most likely values of 9 and w are:

0- = joja#
J{2[(lny-lnb)r2:;1l

+ J rZ; 1 ( | ny-l nb) | (z r I ; 'z )

2334.1 X^lny-lnb)7'!;^ +ZrZ;l(lny-lnb)j

| r 2;'(lny - Inb)] x(l %" 'Z + Z rS;'

Logarithmic opinion pools, based on experience with their use, are typically un.tnoda!.

and tend to be less dispersed than linear opinion pools. They are generally cons.dercc

more appropriate representations of expert concensus. I

Merkhofer and Keeney (1987) have estimated intrusion probabilities for deep geologic i

waste disposal sites, based on opinions of an expert panel, however they have nc: I

described their opinion pooling process. Pooling methods were referenced to Spetz.er

and Stael von Holstein (1975). |

Mosleh and Apostolakis (1986) describe a logarithmic approach to pooling cunvjlativ-j

probability density functions, based on expert guesses at the percentiies cf the

cumulative distribution. Figure 5.3 is a generalized graphic representation of that

approach in which a 'most likely1 probability distribution (assumed iog-nor;nai> :*>

estimated from expert opinions about the form (i.e., percentiles) of the true distribution.

The cumulative log-normal probability distribution is defined by:



where:

y is a vector of N expert values for M percentiles,

y = ( X U . . . X 1 N , X 2 1 . . .X 2 N , . . . X M I . . . X M N ) ,

T indicates vector transposition,

b is a vector of bias terms,

Z is a vector of MxN standard normal percentjles corresponding to expert

values in y,

I is an identity vector of length MxN, and

is an (MxN) x (MxN) matrix of covariance between experts corresponding to

expert values in y, with individual expert variance (a reliability factor) in

the diagonal.

This is a general solution applicable to the situation where expert opinions are

intercorrelated. The solution is considerably simplified if experts can be considered

independent; however, this assumption is unlikely to be realized.

Sample calculations illustrating the use of this method are provided in Table 5.U. In

these calculations, experts are assumed to be unbiased (b = 0 for all experts). A

computer program is included in Appendix 1. Expert variance (reliability) is decided

prior to performing the calculations, while covariance between experts is calculated

from their reported percentile values. Standard normal percentiles are available from

statistical tables of the standard normal distribution.

".3 Simulation Techniques

Once the set of possible event sequences leading to intrusion has been defined (Section

5.1), and the probabilities of those events calculated (Section 5.2), the ultimate

probability of intrusion can be computed algebraically by multiplication of probabilities

along each pathway, and addition of probabilities across pathways (see Figure 5.3).

Probabilities can be expressed either on an annual or cumulative basis. It is important to
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include this basis of expression in the probability statement, along with the assumptions

inherent in the probability calculations.

Annual probabilities can be incorporated into a stochastic event sequence simulation

model, using Monte Carlo techniques. Doll and Freeman (1986) describe the generai

Monte Carlo approach, in which events are allowed to occur (or not occur) at each time

step, according to their probabilities. Probabilities may be conditional on occurrence of

prior events, as discussed in Section 5.2. Each run of a Monte Carlo model can produc u

different event sequence. Over many runs, the frequency of event occurrence shou.d

approximate the input event probabilities.

Deterministic consequences of intrusion events, such as radiation dose commitments, car.

easily be incorporated into the Monte Carlo model, so that over many model runs the

upper and lower limits of potential dose commitment can be determined for any time

following abandonment of the waste disposal site. Harper and Raines (1985) illustrate

the use of a Monte Carlo model to generate 95% confidence limits for radionuclide

release as a consequence of intrusion by drilling into high level nuclear waste

repositories.

For simple models, computer simulation may not be necessary to an understanding of

model behaviour, since calculations are easily performed by hand. However, for more

complex models, computer simulation may be required. It is always useful to examine

the effect of changing the assumed annual probabilities for various events, and computer

simulation can simplify this task.

Holling (1978) describes a simulation technique that could be used either to simulate

intrusion directly or to understand the net effect of complex interactions on time-

dependence in probabilities of events leading to intrusion. Most intrusion analyses

acknowledging that probabilities may change with time have been restricted to very

simple temporal relationships (e.g., step-functions, continuous linear functions or simple

exponentials). In reality, multiple societal factors may interact in complex fashion to

influence event probability and occurrence. While it may be difficult to envisage the net

effect of these interactions, pairwise interactions between societal factors can be more

easily surmised. The cross-impact simulation algorithm (KSIM) described bv Holling

permits estimation of such complex time trends from a factor interaction matrix. Its
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main use might be in establishing realistic forms of time-dependence functions prior to

formal probability analysis.

A hypothetical example of a KSIM interaction matrix is given in Table 5.5. Coefficients

(a^) from -1 to 1 indicate the direction and relative magnitude of interactions between

societal factors. One of these factors is the event of interest, whether intrusion or some

other event. Values of each factor (Xj), however quantified, are normalized over the

range (0, 1) representing the minimum to maximum possible. At each time step, the

following calculation predicts the next value of factor Xj from current factor values:

X; (T +At) = X; (T)C l ( T )

where:

,-a i j) X j (T)

, and

1 + -41 E dajjUajj) Xj (T)

m = the number of column variables.

Only first-order interactions between factors ar_- considered in this formulation. Second

and higher order interactions are easily included by addition to the a- above.

A sample simulation, based on the information in Table 5.5, is illustrated in Figure 5.4.

A computer program is included in Appendix i. The simulation shows that the site will

eventually be used entirely for buildings. Once building reaches saturation, intrusion

stabilizes at its maximum since intrusion results only from new building projects.

5.4 The Role and Limitations of Probability Analysis

Probability analysis will be used to compare and evaluate different waste disposal options

in terms of intrusion risk and consequence. It must be recognized that the validity of the

analysis depends on the validity cf all the assumptions made. Assumptions regarding land
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use and other societal trends may be particularly important and difficult to support.

Probability statements are meaningful and comparable only if these assumptions are

explicitly included in the statement.

If there are significant intrusion events over the long-term that were not predicted by

the model, it will likely be because of some false assumption or some factor not

accounted for in the modelling which was reflected in the design and siting of the \>.aste

repository. It, therefore, seems important to devise ways of keeping track of u-nste

repository locations over future generations. This may be more important for future

safety than reassuring calculations prior to disposal, based on assumptions that things

will change only in foreseen ways.
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CO CONCLUSIONS AND RECOMMENDATIONS

The assessment of future risks associated with accidental intrusion into a nuclear waste

site consists of two distinct components. The first is an assessment of the probability of

an accidental intrusion occurring, and the second is an assessment of the detriment

occurring as a result of that intrusion.

A review of the literature has shown that very few authors, in assessing the risks arising

from future accidental intrusion into a nuclear waste site, have used any sort of formal

methodology in calculating the actual probability of intrusion.

6.1 Conceptual Approaches

The majority oi authors have taken the approach of making the assumption, or assigning

a probability of one, that an accidental intrusion will occur. Then, based upon the

assumption that intrusion will occur, the authors have calculated the detriment resulting

from a series of intrusion exposure scenarios.

The next level of approach has been, based upon an arbitrary assumption or an

extrapolation of present-day activities, to calculate an annual probability of intrusion

based upon a given activity. The activity may be exploratory drilling for intrusion into a

deep geological repository or urban construction in the case of an intrusion scenario for a

near-surface or surface facility. The simplest approach was for researchers to assume a

uniform annual probability beginning at the time of loss of institutional control and

continuing until the cumulative probability attains a value of one.

The highest level of sophistication was obtained by authors who used discounted

probabilities to try and take into account societal factors. That is, in the early years of

the assessment beginning at the termination of institutional control, the annual intrusion

probability is discounted to reflect a residuaJ local knowledge or some other factor that

may deter accidental intrusion. These two approaches can perhaps be best illustrated

graphically as in Figure 6.1.

Most of the differences variation in analysis between accidental intrusion scenarios
discussed in the literature related to how one determines the linear slope or variable
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form of the variable function describing change in annual probabilities with time, [n

determining the nature of this probability function, the most common approach was to

choose a specific scenario such as deep exploratory drilling as a possible intrusion

scenario. Then, based upon the recent drilling history in the area (state, province,

ecoregion, etc.), quantify a drilling rate (i.e., x deep holes/a/area) and assume this rate

would occur into the indefinite future. The specific scenario would then define an

intrusion event to occur if drilling occurs in an intrusion zone which occupies a specific

area, (i.e., 10 km ). In this example, the annual intrusion probability for the region would

then be:

the intrusion zone area x number of holes in the region/a

total area of the region

and, at some time in the future, the cumulative probability of intrusion would be one.

If any of the parameters in these calculations are considered variable with time then

annual intrusion probabilities will also vary. In the example above of a deep repository,

the intrusion zone at To (time at which institutional control lapses) may consist of (say

1,000 m ) the total area of waste canisters exposed in a vertical direction. At some time

in the future, after the canisters have disintegrated and wastes spread throughout the

repository area, the intrusion zone may be 10,000 m and hence the annual intrusion

probability will have increased. In this example, there may be a break in the probability

curve at the point when one of the variables (intrusion area) begins to change (i.e., when

cannisters begin to leak). There are many variations on this approach, depending upon

the particular scenario selected for analysis.

A third possible type of conceptual approach that was not found in the literature would

involve the limiting of the cumulative probability function. This could work in the

following manner for the scenario of, for example, urban encroachment onto old uranium

mill tailings. As in the previous example, a reference area or universe is selected. This

may be, for example, a province or country or some other land area. Within this

reference area, there will be a fixed area of uranium mill tailings. A review of recent

activities (e.g., Statistics Canada reports) will show a rate of urbanization (i.e., a certain

area per year being developed for urban use within the reference area) which is not

constant or increasing, but declining asymptotically toward zero. At this point, a
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function describing the reduction in annual probability with time could be generated.

This third approach differs from those which have been used, however, by making the

assumption that there is a l imit to the percentage of the total land mass that may be

urbanized (or indeed subjected to any other potential intrusion activity). The nature of

this limit will be a function of socio-economic processes which define a need for park

lands, national parks and need for land to be used for purposes other than urbanization.

If the reference area was Canada, one would like to think that no more than say 20% of

the country would ever be covered by suburbs. For other examples, such as oil

exploratory drilling, the limit to commercial field size may dictate that drilling ceases in

a reference area once the field is fully explored or exhausted. Thus, depending upon the

scenario selected, the cumulative probability cirve may plateau at a value Jess than one,

suggesting that intrusion is not simply a question of time. That is, there is a probability

that it may never occur. This type of curve could be illustrated as in Figure 6.2.

6.2 Probability Analysis Methods

Several conceptual approaches have been described to estimate the probability of

intrusion into waste disposal areas over the long-term. Probability analysis could be

based on any one of these approaches, depending on the waste disposal, intrusion

scenarios considered and degree of sophistication justified. The key item is the way in

which assumptions are made for unmeasurable or forecast model parameters and how

these are documented. The limitations resulting from such assumptions must be

emphasized, and study concJusions viewed in light of these limitations and assumptions.

The first step in these analyses is to prepare a definitive list of the potential events

leading to intrusion, within each intrusion scenario. For each of these events, annual

probabilities must be assigned. These in turn can be combined to give a cumulative

probability of intrusion over a longer term. In order to determine these probabilities,

important unmeasurable parameters must be specified and dimensions assumed based on

best scientific/engineering knowledge available. These assumptions and limitations must

be defined with any probability statement. In Section 5.0, we have proposed a probability

tree approach to formalize this step in the analysis.

All of the current methods for analyzing future intrusion probabilities are based on

current land/resource use trends for the reference area in which the waste management
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area is located. Section 5.0 provides examples of how this has been done by past

researchers. Canadian land/resource use data of relevance to such analyses are

summarized in Section U.O. The accuracy of the probability function will be dependent

upon the amount of site-specific data used and the relative size of the reference area. A

good example of this need for site-specific information relates to the Chalk River

shallow land burial site. The small-scale maps in 5ection 4.0 would lead one to conclude

the large reference region had a high agriculture potential , as well as limestone quarry

potential. A smaller reference region would indicate predominantly sandy surficial

materials with limited agricultural potential . The limestone resources are further south,

near Ottawa.

Three methods of assigning annual probabilities and describing cumulative probability

functions based on c i r r en t land/resource use knowledge are described and demonstrated

in Section 5.0. One method by Pinner and Hill (1982) illustrates the use of conditional

probabilities in which the probability of intrusion in any one year depends on the current

state (i.e., land use) of the abandoned disposal si te . However, these annual probabilities

remain constant from year to year. A second method by Sandquist et^aj^ (1986)

illustrates the use of time-dependent probabilities. In this method, cumulative

probabilities of intrusion occurring, as t ime passes, are calculated based on expectation

of changing (increasing) annual probabilies of intrusion as time from disposal passes. The

third method illustrated is a Delphic approach. Several authors propose different

variations on the Delphic approach in which a panel of experts goes through an iterative

process to reach a professional concensus concerning the form oi the probability function

for an intrusion event, or other events potentially leading to intrusion.

Once probabilities have been assigned to each of the factors affecting the ultimate

intrusion probability, simulation techniques may be used to model occurrence (and

consequence) of intrusion over t ime. Two simulation techniques are discussed in Section

5.0. Monte Carlo techniques may be used for quantitative probabilistic simulation, and

Cross-Impact Simulation techniques may be used for deterministic projection of relative

t ime trends in interacting system parameters .
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6.3 Recommendations

In forecasing future risks associated with accidental intrusion into waste disposal sites, it

is recommended that the first step be to conservatively assume a cumulative intrusion

probability of one for the first year following loss of institutional control. Based upon

the nature of the accidental intrusion specified, a detriment is calculated. If the

detriment exceeds regulatory limits, then the first step is to attempt to secure the

design of the site such that a reasonable accidentaJ intrusion scenario would not result in

an unacceptable level of detriment. If all reasonable measures are taken and the

detriment resulting from an accidental, intrusion is still unacceptable, then proceeding to

a more sophisticated level of analysis may be justified.

The next step would be to collect and analyze the necessary data ir order to generate a

cumulative probability function describing future accidental intrusion, which plateaus at

a value of one, using one or more of the methodologies described in Chapter 5.0. Based

upon this function, simulation techniques may be used to generate intrusion occurrences

that then can be coupled with time-dependent detriment calculations (e.g., allowing for

decay or waste dilution) in order to generate overall risk calculations. If the necessary

level of 'safety' can be demonstrated with this approach, proceeding to a more

sophisticated level of analysis is probably not justified.

If justified, a third level of sophistication in analysis could be entered into in which a

cumulative probability function which plateaus at a value of less than one is generated.

A similar type of analysis using simulation techniques could then be carried out and a

decision based upon these results.

In summary, it is recommended that, because the collection of the appropriate data

needed to generate accidental intrusion probability functions can be expensive, and the

data arising from any exercise in predicting the future can always be disputed, analysis

of sites using more sophisticated procedures only be entered into where justified. The

nature of this justification lies within the concept of the need to optimize repository

design. Accidental intrusion probability analysis can be a valuable tool in this

optimization exercise where conjecture about future events can often cloud the real

issue being addressed (i.e., the current 'safe'design of waste management facilities that

will also provide a specified future level of safety occurrence).

233<U 6.5



SECTION 7

REFERENCES



7.0 REFERENCES

7.1 Published Literature and Reports

A.D. Little Inc. 1979 to 1980. Technical support at standards for high-level radioactive
waste management. Volume A: Source Team Characterization; Volume B:
Engineering Controls; Volume C: Migration Pathways; Volume D: Release
Mechanisms for Office of Radiation Programs, Washington. EPA-520/4-79-007 A to
D.

Atomic Energy Control Board (AECB). 1986. Annual Report 1985-1986.

Atomic Energy Control Board (AECB). 1986a. Proposed regulatory policy statement:
Regulatory objectives, requirements and guidelines for the disposal of radioactive
wastes. Consultative Document C-104.

Ainslie, L.C. (Ed.). 1986. Radwaste'86: Abstracts. Conference on treatment and
containment of radioactive waste and its disposal in arid environments. Capetown,
7-12 September 86. Nuclear Develop. Corp. of South Africa, Pretoria.

Anon. 1981. Beneficiated products from fly ash: Market research. CANMET Rept. 82-
17E.

Ba1;'•lie Memorial Inst. I98J. "Preliminary evoluation of solution-mining intrusion into a
salt-dome repository. Battelle ONWL-32CK1).

Battelle Pacific Northwest Labs. 1980. Topical report on release senario analysis of
long-term management of high-level defense waste. A report for RockwelJ Hanford
Operations.

Cameron, F.X. 1981. The problem of human intrusion: Towards a resolution of
uncertainty. Proc. Symp. Uncertainties Regulation Geol. Disp. High-level Rac.
Waste Gatlinburgh, In. March 81. p. 257-265.

Collings, R.K. 1981. Mineral waste resources of Canada, Report No. 5 - Mining waste in
the prairie provinces. CANMET Rept. 81-9E.

Collings, R.K. and S.S.B. Wang. 1982. Mineral waste resources of Canada, Report No. &
- Non-ferrans metallurgical wastes. CANMET Report 81-17E.

Davis, J.D. and A.K. Runchol. 1984. Disruption scenario analysis for a nuclear waste
repository in hanford site basalts. Proc. Waste Management '84, Tucson, 11-15
March 1984.

Dawson, G.W. 1983. Risk management and the landfill in hazardous waste disposal. J.
Haz. Materials. 8: 43-57.

Dean, K.C., L.J. Froisiand and M.B. Shirts. 1986. Utilization and stabilization of
mineral wastes. U.S. Department of the Interior, Bureau of Mines Bulletin 6S8.

2334.1



Dicknand, P.T. and J.R. Boland. 1983. Greater confinement disposal test at the nevada
test site at the Nevada test site. Proc. Symp. Waste Mgmt, Waste Mgmt "83, Vol 1
p. 519-521.

Dixon, D.F., (Ed.). 1985. A program for evolution from storage to disposal of
radioactive wastes at CRNL. AECL-7083.

Doll, J.D. and D.L. Freeman. 1986. Randomly exact methods. Science 2 34: 1356-1360.

Eldorado Resources Ltd. 1987a. Port Granby waste management facility. Brochure.

Eldorado Resources Ltd. 1987b. Welcome waste management facility. Brochure.

Feenstra, S., D.w. Reades, J.A. Cherry, D.B. Chambers, G.G. Case and B.G. Ibbotson.
1985. Uranium Tailings Sampling Manual. NUTP-IE.

Geneot, C. and J.V. Zidek. 1986. Combining probability distributions: a critique and an
annotated bibliography. Statistical Science 1: 114-148.

Gillis, D. 1985. Preventing human intrusion into high-level nuclear waste repositories.
Underground Space. 9: 51-59.

Green, A.E. and A.J. Bourne. 1972. Reliability Technology. Wiley, New York.

Hansen, W.R. and 3.C. Rodgers. 1983. Risk analysis for shallow land burial and greater
confinement of alpha-contaminated wastes. Nuclear and Chem. Waste Mgmt. 4: Sl-
94.

Hardy, D.g. and D.f. Dixon. 1986. Safety ana cost assessment for disposal in a prototype
shallow land burial facility. Proc. 2nd Intl. Conf. Radioactive Waste .Mgmt,
Winnipeg, September 86.

Harper, W.V. and G.E. Raines. 1985. Probablistic analysis of human intrusion in a high
level nuclear waste repository in salt using draft EPA assumptions. Mater. Res. Soc.
symp. Proc. 44: 499-506.

Healy, 3.W. 1980. An overview of resuspension models: Application to low-level
radioactive waste management. Symp. Modelling and Low-Level Waste
Management, Denver, December 1-4, 1980.

Hess, P.J. 1986. Groundwater use in Canada, 1981. National Hydrology Research
Institute, Ottawa. NHRI Paper No. 28.

Hoffman, M. 1980. Nuclear waste management issues: A multidisciplinary evaluation
framework. Battelle Pacific Northwest Laboratory.

Hughson, M.R. and W. Petruk. 1983. Distribution of free and unliberated sphalerite,
chalcopyrite and golena in concentrates and tailings from the mill of Brunswick
Mining and Smelting Corporation Limted. CANMET Rept. 84-9E.

Human Interferance Task Force. 1984. Reducing the likelihood of future human
activities that could affect geological high-level repositories. Report for Battelle
Memorial Instit.

2334.1 7.2



Hunter, P.H. and D.H. Lester. 1984. Limited risk assessment and some cost/benefit
considerations for greater confinement. U.S. Dept. Energy DOE/HV/10327-6

International Committee for Radiation Protection (ICRP). 1985. Radiation protection
principles for the disposal of solid radioactive waste. Draft.

IEC Beak Consultants Ltd. (IEC BEAK). 1983. An approach to calculation of dose
commitment arising from different methods for the long-term management of
uranium mill tailings through aquatic pathways. AECB INFO-0097.

Intera Technologies. 1985. Preliminary analyses of scenarios for potential human
interference for repositories in three salt formations. Bateile Memorial Institute.

Kennedy, W.E., jr., R.A. Peloquin, B.a. Napier and 5.M. Neuder. 1986. fritruder dose
analysis for onsite disposal of radioactive wastes: The ONSITE/MAX II Computer
Program. U.S. Nucl. Reg. Comm. NUREG/CR-3620, Suppl. I.

Kocher, D.C. (Ed.). 1982. Proc. Symp. on uncertainties associated with the regulation of
the geologic disposal of high-level radioactive waste. Gatlinburg, Tenn. 9-13 March
81.

Lawroski, H., N.A. Chipman, W.A. Freeby, G.G. Simpson, W.A. Roder and R.L.
Frendberg. 1979. What would happen if high-level nuclear waste were stored near
the surface of the earth. Proc. Symp. on Waste Management and fuel Cycles.
Washington, p. 73-98.

Lawson, G. 1983. Disposal of radioactive waste in evaporite formations - A review of
published radiological assessments and their relevance to the U.K. UK Department
of Environment.

Lush, D.L., J.R. Brown, R. Fletcher, 3. Goode and T. Jurgens. 1978. As assessment of
the long-term interaction of uranium tailings with the natural environment.
Proceedings of an OECD-NEA Seminar, Albuquerque, 1978.

Lyon, R. and M. Tutiah. 1984. Nuclear waste management: protecting the future.
Atomic Energy of Canada Limited Report WNRE 2-500.

Merkhofer, M.W. and R.L. Keeney. 1987. A multiattribute utility analysis of alternative
sites for the disposal of nuclear waste. Risk Analysis. 7: 173-19*/.

Mikhail, M.W., L.C. Bird cind N.T.L. Landgren. 1981. Feasibility study on recovery of
thermal cool from waste dumps in Nova Scotia. CANMET Rept. 81-3E.

Mosleh, A. and g. Apostolakis. 1986. The assessment of probability distributions from
expert opinions with an application to seismic fragility durves. Risk anal. 6(4): 447-
461.

Nuclear Energy Agency (NEA). 1982. NEA study on the long-term aspects of the
management of wastes from uranium mining and milling. Volume 1: Radiological
Aspects and Volume 2: Technical Aspects. NEA, Paris.

2334.1 7.3



Nuclear Energy Agency (NEA). 1986. Generic acceptance criteria and assessment
methods for radioactive wastes to be disposed of by shallow land burial. Draft
Report.

Owen, D.C. Nicholson, N.p. Knox and J.W. Fowler. 1986. Nuclear decommissioning a/id
site remedial actions: A Selected Bibliography. Oak Ridge National Laboratory.

Pinner, A.V. and M.D. Hill. 1982. Radiological protection aspects of shallow land burial
of PWR operating wastes. U.K. National Radiological Protection Board.

Rogers, V.C. 1979. Radionuclide migration resalting from site intrusion. Amer. Nucl.
Soc. Trans. 32: 86-87.

Rogers, V.C., N.W. Grant and A.A. Sutherland. 1982. Low-level waste disposal site
performance assessment with the RQ/PQ methodology. Electric Power Research
Institute, PoJo Alto, California.

Rogers, V.C., N.W. Grant, G.B. Merreli and P.J. Macbeth. 1983. Low-level waste
disposal site performance assessment with the RQ/PQ computer program. Electric
Power Research Inst., Palo alto, California.

Sandquist, G.M. and V.C. Rogers. 1986. Probability of intrusion events at radioactive
waste disposal facilities. In Ainslie, 1986.

Sandquist, G.M., V.C. Rogers and R.D. Baird. 1986. The probability of intrusion events
for sites at which low levels of radioactive wastes have been disposed. Report for
EG & G Idaho Inc.

Smith, R, V. Chitnis, M. Damasian, M. Lenn, N. Popplesdorf, T. Ryan, C. Saban, X cohen,
C. Smith, and F. Climinest. 1982. Toxic hazards of underground excavation.
University of California UCRL-15530.

Spetzler, C.S. and C.-A.S. Stael von Holstein. 1975. Probability encoding and decision
analysis. Management Science. 22: 340-3.58.

Tannenbaum, B.H. 1984. Communication across 300 generations: deterring human
interference with waste deposit sites. Batelle Memorial Instit. Rept. ONWI-535.

U.S. Dept. Energy. 1981. NWTS program for mined geologic disposal of nuclear waste:
site performance criteria. DOE/NWTS-33(2).

U.S. Nuclear Regulatory Commission. 1981. Draft environmental impact statement on
10 CFR Part 61 Licensing requirements for land disposal of radioactive waste.
NUREG-0782. 4 volumes.

Virgina, C, and L. Christie. 1981. Nuclear waste disposal facility intrusion: An
archeologist's perspective. University of California, LA-UR-81-830.

Walsh. M.L. 1986. Doses resulting from intrusion into uranium tailings areas. AECB
INFO-0182.

Wheeler, M.L. and J. Smith. 1977. considerations for the long-term: Perpetual is not
forever. Sympsium on Mgmt. of Low-Level Radioactive Waste, Atlanta, Ga. 23-27
May 1977.

2334.1 7.4



WoolfoJk, S.W. and W. Baer. 1983. GeneraJ radiologicaJ consequences of brine release by
human intrusion into Wipp. Proc. symp. Waste Mgmt, Waste Mgmt. 83: 387-391.

Zadners, N.G. 19&6. Evaluation of waste crushed rock for use in concrete railway ties
CANMET Report 86-610^.

7.2 Personal Communications

Ontario Hydro

o Mr. Sean B. Russell, Nuclear Materials Management
o Mr. Ken Donnelly, Safety Assessment
o Mr. Tom Carter, Nuclear Materials Management

Eldorado Nuclear Limited

o Dr. Duncan Moffat
o Mr. David Smith, Public Information

Atomic Energy of Canada Ltd.

o Mr. Dennis Hardy

U.S. Nuclear Regulatory Commission

o Mr. John Linahan, Repository Project Branch
o Mr. John Cook
o Facilities Management Group

2334.1 7.5



APPENDIX 1

Programs for KSIM Trend Projection

and Expert Opinion Pooling



program ksim

* Intrusion analysis

real deltat,totime,a(3,3),phi(3), x (3)
real suml(3),sum2(3)

*• deltat - ti.-r.e step
* tc-time - total time of simulation
" a ( * , * ) - interaction rr.a t r i x
* x(*) - values at this time step

open(l,file='ksim.dat',status='old')

read(l,*)deltat
read(l,*)totime

* need to read 'a' ard 'x'
readd, *)
do 50 i=l,3

50 readd, *) (a (i, j) , j = l, 3)
readd, *)
readd, *) (x (i) , i=l, 3)

t=0
icount=l

print*,'time step =',deltat
print*,'a matrix'
do 5 i=l,3

5 print*, (a . j) ,j = l,3)
print*,'x initial'
print*, (x (i),i=l,3)
print *, ' '
print*,'time xl x2 x3'

10 continue
do 30 i=l,3

surr.l (i) =0
suir.2 (i) =0
do 30 j=l,3

SU.T.1 (i) =suml (i) + (abs (a(i,j))-a(i,j))*x(j)
30 sum2(i)=sum2(i)+(abs(a(i,j))+a(i,j))*x(j)

do 20 i=l,3
phi(i)=(l+deltat/2*suml(i)>/d+deltat/2*sum2(i))
x(i)=x(i)**phi(i)

20 continue

t=int((t+deltat)*100.0l)/100.
if (icount.eq.10) then

print*,t,(x(i),i=l,3)
icount=0

endif
icount=icount+l

if(t.le.totime-deltat) goto 10

end



. C 1 delta time
25 total time
'a' matrix
.2 -.5 0 .

-.1 .4 0.
C. .8 0 .

.2 .1 .01



program cdf

* Assesment of probability Distributions from expert opinions

implicit real*8 (a-h,o-z)

real*8 y(9),Ey(9,9),EyIn(9,9),Id(9)
real*8 z ( 9),temp(81),lny{9)

* build identity vector

do 10 i=l,9
10 Id(i)=l

* read in input values

open(1,file='cdf.dat',status='old')

* y - expert values
readd, *)
readd, *) (y ( j) , j = l, 9)

* z - standard normals for percentiles
readd, *)
readd, *) (z (i) , i=l, 9)

* read reliability factors
readd, *)
readd,*) (Ey ( i, i) , i = l, 3 )

* calculate covariances between experts put into Ey
call fixEy(Ey,y)

" invert matrix
call invert(Ey,Eyln,9)

o2theta=0
do 30 i=l,9

do 30 j=l,9
50 o2theta=o2theta+EyIn(i,j)

o2theta=l/o2theta

* calculate o2w

* compute tl
tl=0
do 40 i=l,9

do 40 j=l,9
40 tl=tl+EyIn(i,j)

* compute t2
call mult(z,Eyin,temp,1,9,9)
call mult(temp,z,t2,1,9,1)

* compute t3
call mult(Id,Eyin,temp,1, 9,9)
call mult(temp,z, t3,1,9,1)

* compute t4
call mult(z,Eyin,temp,1,9,9)
call mult(temp,Id,t4,1,9,1)

* now finish
o2w=4*tl/(4*tl*t2-(t3+t4)**2)



• calculate theta

* compute lny
do 50 i=I,9

-C lny(i)=dlog(y(i))

* compute t5
call mult(lny,Eyin,temp,1,9,9)
call mult(temp,Id,t5,1,9,1)

• compute t •-•

call mult(Id,Eyin,temp,1,9,9)
call mult(temp,lny,t6,1,9,1)

* compute t7
call mult(z,Eyin,temp,1,9,9)
call mult(temp,z,t7,1,9,1)

* compute t8
call mult(lny,Eyin,temp, 1,9,9)
call mult(temp, z, t8 , 1, 9 , 1)

* compute t9
call mult(z,Eyin,temp,1,9,9)
call mult(temp,lny, t9, 1, 9,1)

* now compute results

» first theta

theta=o2w*o2tbeta/<3*(2*(t5+t6)*t7-(t5+t6)*(t3+t4)
* now w

w=c2w*o2theta/4* (2*tl*(t8+t9)-(t5+t6)*(t3+t4) )

prir.t *, ' '
print*,' '
prir.t *,' o2w = ' , o2w
print*,'o2theta = ',o2theta
print*,' '
prir.t *,'theta = ', theta
print*,'w = ',w

end

subroutine mult(a,b,c,il,i2,i3)
implicit rea]*8 (a-h,o-z)

* matrix multiplication

real*8 a(il,i2),b(i2,i3),c(il,i3)

do 10 iil=l,il
do 10 ii3=l,i3

sum=0
do 30 ii2=l,i2

30 sum=sum+a(iil,ii2)*b(ii2,ii:
c (iil,ii3)=sum

10 continue

end

subroutine invert(a,ainv,n)
implicit real*8 (a-h,o-z)



c
* matrix inversion

integer r,c,n
real*8 a (n,n),ainv(n,n),t, y, s

c
do 10 c=l,n

ainv(c,c)=1.
10 continue

do 20 r=l,n

* find non zero at this spot on diagonal
t=a(r,r)
if (t .ne.O.) goto 31
do 25 c=r+l,n
if(a (c,c) .ne. 0 . ) goto 26

2 5 continue
goto 70

* swap 2ero with non zero
26 continue

do 30 k = l,n
s=a(r,k)
a(r, k)=a(c,k)
a(c, k)=s
s=ainv(r, k)
ainv(r,k)=ainv(c,k)
ainv(c,k)=s

30 continue
31 continue

* divide to get 1 at this spot on the diagonal
do 40 k=l,n
a(r,k)=a(r,k)/t
ainv(r,k)=ainv(r,k)/t

40 continue
* now zero out other coiuirms by subtracting multiples of this row

do 50 1=1,n
if (l.eq.r) goto 50
y= a(l,r)
do 60 k=l,n

a (1,k)=a(l,k)-y*a(r,k)
ainv(i,k)=ainv(l,k)-y*ainv(r,k)

60 continue
50 continue
20 continue

return
c

70 write(*,*) 'Matrix Univertible'
return
end

subroutine fixEy(Ey,y)
implicit real*8 (a-h,o-z)

* calculate covariances and replicate along diagonal sub-matrices

real*8 Ey(9, 9) , y(3,3),ave(3)

* calculate averages

do 4 i=l,3
4 ave(i)=0

d- 5 i=l,3
do 5 j=l,3



ave(])=ave(j)+y (i,j)/3

now find covariances
do 10 i=l,3

j-i + 1
if ( j.eq.4) i =

do 20 k = l,3
2 0 sum=sum+(y(k,i)-ave(i))*(y(k,j)-ave ( j))

sum=sun/2
Ey(i,j)=sum
Ey(j,i)=sum

10 continue

' replicate sub covariance matrix along diagonal

do 60 i=l,2
co 60 :=1,3

do 60 k=l,3
63 Ey(3*i+j,3»i^k)=Ey(j,k)



220 245 260
510 530 550
1015 1080 1120
z vector
-1.285 -1.285 -1.285 0.0 0.0 0.0 1.285 1.285 1.285
Expert diagonal
4CCO 4000 5000


