ftJ L- t-1 ~tJlj
/-

NUREG/CR-4162
PNL-4804

Survey of Statistical and
Sampling Needs for Environmental
Monitoring of Commercial Low-Level
Radioactive Waste Disposal Facilities

Prepared by L. L. Eberhardt, J. M. Thomas
Pacific Northwest Laboratory
Operated by
Battelle Memorial Institute
Prepared for
U.S. Nuclear Regulatory
Commission

NOTICE
This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the Un1ted States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re·
sponsibility for any third party's use, or the results of such use. of any information, apparatus,
product or process disclosed in this report. or represents that its use by such third party would
not infringe privately owned rights.

NOTICE
Availability of Reference Materials Cited in NRC Publications
Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room, 1717 H Street, N.W.
Washington, DC 20555
2. The Superintendent of Documents, U.S. Government Printing Office, Post Off1ce Box 37082,
Washington, DC 20013-7082
3.

The National Techn1cal Information Service, Springfield, VA 22i 61

Although the listing that follows represents the majority of documents c1ted in NRC publications,
it is not intended to be exhaustive.
Referenced documents available for inspection and copying for a fee from the NRC Public Document Room include NRC correspondence and internal NRC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation 'lotices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.
The following documents in the NUREG series are available for purchase from the GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission Issuances.
Documents available from the National Technical Informat ion Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.
Documents available from public and special technical librar es include all open literature 1tems,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtair ed from these libraries.
Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.
Single copies of NRC draft reports are available free, to the e>:tent of supply, upon wntten request
to the Division of Technical Information and Document Control, U.S. Nuclear Regulatory Com
mission, Washington, DC 20555.
Copies of industry codes and standards used in a substantive rranner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are Anerican National Standards, from the
American National Standards Institute, 1430 Broadway, New 'fork, NY 10018.

NUREG/ CR-4162
PNL-4804
RW

Survey of Statistical and
Sampling Needs for Environmental
Monitoring of Commercial Low-Level
Radioactive Waste Disposal Facilities

Manuscript Completed: March 1985
Date Published: July 1986
Prepared by
L. L. Eberhardt, J. M. Thomas
Pacific Northwest Laboratory
Richland, WA 99352

Prepared for
Division of Radiation Programs and Earth Sciences
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555
NRC FIN 82461

ABSTRACT
This document presents the results of Task 1 of a project entitled
"Application of Statistics in Siting and Managing Commercial Low-Level
Radioactive Waste Disposal Sites." Task 1 was designed to develop
guidance for determining the overall needs for sampling and statistical
work in characterizing, surveying, monitoring, and closing commercial
low-level waste sites. The overall project is designed to produce
information for developing guidance on implementing 10 CFR Part 61.
Results are listed in the Executive Sunmary and areas requiring
additional investigation are discussed in Chapter 5.0 (Summary and
Conclusions). If cost-effectiveness and statistical reliability are
considered of prime importance, then double sampling, compositing, and
stratification (with optimal allocation) are identified as key issues
for NRC's consideration. Alternatively, if the principle concern is
avoiding questionable statistical practice, then the applicability of
kriging (for assessing spatial pattern), methods for routine monitori ng,
and use of standard textbook formulae in reporting monitoring results
should be reevaluated. Other important issues are identified in the
report.
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EXECUTIVE SUMMARY
The goal of this report is to provide a survey of statistical and
sampling needs for environmental monitoring of low-level radioactive
waste disposal facilities. Four classes of sampling (descriptive,
analytical, pattern and sampling for modeling) have been investigated
for application to LLW sites. Our objective was to provide enough
details and examples to permit an intelligent choice of the methods that
will be most appropriate for the main applications anticipated by NRC
staff and user groups. In addition, this report can serve in part as a
reference document for NRC staff on sampling for radioactivity and/or
monitoring in areas other than low-level waste management, as well as
providing information for developing guidance on implementing 10 CFR
Part 61. The actual adaptation to specific field uses is the subject of
further investigation.
A detailed summary, which includes a list of research recommendations,
is in Chapter 5.0. Its purpose is to provide a broad view of research
topics identified in the current project. In contrast, with a few
exceptions, this Executive Summary points out results, areas where
minimal research might lead to recommendations and identifies areas
where research has already begun. Each of the following summary statements is accompanied by a reference to the appropriate report section.
Predictive Value of Computer Simulation Models:
We believe that complicated computer simulation models will not generally have good predictive value and that simpler linear and non-linear
regression models will produce more realistic projections, since they
are generally fit to actual field data. Supporting arguments are in
Section 2.2.
Stochastic Versus Deterministic Models:
When coefficients of variation are near unity (as in the case of transuranics) models should be stochastic as opposed to deterministic. If
not, results which are supposed to be 11 in the ba 11 park 11 may vary by
orders of magnitude (Section 2.3).
Invalid Statistical Analyses:
Because the underlying statistical model which describes most LLW site
radionuclide monitoring data is not normal and additive, many formulae
taken from standard textbooks cannot be directly used. Statistical
analyses which are wrong can result (Section 2.3).
Compositing - Complications:
Compositing samples (for estimation or detection) from LLW sites can be
both cost effective and complicated. For instance, mean values for
composites can be under or overestimated by 1.7 when lognormality of
samples which make up the composite is not accounted for (Section 3.2).
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Compositing - Allocation of Sampling Effort:
When radioanalyses are expensive, compositing of samples may be
necessary. However, allocation· of sampling effort is quite different
when the question is determining an average value in soils at a LLW site
as compared to attempting to detect the location of a spill (compare
Figures 3.4 and 3.5) .
Compositing - Estimating a Site Mean or Total:
When compositing to estimate a mean or total quantity at LLW sites, it
appears that a routine procedure (after a thorough preliminary
experiment) might be to run radioanalyses of two subsamples of a single
composite, but to periodically run two composites with a single subsample of each (Section 3.3).
Compositing - Detecting Spills or Migration:
Based on our review of compositing for detection, we conclude that this
technique may be very useful in detecting offsite migration or spills at
future LLW sites. We are investigating a scheme for selecting a 11 best 11
sampling strategy for a particular location which could be run on the
kind of micro computer likely to be availab·e to NRC staff, state
regulatory agencies, or site operators. In order to evaluate feasibility in a timely manner, we will not consider some important unresolved statistical issues in the pilot study (Section 3.4).
Optimal Sample Weight or Volume:
Additional research on optimal sample weight cr volume for components of
composites as well as subsamples is needed, si nce our review shows that
larger sample masses or volumes substantially reduce the coefficient of
variation. However, the gain can be offset by a larger mixing variance
(Section 3. 5).
Censored Distributions (Li ht Bulbs Versus Less Than Detectable
a 1 oa c t 1 v1 ty :
The considerable literature available concerning right -censored dis tributions (i.e., failure times for light bulbs and animal survival
times) should be explored for applicability to monitoring data from LLW
sites, which are generally from left-censored distributions (e.g., less
than detection values are often reported and can seriously compromise
statistical evaluation (Table 3. 2)). In addition , methods for statis tically comparing data from two left- censored distributions should
either be obtained from the literature or developed (Section 3.6) .
Wasted Sampling Effort:
Allocation of field sampling effort (where and how many samples) is
objective dependent. Poor allocation can result in wasted resources
(Section 4.1).
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Use of Survey Data to Answer Questions:
Survey data can be used in the analytic mode, e.g. has there been a
significant change? Features peculiar to LLW-site monitoring data
(inferences about cause can be complicated, errors are usually multiplicative and some samples will exhibit values below detection limits)
should be anticipated (Section 4.1.2).
Estimating Model Parameters:
When sampling to estimate parameters in a mathematical model of a
process (e.g., radionuclides in soil as a function of distance from
source), evenly spaced sampling increments will generally be inefficient
(Sections 4.1.3 and 4.4.1).
Spatial Pattern:
When sampling for spatial pattern of radionuclides, the choice of sample
locations and frequencies will depend on the availability of a mathematical model of the process governing movement. When a model is available, the methods in Section 4.4 should be considered, otherwise the
methods of geostatistics in Section 4.5 may apply (Section 4.1.4).
Systematic Versus Random Sampling:
Systematic sampling can be recommended over completely random or stratified sampling when small-scale patterns exist (i.e., there is a demonstrable spatial correlation among nearby sites; see Section 4.2.2 for
details). However, spatial periodicity (e.g., roads, fence rows, etc.)
can result in a biased result when systematic samples are taken (Section
4.2.1).
Routine Monitoring:
Routine sampling (e.g., routine air sampling at a fixed place and fixed
time intervals) may be uninformative simply because of a poor choice of
location or sampling frequency. We recommend that different times and
places be considered unless detecting change is the main motive for the
study (Section 4.2.6).
Cost Reduction:
Opportunities for reducing costs will sometimes depend on the fact that
a LLW-site manager has special knowledge that some event of concern may
occur or has occurred (e.g., spill or loss of radionuclide from
confinement). Especially cost effective designs or techniques in this
case include stratified sampling, ratio and regression estimation
(double sampling) and cluster sampling and subsampling. Examples for
LLW sites are in Sections 4.2.3 through 4.2.5. Since the matter of
allocation and design of stratified sampling is extremely important, we
are investigating this further. In addition, research has been initiated on the use of sample sizes smaller than 30 for double sampling.
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Sample Size:
Knowledge of the coefficient of variation can be a useful guide in
selecting the appropriate sample size for LLW site studies (Section
4.2. 7).
Comparison of Means from Several Monitoring Locations:
Results from more than two subplots (stations) must often be evaluated
for statistically significant differences (assuming replicate or more
than one subsample per station). Our review shows that there are no
appropriate multiple comparison methods for the unbalanced (different
number of subp 1ots/stati on) and heterogeneity of variance (variances
among stations differ) case which is likely to be common at low level
waste sites. For all other cases, it appea1·s that a computer program
which could produce graphical output to judge the statistical significance of station differences would be useful for future low-level waste
site managers (Section 4.3.2).
Identification of Causes of Radionuclide Movement:
The "pseudodesign" approach may be applicable for low-level waste sites
to identify the cause of radionuclide redis t ribution and/or migration
(Section 4.3.4).
Uniform Versus Other Spacing of Sample Collections:
When sampling to estimate parameters in mathematical models of a process
(e.g., as a function of time, distance, or depth), uniform spacing of
sample collections (e.g., once a day, one meter intervals, or five
centimeter depths) is usually a bad choice (Section 4.4.1).
Kriging:
We believe that the basic assumptions of kriging (a statistical techni que for estimating spatial pattern) must be thoroughly investigated
for applicability to low-level waste management data. Our arguments
supporting this statement a~e in Section 4.5.6 while some examples of
the uses of kriging are in Section 4.5.7.
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1.0

INTRODUCTION

1.1 OBJECTIVES OF THE PROJECT
The overall objective of the project under which this report was written
is to do the research necessary to provide guidance for the use of statistics in planning, conducting surveys, monitoring and assessing data
relative to the siting, operation and decommissioning of low-level waste
disposal sites. In the Statement of Work, which initiated this project,
the Nuclear Regulatory Commission staff asked for 11 an initial assessment
of the substantial theoretical information and experience that may be
adapted for NRC needs. 11 The present report seeks to pro vi de that
assessment. Since it is an initial assessment, we have not attempted to
reach any final conclusions, beyond re-emphasizing some of the features
that we believe need to be adapted for NRC needs. We note that 11 NRC
needs .. are very diverse, ranging from the specifics of closing particular existing sites (such as Maxey Flats or Sheffield) to the generic
issues of providing guidance for selecting, operating, and closing sites
in the future. Statistical and sampling requirements will undoubtedly
differ greatly in the two situations, but hopefully dealing with present
problems will yield useful insights for planning for the future and in
developing guidance for implementing 10 CFR Part 61.
The purpose of this report is to describe a general framework for
sampling in low-level waste management, and the main elements of the
following four different classes of sampling methods:
1.

descriptive or survey sampling, in which the objective is to estimate a total quantity or an average;

2.

analytical sampling, directed primarily towards making comparisons
between subsets of the population being sampled;

3.

sampling for modelling, in which efforts are focused on estimating
parameters for some mathematical model; and

4.

sampling for pattern, where the objective is the efficient gathering of data for representing a spatial pattern.

The project goal is to provide enough
tions of the four approaches to permit
that will be most appropriate for the
NRC staff and user groups. The actual
requires further investigation.

details and examples of applicaan informed choice of the methods
main applications anticipated by
adaptation to specific field uses

1.2 SCOPE OF NRC'S STATISTICAL REQUIREMENTS
In order to emphasize those areas where investigation would be most useful to NRC, we reviewed various NRC documents as well as the rule-making
provided in 10 CFR 61 and several reports and drafts dealing with lowlevel waste site characterization, selection, and monitoring. Excerpts
from 10 CFR 61 and the U.S. Nuclear Regulatory Commission Branch
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Technical Position on Site Suitability, Selection and Characterization
(NUREG-0902) follow, to show examples where we believe various sampling
and statistical approaches relate directly to NRC rules and guidelines.
In all cases the citations are direct quotations from the respective
documents.
The format for listing specific quotations includes the sections of 10
CFR 61 or page numbers from the Branch Techni ca 1 Position where we
believe statistical treatment of data is implied (design, hypothesis
testing, analysis, data collection, etc.), a sometimes long quotation
(so that it is not out of context), followed by an assessment (in the
Branch Technical Position) of the statistical implications (in most
cases titles of sections of our report are used). We seldom specifically mention the material discussed in chapters 2.0 or 3.0 of the
report because they must be. considered in almost all cases. The listing
of monitoring citations from 10 CFR 61 does not give sections of our
document which address monitoring, since the specific section or sections would depend on the question being asked (e.g., how much? where?
is there a difference over the site? does the concentration observed
exceed a prescribed limit?).
Finally, we note these are not exhaustive listings. We only wish to
give the reader an overall impression of the numbers and kinds of
statistical issues involved in low-level waste disposal.
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SECTIONS OF 10 CFR PART 61 WHERE STATISTICAL DESIGN, ANALYSIS OR
MODELLING IS IMPLIED OR REQUIRED (CODE OF FEDERAL REGULATIONS, 1982)
Section
61.7 (c) (4)

Quotation
"After a finding of satisfactory disposal site
closure, the Commission will transfer the license, to the
state or Federal gover·nment that owns the disposal site.
If the Department of Energy is the Federal agency administering the land on behalf of the Federal government,
the 1i cense wil 1 be terminated because the Commission
lacks regulatory authority over the Department for this
activity. Under the conditions of the transferred
license, the owner will carry out a program of monitoring
to assure continued satisfactory di sposa 1 site performance, physical surveillance to restrict access to the
site and carry out minor custodial activities .... "

61.12 (k)

"A description of the radiation safety program for control and monitoring of radioactive effluents to ensure
compliance with the performance objective in 61.41 of
this part and occupational radiation exposure to ensure
compliance with the requirements of Part 20 of this chapter and to control contamination of personnel, vehicles,
equipment, buildings and the disposal site. Both routine
operations and accidents must be addressed. The program
description must include procedures, instrumentation,
facilities and equipment."

61.12 (1)

"A description of the environmental monitoring program to
provide data to evaluate potential health and environmental impacts and the plan for taking corrective measures if migration of radionuclides is indicated."

61.13 (a)

"Pathways analyzed in demonstrating protection of the
general population from releases of of radioactivity must
include air, soil, ground-water, surface water, plant uptake and exhumation by burrowing animals. The analyses
must clearly identify and differentiate between the roles
performed by the natural disposal site characteristics
and design features in isolating and segregating the
wastes. The analyses must clearly demonstrate that there
is reasonable assurance that the exposure to humans from
the release of radioactivity will not exceed the limits
set forth in 61.41."

......
I

w

61.28 (a) {2)

(Application for closure must include) "The results
of tests, experiments, or other analyses relating to
back-fill of excavated areas, closure and sealing, waste
migration and interaction with emplacement media, or any

Section

Quotation
other tests, experiments, or analysis pertinent to the
long-term containment of emplaced waste with the disposal
site."

61.29

"Following completion of closure authorized in 61.28, the
licensee shall observe, monitor, and carry out necessary
maintenance and repairs at the disposal site until the
1icense is transferred by the Comm1ssion in accordance
with 61.30. Responsibility for the disposal site must be
maintained by the licensee for 5 years. A shorter or
longer time period for post-closure observation and maintenance may be established and approved as part of the
site closure plan, based on site-specific conditions.•

61.41

"Concentrations of radioactive material which may be
released to the general environment in ground surface
water, soil, plants, or animals must not result in an
annual dose exceeding an equivalent of 25 millirems to
the whole body, 75 millirems to the thyroid, and 25
millirems to any other organ of any member of the public.
Reasonable effort should be made to maintain releases of
raGioactivity in effluents to the general environment as
low as is reasonably achievable."

61.53 (a)

"At the time a license application is submitted, the
applicant shall have conducted a preoperational
monitoring program to provide basic environmental data on
the disposal site characteristics. The applicant shall
obtain information about the ecology, meteorology, climate, hydrology, geology, geochemistry and seismology of
the disposal site. For those characteristics that are
subject to seasonal variation, data must cover at least a
twelve month period."

61.53 (c)

"During the land disposal facility site construction and
operation, the licensee shall maintain a monitoring
program. Measurements and observations must be made and
recorded to provide data to evaluate the potential health
and environmental impacts during both the construction
and the operation of the facility and to enable the evaluation of long-term effects and the need for mitigative
measures. The monitoring system must be capable of providing early warning of releases of radionuclides from
the disposal site before they leave the site boundary."

61.53 (d)

"After the disposal site is closed, the licensee responsible for the post-operation surveillance of the disposal

STATISTICAL ISSUES IMPL IED IN U. S. NUCLEAR REGULATORY COMM ISSION BRANCH
TECHNICAL POSITION ON SITE SUITABILITY, SELECTION AND CHARACTERIZATION
{NUREG-0902; SIEFKIN ET AL., 1982)

Section

Quotation
site shall maintain a monitoring system based on the
operating history and the closure and stabilization of
the disposal site. The monitor1ng system must be capable
of providing early warning of ~eleases of radionucl ides
from the di sposa 1 site beforE: they 1eave the site
boundary."

61.55 (a) (8)

......
I

~

"Determinations of concentrations in wastes. The
concentration of a radionuclide may be determined by
indirect methods such as use of sealing factors whiCh
relate the inferred concentration of one radionuclide to
another that is measured , or radionucl ide material
accountability, ff there is reasonable assurance that the
i ndirect ~thods can be correlated with iCtual
~asurements.
The concentration of a radionuclide may be
averaged over the volume of the waste, or weight of the
waste if the units are expressed as nanocuries per gram. "

61.80 ( f') ( 2) "The reports shall include (i) specification of the
quantity of each of the principal radionuclides released
to unrestricted areas in liquid and in airborne effluents
dur1ng the preceding year, (ii) the results of the envirnnmPnt~l monitoring program, (iii) a summ~ry of liccn5ce
disposal unit survey and maintenance activities, (iv) a
summary, by waste class, of activities and quantities of
radionuclides disposed of, (v) any instances in wn1ch
observed site characteristics were significantly different from those ·described in the application for a
license; and (vi) any other information the Commission
may require. If the quantities of radioactive materials
released during the reporting period, monitoring results,
or maintenance performed are significantly different from
those expected in the materials previously reviewed as
part of the licensing action, the report must cover this
specifically."
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Quotation

Statistical I!!!J!lications

"The NRC is also responsible to assure
that these commercial nuclear facilities comply with the National Environ~ental Policy Act (NEPAl of 1969."

Analytic Sampling

3

"The disposal site shall be capable of
being characterized, modeled, 3nalyzed,
and monitored."

Descriptive and Analytic
Sampling. Samp 1i ng for
Pattern and Modeling

5

"Nearby facilities or activities•
... cannot ... "significantly mask the
environmental monitoring program."

Quantitative methods to
separate site sources
from other sources of
radiation .
Descriptive Sampling.

"S1nce site characterization investiga- Sampling for Pattern.
tions can sample only a small fraction
(NRC perhaps will accept
results from simulation
of the surface area or subsurface
volume of the disposal site, site char- rr.odels.)
acter1stics must be such that these
limited investigations can adequate ly
define the site characteristics
~pdtially across the disposal s1te.
Site conditi~ns should be such that
well-documented analytical solutions or
computer codes are available and applicab 1e for mode 1i ng site performance."
5

"Finally, since monitoring programs can Sampling for Modeling.
sa~ole only a small fraction of the
Analytical Sampl i ng.
Compos It i ng.
surface area or subsurface volume of
the disposal site, site characteristics
must be such that the small number of
monitoring points can adequately describe
the extent to which radionuclides have
migrated from the waste disposal units."

8

"In addition, this requirement should
provide sufficient space within the
buffer zone to implement remedial measures, if needeo, to control releases
of radionuclides before discharge to
the ground surface or migration from
the disposal site."

Compos iti ng.
Analytical Sampling.
Sampling for Modeling.

Page
9

11

12

......
I

01

13

Q!!otation
"In cases of co-located facilities, the
programs for the facilities
should be able to identify the source
and differentiate between the releases
of the separate facilities. In additfon, the monitoring programs should
provide adequate data to identify mfti·
gative measures if needed, for the
separate facilities.•
~nftoring

Statistical Im2lfcatfons

Page

Q!!ota t ion

Descriptive Sampling.
Sampling for Pattern.
Analysis of Ratios (Not
addressed in this
report.}

14

"The proposed rule requires that the
applicant conduct a pre-operational
monitoring program to provide baseline
oata on site characteristics." (The
rest of the paragraph implies these
sa~e sampling locations should be used
during operation and closure.}

15

"The staff anticipates that a minimum
record of one year of site-specific
meteorological data will be collected
during site characterization."

16

"Parshall flumes and sediment samplers Design.
should be Installed, where appropriate,
to determine the rate of erosion of site
soil deposits under varying gradients
and ground conditions."

18

"The parameters which govern the rate, Design •
Sampling for Modelling.
direction, and velocity of of soil
moisture movement and ground-water flow
should be measured. These parameters
Include hydraulic conductivity, head,
hydraulic gradient, effective porosity,
specific storage, saturated thickness,
and compressibility. The site characterization studies should establish mean
and median values, ranges of values, and
spat1al and temporal variability for
these parameters for the significant
hydrogeologic units. The data collection
points for moisture content and head
measurements (above and below the water
table) should be appropriately located
in three dimensions within the separate
hydrogeologic units to establish the
bounda·ry conditions for modeling."

19

"The water-holding parameters for soil
Design.
above the water table, such as specific
retention field capacity, and wilting
point should also be measured."

19

'The frequency of measurement should
reflect the mode of recharge of the
hydrogeologic unit, with more frequent
(weekly) measurements in unconfined
units responding to precipitation
events and less frequent (monthly)

"The evaluation of available reconnais- Design.*
sance-level data during the site selec- (All report sections}
tion process should serve as a basis for
design of the site characterization
program. • ( .•. "a program of investi·
gations and tests, both fn the field
and laboratory• .•. ).
"Specific objectives of site characDesign.
terization are to develop the technical
Information needed for ... "S} establishment of data collection points and a
baseline of data for some portions of
the site monitoring program, and" ..•
(NRC and applicant discussions on
defining) ... "size of study area, the
depth of borings, the hydrogeologic
units to be investigated, and points
of interest for determination potential
releases of radionuclides.•

Design.

*It appears to us that the site characterization phase (pages 11-24,
NUREG/0902) not only is to provide information about current status of
ground and surface water, soil characterizations, and air quality (and
other measurements}, but also that the information (e.g., the samoling
frequency and location of sampling stations} will carry over to the
monitoring program during operation and closure. The implication in
some of the following quotations is that a change in parameter values
based on the site characterization period compared to the cperating
period (or changes during the operating period itself) somehow will
Implicate site operation as causal. We address that problem under
Analytical Sampling (Section 4.3) and superficially in other sections.
We have included all such problems under Design because there is no
clearcut question being asked (i.e., the relevant report section
depends on the question(s) being asked}. Thus, the interested reader
may need to review more than one section of the reoort, and substitute
the particular parameter of Interest (i.e., chemistry, porosity, air
quality measures} because our examples are based mostly on
radlonuclides.
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Design.

Design.

Design.

Page

Quotation

Statistical Implications

Page

measurements in confined units not
directly responding to precipitation
events."
19

.......
I
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1920

21

Design.
"The site characterization studies
Analysis of Ratios. (Not
should also include collection of
addressed in this report.)
ground-water chemistry data.
Parameters measured should include
indicators of drinking water quality
and the direction of the flow, areas of
recharge, and age of the ground water
in the flow system. Other parameters
which may affect the solubility of
waste leachates, such as by causing
changes in oxidation states ano/or
precipltation from solution, should also
be measured. Major inorganic constituents, dissolved oxygen, and other
characteristic properties, such as temperature and pH, should be included in
the site characterization studies.
Major organic constituents, such as total
organic carbon and chemical oxygen
demand, may also be included. Agedating techniques such as tritium,
oxygen-18/oxygen-16 ratio, carbon-13/
carbon-12 ratio, carbon-14, and chlorine
36, should be included as appropr1ate
for sites where disposal will be below
the water table and molecular diffusion must dominate the flow system."
Design.
"The staff anticipates that groundwater chemistry will be measured, at
least quarterly, for a minimum period
of one year and will be compared to
historic records, if available. In
this manner, the applicant can estimate
seasonal and long-term fluctuations of
ground-water chemistry as a background
for continued monitoring of key indicators of ground-water quality and
leachate (radiological and non-radiological) migration."
Design.
"The second type consists of exploratory boreholes with detailed descriptions and laboratory testing of core
samples. To the extent practicable,
the boreholes should be located, drilled

Quotation

Statistical Implications

and sampled for use in the hydrogeologic
and geomechanical investigations and the
site ground-water monitoring program.
The third type of investigation, surficial
geophysical surveys, should provide subsurface information between boreholes.
These surficial geophysical surveys, such
as electrical res1stivity or seismic
reaction should define the vert1cal and
horizontal extent of the site stratigraphic units, heterogeneities, such as
sand lenses within the units, and the
surface of the water table."
21

"Lithologic investigations will range
from lithologic descriptions based on
visual observations of soil samples
and exposures in test pits to laboratory tests designed to produce data on
characteristics such as clay mineral
composition, carbonate content,
particle-size distribution, moisture
content, porosity, permeability, bulk
density, and ion-exchange capacity."

Design.

24

Design.
"Air quality parameters measured in
the site characterization program
should define the level of airborn
radionuclides contr1buted by atmospheric fallout, natural radiation
released from the soil, and agricultural activities such as spray
3pplfcation of fertilizers or
insecticides. Suspended particulates
should also be measured during the site
characterization studies."

24

"The measurement of air quality parameters should provide at least a oneyear record of site-specific information. These data will serve as a
baseline for the site mon1toring program, and the data collection points
used during site characterization
should be incorporated into the site
monitoring program."

Design.

1.3 APPROACH AND FUTURE WORK
The original statement of work included the following seven tasks;
1.

Survey of statistical and sampling needs for environmental monitoring of commercial low-level radioactive waste (LLW) disposal
facilities,

2.

Recommendations on sampling for inventory at commercial LLW sites,

3.

Recommendations on sampling for spatial estimation of pattern at
commercial LLW sites,

4.

Recommendations on sampling for comparisons needed to analyze data
from commercial LLW sites,

5.

Recommendations on sampling for commercial LLW site modelling,

6.

Recommendations on site characterization,

7.

Recommendations on monitoring radioactivity in the environment at
commercial LLW disposal sites.

The purpose of Task 1 is to develop guidance for determining the overall
needs for sampling and statistical work in characterizing, surveying,
and monitoring LLW sites. As such, it is essentially a "pilot project"
for the overall program. Results from work specifically conducted under
Task 1 are in Chapters 2.0 and 3.0. In addition, parts of Sections 4.1
to 4.5 also resulted from investigations conducted in Task 1.
Substantial progress on Tasks 2-5 is reported in Sections 4.2 to 4.5.
At this writing, we have just begun Tasks 6 and 7 and preliminary findings are in the Executive Summary while areas for future investigation
are in Chapter 5.0. The completion of Tasks 1-5 (the investigations
identified in Chapter 5.0) will result in reports outlining our recommendations (Tasks 6 and 7).
The emphasis for the further investigation needs some careful consideration with respect to likely future needs in the low-level waste management program. Over three hundred papers have been examined in drafting this report (these will be presented in a separate bibliography to
be submitted to NRC during FY 1983). A number of those papers discuss
sampling strategies, and we see little need to re-examine this methodology as such. What is essential, we believe, is to try to identify
those approaches that are actually appropriate, and not merely another
repetition of standard textbook formulations. Unfortunately, a sizable
fraction of those recapitulations noted in the literature fail to recognize that textbook methodology rests on theory based on certain
assumptions. Some of these assumptions simply do not hold in low-level
waste management situations, so that this initial report had to be partially devoted to reconsideration of some fundamental ideas.
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2.0 BACKGROUND
2.1

INTRODUCTION

Many scientists tend to think almost exclusively in terms of an experimental approach to both basic and applied problems. To search for a new
fundamental particle predicted by theory, or to improve a fertilizer,
one starts with an experimental design. Most such designs include several 11 treatments, 11 and provide both controls and replication against
temporal, spatial, and other factors that may be extraneous to the 11 main
effects 11 of primary interest. The random assignment of treatments to
relatively homogenous experimental material is the mainstay of such a
design, and provides the essential basis for a statistical analysis of
the results from experiments.
The ability to control experimental conditions (thus balancing out unanticipated, extraneous effects) is basic in modern science whether or not
statistical methods are also used. In waste management, as in many
other areas of practical importance, there may be no opportunity to
design an experiment. Instead, the researcher must observe, through
sampling, an uncontrolled and often complex and variable system. The
circumstances are thus quite different from those regarded as basic for
experimentation. The 11 treatments 11 depend on factors beyond the
observer•s control, and may, in fact, be such that they cannot be identified or measured reliably. There is no randomization in the choice of
experimental units, since only a single site is usually involved.
There are, of course, situations in waste management in which controlled
experiments can be conducted. For example, the effects and behavior of
hazardous substances contained in wastes can be studied under laboratory
conditions. These experiments are almost always small-scale investigations that must be 11 Scaled up, 11 often through a model, to field
conditions. One would thus like to use the results of field samplings
to assist in and check the scaling.
Study designs may be separated into three rather distinct categories:
1.

Designed experiments (treatments are assigned randomly to selected
experimental units);

2.

Assessment of a time series (a relatively long series of observations is required); and

3.

Sampling (taking controlled observations of a well-defined
population).

In the waste management context, the experiments will usually be field
or laboratory studies of some parameter-of importance (e.g., rates of
water percolation through different soils), while the time series data
will largely come from monitoring (e.g., air samplers operated at disposal sites). Sampling is required in a wide range of circumstances.
Examples of the three classes of designs are suggested in Figure 2.1.
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DESIGNED
EXPERIMENTS
CONTROLLED
TREATMENTS

(2)

TIME SERIES
PASSIVE OBSERVATION
RESULTING IN A LONG
SERIES OF RECORDS

RAIN GAUGE

AIR SAMPLER

SAMPLING
CONTROLLED
OBSERVATIONS OVER
SPACE OR TIME

FIGURE 2.1.

Three classes of study designs. The first (1) is the
traditional agricultural experimental design, while the
second (2) refers to statistical approaches used to dea l
with long series of observations, and the third (3) considers planned sampling.
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The general problem described above is one that is shared by other scientific disciplines, including astronomy, economics, ecology, and much
of social science. In these fields and some others, we can usually only
observe some phenomenon without controlling most conditions except the
time and place at which the observations are made. One can, of course,
define the population to be sampled in a way that makes the sampling
easier. An example is provided by the NRC Regulatory Guide 4.5
(Measurements of Radionuclides in the Environment, May, 1974), where it
is recommended that soil sampling follow the methodology used by the the
former Health and Safety Laboratory (HASL) to study worldwide fallout.
In this scheme, sites are carefully selected to avoid possible
disturbing influences (no runoff or other erosive forces, away from
trees or buildings, uniform soil, etc.). Such an approach presumes that
only a few samples are to be taken, and that the purpose is to estimate
deposition from a very uniform source (such as worldwide fallout) over a
substantial time period. In the low-level waste situation, it appears
essential to consider that a number of other forces may be involved in
radionuclide distribution, including such factors as:
1.

Latera 1 transport by water (movement down a 11 wash, 11 for examp 1e);

2.

Penetration into the soil;

3.

Gradual dispersion along ground surfaces, as the result of wind;
and

4.

Local accumulation due to topographic features or location of
vegetation.

An appropriate sampling scheme will thus take into account the prospect
of changes since deposition occurred, as well as the possibility of
uneven distribution. In other words, sampling schemes suitable for
world-wide fallout may be inappropriate for low-level waste sites. The
HASL sites could be typified by golf courses and lawns where long-term
accumulation of global fallout could be expected to take place with a
minimum of disturbance. Sampling at low-level waste sites, on the other
hand, will be most important in the event that disturbance actually
takes place (see Figure 2.2).
Development of sampling methods for dealing with contaminants and pollutants has generally lacked the sharp focus provided by management needs
in studies of natural resources. That focus has largely been provided
by the need to find ways of efficient utilization and exploitation of
resources, which translate readily into questions of 11 how much? 11 or 11 how
many? .. and, thus, permits direct application of sample survey methods.
Several different objectives in sampling need to be considered with respect to low-level waste studies . One arrangement of objectives
fo 11 ows:
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SAMPLING FOR WORLDWIDE
FALLOUT

FIGURE 2. 2.

1.

A POTENTIAL WASTE SITE
SITUATION

A comparison of sampling for wo rldwide fa l lout and sampling
at low- level waste sites . For worldwide fallout, undisturbed sampling sites were sought out (e.g., lawns and golf
courses), but this is not usefu l at low-level waste sites
where there may be high variabi ' ity over a site due to such
factors as lateral transport of radionuclides along preferred pathways (e . g., along a •wash 11 or local accumulation
due to topography or vegetation )·.

Estimation of a material balance

The main goal of such a survey may be taken to be estimation of the
total amount of some substances (e . g., radiocesium , plutonium) in the
environs of a waste disposal site. If the primary objective is actually
one of estimating the total amount present, the sampling procedures may
be quite straightforward. However, in waste management the principal
concern usually is not in determining quantities present, except in special circumstances.
2.

Establishment of baselines for monitoring

Establishment of baseline levels in the environs of a low- level waste
site is clearly important throughout the effective life of a site and in
decommissioning and early custodial stages.
3.

Assessment of consequences on human health

Transport, uptake, and retention of radionucl i des are essential factors
in considering potential consequences on human health due to nuclear
wastes. However, the existing management guidance for low-level waste
sites sets both on- site and off-site radioactivity levels well below any
point where a concern for consequences on human health can be considered
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in designing a sampling program. The program is instead normally
directed at assuring that those standards are not exceeded.
4.

Evaluation of system behavior

Movements of radioactivity from a waste site may occur by several
routes, usually considered to include plant, animal, or human
intrusions, erosion and ground-water movement. Possible pathways to
humans are of critical concern, as is chemical form, and both require
close attention. Sampling and statistical analyses must thus be
concerned with assessment of these processes with respect to the overall
behavior of the transport systems.
The issues, objectives, and needs faced in low-level waste management
are evidently sufficiently diverse to require a range of sampling
approaches. These will be described 1ater in the report, after some
other relevant aspects are discussed in Chapter 3.0.
2.2 MODELS
An unresolved issue is whether or not very large and complex models can
be trusted to provide the kinds of projections and forecasts required
for effective waste management. It may well be that much simpler representations of the same phenomena are just as accurate and just as
usefu 1. One of the advantages of 11 sma 11 11 mode 1s is that they can be fit
to data, using non-linear least-squares techniques. Possibly large models serve only to entertain and hopefully to educate the modeller.
The process of 11 Sampling for modelling .. is a particularly difficult one
to deal with here. All we expect to attempt in the present preliminary
study is to try to make an explicit statement of our perceptions of the
prospects for utilizing some particular approaches. In preparing for
the rulemaking promulgated in 10 CFR 61, Smith and Hawkins (1980)
described an extensive NRC effort to establish an in-house capability in
analytical modelling. They (ibid:37) reported that models will be used
to 11 Simulate the geological environment, ground and surface water
pathways, air pathways, biotic and vegetation pathways, radionuclide
transport, and the assessment of potential radiological and
non-radiological impacts ... It was also noted that 11 In some cases, site
screening and gross evaluation types of models may be all that are
required; whereas for other cases very detailed, highly accurate models
may be needed to fully assess impacts ... An extensive program of
evaluations, categorization, and comparisons was also described.
In a project such as this, especially in its initial stages, we cannot
deal with all of the statistical and sampling problems inherent in such
a substantial effort. We must instea·d begin with some manageable
portion of the overall complex of issues concerning modelling. We note
also that there are questions about the utility of the larger, more
complex models. For example: 11 Despite active research, the credibility
of groundwater models for long-duration predictions of natural systems
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is yet to be firmly established." Also, "considerable difficulties exist
in handling the interaction of statistical quantities that are mutually
dependent or correlated." (Narasimhan 1979:112).
Some difficulties in utilizing models for low-level waste management
include:
1.

Adequacy of sampling - - In many cases, insufficient data are collected to support any realistic modelli1g effort.

2.

Lack of knowledge of relevant parameters and processes - - Too many
of the models used infer both processes and parameter values from
theory or other studies, without any assurance that the transfer is
appropriate and sensible. Characterizat ion of both sites and chemical forms of wastes are particularly i~portant for development of
realistic models.

3.

The phenomenon of feed-back - - In biological systems, radioactive
substances may be repeatedly recycled, leading to great complexity
in the models. Body size is highly (inversely) correlated to
uptake and retention of trace substances, further comp 1i eating
assessment of individual species in a biological system.

4.

Relative masses of biota and abiotic environment - - Biological
vectors may be of substantial importance in potential transport of
radionuclides to man, but constitute only a very small portion, by
mass, of the overall environment. The great majority of radioactivity is thus confined to and transport ed by the abiotic system,
so that the couplings to the biota must be carefully considered if
the model is to be at all useful in predicting human exposures.
That is, pathways to humans often canno: be predicted from knowledge of the physical system and "mass balance" considerations.

2.2.1 Projections Versus Forecasting
An overall concern about models is simply whether a given model has any
substantial predictive value. A distinction needs to be made between
projections of an observed trend and forecasfing something that will
happen in the future. Projections are usual y based on some sort of
regression analysis of historical data. Forecasts depend quite heavily
on regression and time series methodology but also incorporate elements
of judgement and theory that may serve to alter the projections (cf.
Levenbach and Cleary 1981; Cleary and Levenbach 1982). In dealing with
low-level waste repositories, there would appear to be more interest in
forecasts, inasmuch as simple projections may not be very revealing,
given that the repositories are satisfactorily managed. ~1ost of the
useful forecasts will likely take a "what if" or "scenario" point of
view. Some examples are available in a study of biotic pathways
(McKenzie et al. 1982). There are, of course, many more facets to the
analysis of long-term forecasting, especially in reference to requirements for ultimate decommissioning of a waste repository (some recent
experience is summarized by Phillips et al. 1980).
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Our experience has largely been that the simpler models are most likely
to be useful, often through regression analysis of the available data.
Much more detailed simulations are largely valuable as a way to study
the importance of the many possible deviations from the simple
regressions assumed in a model. It should be noted that regression is
here used to include both linear and non-linear models, and fitting models with non-linear least-squares may thus be required. There is, of
course, a need to be more specific about what is regarded as a 11 Simple 11
model. Lu (1978) describes a 11 Simplified model 11 for underground migration of radionuclides at the West Valley site that illustrates very well
the complexity inherent in attempting to construct a model from first
principles. A great deal of further simplification is required if
sampling strategies are to be considered, using actual field data.
Cherry et al. (1979) suggest some other issues worth considering here.
They note that desirable subsurface waste storage sites are those in
which there is evidence that rates of groundwater flow are very low, but
that such sites have not received much attention by hydrogeologists
because they are of little interest in normal practice. In non-arid
areas such sites, when found near the surface and in readily excavated
overburden, are largely in clay or silty clay material. In homogenous
situations, the appropriate models may then be mostly concerned with
diffusion processes. However, the presence of any kind of jointing or
fracturing of the deposits necessarily makes a diffusion model meaningless for that zone. Hence, elaborate models based on diffusion may go
widely astray of the desired predictions. We believe that this is one
of the major pitfalls in use of models in low-level waste situations,
and it may be noted that movement of radioactivity from several existing
waste sites may be attributed to this cause.
2.2.2 Deterministic, Stochastic, and Simulation Models
Differences between deterministic, stochastic (probabilistic), and simulation models need to be considered. Many of the groundwater models are
deterministic, based on systems of differential or partial differential
equations with no reference to chance fluctuations. Complexity enters
into these models mainly because the solutions very often must be numerical via a computer. Stochastic models attempt to reproduce various
chance events by introducing such features as 11 noise 11 and probability
mechanisms to govern events, and thus are often inherently complex in
structure.
The rather elaborate schemes for spatial sampling (e.g., kriging) are
based on stochastic models, which may also be very difficult to handle,
leading again to solutions via computer. Simplifying assumptions and
approximations are nonetheless necessary if moderate quantities of data
are to be used in the analysis.
Simulation models can incorporate both deterministic and stochastic elements, and can be resorted to as a way to avoid some of the difficulties
inherent in both kinds of models. Perhaps an even more compelling reason for resorting to simulation is inadequate data. When data are
lacking, the simulation modeller can substitute any one of a number of
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alternatives, usually in the fonn of some kind of "interpolative" function or by plucking a needed constant from some other circumstances. If
the model is large and complex, users may not realize just how little
the actual data at hand have to do with the model outcomes. We believe
that this is often true in practice, especi ally when "user" groups do
not participate in model construction and testing.
2.2.3 Classes of Models
Several classes of models may need to be considered in the kinds of
studies contemplated here:
1.

Linear differential equations with constant coefficients

These models constitute the generally used framework of "kinetic"
models. However, the actual scope of such kinetic models is much wider,
and this class of models is frequently unsatisfactory in assessing
actual field data because some supposed constants are actually a
function of time.
2.

Linear differential equations with coefficients that are functions
of time

In practice, the coefficients changing with time are usually "transfer"
coefficients, coupling compartments in a system.
3.

"Particle" models

In some situations, it is useful to
radioactivity, leading to stochastic
useful for most of the circumstances
be noted that the underlying actual
mechanism.
4.

11

consider individual particles of
models. Such models are not very
considered here. However, it can
processes may indeed have such a

Mass transfer .. mode 1s

In some circumstances, it is useful to consider the history, over time,
of individual "packets" of radioactivity.
5.

Linear differential equations with coefficients as random variables

Models of this kind can be constructed by cons idering transfer coefficients as being randomly drawn from a frequency distribution of the possible values.
2.3 FREQUENCY DISTRIBUTIONS AND TRANSFORMATIONS
Frequency distributions may serve to provide a choice of a framework for
statistical analysis of the data. There is oft en a need to examine particular sets of data to determine whether the methodology proposed is
adequate. Analysis of data on transuranic elements may be particularly
difficult, due to the very high sample-to-sample variability.
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Administrators will occasionally remark that a result only needs to be
11
in the ballpark 11 to be useful. With coefficients of variation on the
order of unity, as frequently observed for plutonium, it can be shown
that such a 11 ballpark 11 is measured in orders of magnitude. Under the
circumstances of such high variability, it is also true that the models
employed must be stochastic, not deterministic.
A key assumption in most standard, textbook methodology is that of
normal and additive errors. In working with radionuclides, this assumption is simply wrong in a majority of cases because data on
radionuclides show skewed frequency distributions and relatively
constant coefficients of variation (Eberhardt et al. 1976). We thus
suggest that one of the first things to look for in evaluating a
recommended sampling scheme is whether the proposed model has an
11
additive error term. 11
As soon as it is recognized that additive errors may not be appropriate,
many of the existing recommendations on sampling must be reconsidered.
The alternatives are not always very palatable, but can be lived with
quite satisfactorily if one is willing to utilize some approximations.
These are much more acceptable if it is appreciated that field sampling
differs from experimentation in many ways. The simplest alternative is
to assume a multiplicative model and lognormality. Making a logarithmic
transformation then lets one proceed under the existing theory.
However, several features have to be considered:
I.

The answers to basic questions may be different. Formulae taken
from standard textbooks no longer can be used directly.

2.

The assumption of multiplicative effects and lognormality is itself
probably not exact in most circumstances. Tv1o refuges then exist.
One is that there is a law of large numbers C1 central limit
theorem 11 ) appropriate in the multiplicative scale. Another is to
do simulations and other studies to examine the consequences of a
wrong choice of frequency distribution. Various aspects of these
problems are discussed in some detail by Eberhardt et al. (1976),
White (1978), and Whit~ and Hakanson (1979).

3.

Many inferential problems can be avoided by staying on the logarithmic scale, i.e., discussing things in terms of logarithms.
Since logarithmic shovels are not aviilable, certain situations
force 11 transformi ng back, 11 and these offer difficulties that are
discussed below. That is, any kind of 11 Clean-up 11 operation will
most likely require estimates on the original (untransformed) scale
of measurement.
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3.0 SAMPLING UNITS
3.1

INTRODUCTION

An essential, preliminary step in designing a sampling program is deciding what sampling units will be used; that is, determining what should
actually be measured or collected in the field. Sometimes the units are
readily defined, since they are "natural" units (e.g., trees, people).
However, if, for example, soil samples are to be taken, some care in
planning can save much time and money. We will briefly address compositing or "pooling" samples as a way to improve sampling efficiency,
point out some common mistakes, and suggest areas for future research.
In addition, we point out some additional research needed, because lessthan detectable concentrations are often reported.
3. 2 COMPOSITING
In this section we discuss compositing of field samples (i.e., air,
water, biota, soils, etc.). A working definition of a composite sample
obtained from LLW sites might be the mass of material resulting from
pooling several individual samples together before radioanalysis is
done. Compositing samples from LLW sites will become attractive when
the cost of a single analysis is large relative to costs of collecting,
pooling, and adequately mixing samples. Two purposes of compositing are
illustrated in Figure 3.1. In the first case, the desired outcome is an
estimate of average concentration of a radionuclide or chemical in some
biotic or abiotic component which might move off-sit~ [10 CFR 61;
Section 61.80(i)]. In contrast, another purpose might be detection of
on-site spills, areas of unacceptably high radioactivity or possible
radionuclide migration during routine site operation [10 CFR 61; Section
61.53(i)]. The desired outcome in the first case is an estimate of concentration and an appropriate estimate of variance. When compositi·ng
for detection, the desired outcome is a statement of the probability
that none of the samples making up the composite contained more than
some amount (for example, 1 nCi/g) of radioactivity and a confidence
1imit about the probability estimate. Both compositing purposes are
discussed below.
Compositing samples for either purpose should only be done after careful
consideration of possible problems. For instance, Eberhardt (1975)
shows that for lognormally distributed data (almost always a tenable
assumption for radionuclides in environmental samples), the mean value
can be over-or underestimated by 1.65 using composited samples compared
to individual sample analyses. He also advocates that experiments to
estimate components of variance be conducted in cases where subsamples
of composites are analyzed. Additional admonitions are in Gilbert
(1978), who also reviewed three relevant papers (Brown and Fisher 1972,
Kussmaul and Anderson 1967, and Rohde 1976). The focus of Gilbert•s
report was on particulate transuranic radionuclides where large analytic, counting and spatial variance components are not unusual. While
relevant to existing LLW sites and perhaps some new sites, it appears
that nonparticulate radionuclides, and thus smaller variance components,
are likely to be most abundant at new LLW sites.
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I

I OBJECTIVE = ESTIMATION I

COMPOSITE
SAMPLES

SOIL SAMPLES

0

WATER SAMPLES

J

EXPENSIVE RADIO ANALYSES NEEDED

J

e

l

l OBJECTIVE ~ DETECTION I

l

l

WHAT IS THE AVERAGE
QUESTION
VALUE OF A RADIONUCLIDE IN
SITE SOILS OR WATER, AND WHAT
IS ITS VARIANCE?

QUESTI O N = IS A RADIONUCLIDE PRESENT
IN SITE SOILS OR WATER IN CONCENTRATION
GREATER THAN SOME LIMIT?

FIGURE 3.1 .

Compositing of samples can be used as a means of keeping
the costs of analyses down. In many situations it is
unnecessary and prohibitively expensive to analyze every
sample. In the example shown , the analytical program
might be designed to address one of two objectives -estimation or detection .

3.3 COMPOSITING FOR ESTIMATION
The customary approach to evaluating a compositing sampling procedure is
to construct a random effects linear model and use this model to derive
the estimator for the variance of the mean (Duncan 1962). Brown and
Fisher (1972), in studies of compositing bales of wool, introduced a
model based on properties of randomly weighted averages. We note that
Brown and Fisher (1972) discuss the case of one composite (samples from
several different bales are the components of the composite), but do not
include analytical error, or variability within the components that make
up the composite. In contrast, Rohde (1976; presents a situation where
the composite is made up of components from a lake. He derived a vari ance of the mean , but ayain allowed no ana·ytic error and no withincomponent error.
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Hypothetical example of compositing for estimation. Four
random site soil or water samples (n) are combined (large
boxes) and mixed. Four (r) of these composites are shown.
These are subsampled (s times) and each subsample is split
into t units where all of each subsample is used. Each
unit (t) is analyzed separately. The dark shaded boxes
depict the usual scheme used for soil (r=s=t=1) and water
(r=1). If water cannot be evaporated (to reduce volume)
sometimes a subsample (dashed box) is taken for analysis.
The usual scheme (depicted by dark shaded boxes; see text)
allows no estimate of variability of the original composite.

In a more recent paper, Elder, Thompson and Myers (1980) extended the
previous work to the general case, where each of r composites is made up
of n components (samples). Randomly selected subsamples (s) of each
composite are subjected to t analyses on each subsample (Figure 3.2).
The subsample is of a size that is all used in t chemical analyses. The
model can be extended to the case where only part of the subsample is
used by adding another subsampling stage. Their expression for the
variance of the mean incorporates and accounts for all sources of variation for the situation where components are obtained from separate
entities (the bales of wool in Brown and Fisher, 1972) or a bulk sample
(the lake in Rohde, 1976).
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We note here that in the absence of estimates of the respective mean
squares between composites, between subsamples within composites, and
between tests within subsamples (which depend on the compositing scheme
used), that no statistically valid variance of the mean of the composite(s) can be obtained. Even so, it appears that the incomplete scheme
for analyses of soil and water composites shown by shaded dark boxes and
arrows in Figure 3.2 is usually employed. In general, an entire water
sample may be subjected to radioanalysis (i.e., evaporated if need be)
while only subsamples of soil may be evaluated (Figure 3.2). No variance estimate of the composite mean can be obtained based on the usual
methods depicted in the figure (shaded dark boxes). A complete analysis
similar to that illustrated for four soil composites would be needed to
obtain estimates of the needed mean squares and/or variance components.
Only a demonstration that the respective variances remain constant can
justify using the usual scheme (one possible quality control is given at
the end of this section).
The equations for the variance of the mean derived by Elder, Thompson
and Myers (1980) are complex, but they show that the resulting estimate
is equivalent to the usual mean square between composites (with appropriate divisor) obtained from a balanced two-fold nested classification.
The difference lies in the variance components that make up the expected
value of the mean square between composites. An evaluation shows that
changing the number of components that make up a composite will affect
the variance in a way not consistent with the usual balanced two-fold
nested model. This is a consequence of the fact that larger composites
are harder to "perfectly" mix and because larger composites contained
smaller fractions of each component. Because of the difficulties in
batch mixing (n) components, it might be worthwhile to compare results
obtained using batch mixing with those from the "splitting" procedure
outlined in Nyhan et al. (1981).
Thus, in order to obtain a correct variance estimate, an additional set
of analyses (i.e., at least two of the soil composites depicted in
Figure 3.2) must be conducted for each change in the number of components that make up a single composite. If the number of components in
each composite remains constaQt, the optimal allocation of r, s, and t
can be calculated (considering cost and effect on the variance of mean)
in a straightforward way.
Thus, from our preliminary evaluation it appears that a practical procedure useful for site characterization at LLW sites (after variance components have been estimated) might be to run t wo subsamples of a single
composite routinely, but periodically run two composites with a single
subsample of each as a cross check on variances. This first strategy
would be cheaper, because forming composites "s more expensive than taking two subsamples (two radioanalyses are needed in either case).
Clearly, actual site data and experience will be needed to substantiate
the procedure outlined above. We note, too, that spatial heterogeneity
over the site might lead to compositing within strata or some other
sampling scheme.
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3.4 COMPOSITING FOR DETECTION
This compositing technique is sometimes called group testing and was
apparently developed during World War II to reduce the costs of blood
testing in a program to weed out all syphilitic men called up for induction (Dorfman 1943). Rather than analyze each individual blood sample,
Dorfman (1943) devised a much more cost-effective method based on pooled
or composited samples. Hwang (1976) extended some of the ideas for
presence-absence (binomial) group testing using nested designs.
Recently, however, these methods have been suggested for evaluating
toxic chemical waste sites (Schaeffer, Kerster and Janardan 1982).
Unfortunately, these authors suggest the methodology, but offer little
guidance for its actual use; nor do they outline the research that
would be needed prior to use at an actual waste site.
Some possible scenarios for detecting spills at LLW sites are illustrated in Figure 3.3. The extension to the problem of migration may not
be straightforward and will be investigated in future work on this
project. All sixteen soil samples are composited in Scenario 1, a random selection of four samples in each composite is depicted in Scenario
2, while in Scenario 3, the compositing is done within four locations (A
through D, possibly based on some prior knowledge). The apparent spills
or hot spots are shown as the open circles in the figure. For purposes
of illustration, we assume that when one hot spot is composited with
three background samples, the radioactivity will not be detected in the
subsample. In Scenario 1, detection of spills would actually depend on
the level of radioactivity, the dilution by twelve background soil
samples, the ability to mix 16 samples uniformly, and the subsample
size. Under the assumption above, the contamination would go
undetected. A spill probably would be detected under Scenario 2 (unless
only 1 hot sample happened to be selected for each of the four composites), but the location would have to be determined by an additional ·
analysis of the four individual components. Site C would be identified
as contaminated under Scenario 3, but Site B could be missed. Many
other possible scenarios could be constructed. Thus it appears that the
development of a generalized strategy is needed.
At this early point in our research, we have defined the following statistical issues which must be resolved before group testing can be
directly applied to the assessment of LLW sites:
1.

The influence of a dilution effect when a contaminated sample is
combined with several uncontaminated samples;

2.

The effect of mixtures of non-homogeneous materials on the resulting concentration levels in composited samples;

3.

The interpretation of test results when numerous radionuclides are
the target of an analysis; and

4.

Determination of optimal grouping strategies when the amount of
contamination is unknown.
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Hypothetical example of compositing for detection. For
purposes of illustration we assume a spill site soil sample
(open circles) cannot be detected when composited in a 3 to
1 ratio with background samples. Many other spill and compositing scenarios are possible depending on how the area
was divided (we selected areas A through D arbitrarily) and
the number of samples composited and their location relative to a spill and other factors.

If these issues associated with the application and interpretation of
group testing methodology were addressed, the result could be group
testing procedures tailored to spill detection and/or radionuclide
migration at LLW sites.
Additional research is suggested by Gilbert (1982), who reviewed systematic sampling designs useful in detecting surface and subsurface zones
of contamination, or hot spots. Computer simulation models are being
developed to test alternate sampling strategies at contrived LLW sites
under various scenarios that call for the spatial dispersion of
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radionuclides. Scenarios could vary from a point source of contamination, with the objective of defining boundary locations, to multiple
point sources, with the objective of locating all major spills.
Simulation studies incorporating group testing strategies could be performed for these scenarios, with the option of assessing how prior
information (available at some sites) could be used to improve field
sampling designs. Currently, little is known about how prior knowledge
of LLW site history can be efficiently used to optimally design field
inspections. Less is known about how a field design can be structured
to minimize the consequences when the prior source(s) of information
about contamination is erroneous. Research designed to provide specific
guidance on the use of group testing and prior knowledge in the design
of sampling programs at LLW sites appears to be needed.
To demonstrate the applicability of group testing procedures for compositing samples and improving the reliability of field surveys, the
techniques developed should be implemented at an existing LLW site. One
result of a field validation study would be a set of guidelines for the
application of sampling strategies which have been evaluated by means of
computer analysis and actual field testing.
Data from the radioanalysis of soil samples and field sampling costs
could be used to determine the efficiency of the proposed procedures and
their limitations relative to other practices likely to be used at LLW
sites.
3.5 OPTIMAL VOLUME OR WEIGHT FOR SAMPLES
Another factor we have not considered in detail in this report is the
optimal volume or weight of field samples (components) used to make up
composites or the subsample size taken from the composites. Nyhan et
al. (1981) show that optimal soil volume for Cesium-137 depends on how
the radionuclide was dispersed and its bulk density. Doctor and Gilbert
(1978), (using a single composite soil sample containing Americium-241)
found a reduction in the coefficient of variation from 79% to 9% when
1-g and 100-g subsamples were compared. It appears from these studies
that the largest possible sample volume or weight should be used.
However, as noted above, this will affect the ability to mix the
composite Nyhan et al. (1981) illustrate the influence of mixing
12,500 cm 3 soil samples on Cesium-137 concentration, and Gilbert (1978)
presents various techniques for estimating the "mixing variance." We
plan to provide additional guidance during future research on this
topic.
3.6 CENSORED DATA SETS
Samples of soil, air and water have been routinely collected around
nuclear facilities as part of monitoring programs. Limitations of prior
data sets, including existing LLW sites (i.e., Nielson, Wagman and Kirby
1980 for the Beatty, Nevada site, and Commonwealth of Kentucky, 1982,
for the Maxey Flats site), include the existence of "less than detectable" concentrations, unreported concentrations because they were below
the detection limit, and sometimes negative values for radionuclide con-
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centrations in soil, air, and water. Negative values indicate background counts are higher than those from a sample and are the easiest to
evaluate statistically (Gilbert and Kinnison 1981). Data sets with
these characteristics are termed left-censored. When the objective is
to estimate the mean and variance for the biotic or abiotic component
under study and the data are left-censored, serious complications arise
(Gilbert and Kinnison 1981). While Gilbert and Kinnison (1981) present
some useful methods, they do not discuss statistical needs appropriate
for the statistical comparison of two censored data sets. Such a circumstance will arise at LLW sites when the soil concentration in one
area is compared to another and both data sets contain replicate
(Section 4.3.1) observations that are reported as less than detectable.
Radionuclide concentrations in environmental samples are generally considered to be left-censored because net concentrations 11 below 11 detection
limits are reported as 11 less than detectable .. values or sometimes as
indicator zeros (zeros indicating concentrations below detection
limits). We note that censored distributions are not synonymous with
truncated data sets. In the former case, t~e number of values above and
below the detection limit is known; in the truncated case, they are
unknown. In contrast to environmental contamination research, survival
studies of different populations in biomedical and industrial contexts
(animals, humans, and light bulbs) usually result in right-censored data
sets (Latta 1981; see Kane 1979 for an environmental example) because
studies are terminated before the full 11 lifetime 11 of the study object.
While there are dissimilarities in end points (i.e., a failure time
compared to a radioactive count), the biomedical and industrial literature has apparently not been reviewed for applicability to environmental
needs. This appears to be a fruitful line of confirmatory research.
Gilbert and Kinnison (1981) also note that when the arithmetic mean of
untransformed but lognormal and uncensored data is computed, the loss in
efficiency is only 10% (for coefficients of variation up to 1.2).
However, the loss in efficiency for estimating the variance is substantial (about 20% compared to using the log transform). Simulation
studies designed to study the severity of censoring on the respective
efficiencies is another aspect of research needed for LLW sites, since
routine results are often summarized and reported on the arithmetic
scale.
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4.0 SAMPLING METHODS
This chapter of the report deals with the main subject of our research,
sampling methods. In Chapters 2.0 and 3.0, we discussed some preliminary, but basic, matters that need to be considered in sampling
programs. Here, we look in more detail at four broad classes of
sampling (descriptive, analytical, pattern and sampling for modelling).
These are introduced and briefly described in the next section (4.1). A
more detailed analysis of each class of sampling is in Sections 4.2
through 4.4.
4.1 INTRODUCTION
Many users of sampling schemes assume that there is just one "correct"
answer to the question, "How shall I sample?" In reality, a wide range
of quite different answers can be arrived at by postulating different
objectives for the sampling program, under a given set of assumptions
about the circumstances in which the sampling will be carried out.
Since we often cannot be sure of the correct choice of assumptions, the
range of relevant answers can be further compounded.
In many circumstances, the four classes of sampling may usefully be
applied sequentially. Initial surveys may be concentrated on an
analytical approach, to determine whether there are substantial differences in subregions of a site. These differences, if found, then need
to be assessed in more detail, using sampling for patter.n.
Evaluation of the patterns thus found will then facilitate {and make
cost-effective) any sampling for inventory that is required. In many
instances, preliminary attention to sampling for modellin, is needed
inasmuch as subsurface features and ground-water flows wil have to be
approached from a modelling standpoint.
A somewhat over-simplified illustration was presented by Eberhardt and
Gilbert (1980:177) to emphasize differences in three of the four classes
of sampling discussed here. {The fourth class, sampling for modelling,
did not seem relevant in this example). The appropriate allocation of
100 surface soil samples over four strata was approximately as follows:
Sampling for:
Stratum

Inventory

1
2
3

32
21

4

36
100

Pattern
92
6
1
1
100

11
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Comparison
25
25
25
25
100

If sampling is at all expensive, differences of this magnitude ought to
suggest that an appreciable effort in desig~ing the sampling program is
worthwhile. That is, if the allocation had been based on the "inventory" approach, the results would have been very inefficient if they
were used for depicting a pattern or making comparisons. In the example
above, roughly two-thirds of the expenditures made for "inventory" purposes would be wasted if the main goal were sampling for pattern. The
importance of the assumptions made about the circumstances in which
sampling will be done can be illustrated by noting that the frequentlyemployed assumption of a common sampling variance in the four strata
results in the allocation for "inventory" becoming essentially the same
as that given for "sampling for pattern," w'lich is quite a substantial
change. In the case studied by Gilbert and Eberhardt (1980), the strata
variances were not the same.
Most of the balance of this report will be devoted to making rather more
explicit statements about the nature of the four classes of sampling.
An initial description of the different classes follows. Figure 4.1
attempts to show how the four methods differ, with respect to waste management problems, in a generalized way. I~ wastes are lost from a
trench, one may wish to determine the quantities lost through survey
sampling (1), analyze differences between regions of the area (2),
describe the pattern of spatial distributior (3), or obtain data efficiently for a model of distribution by depth (4), as shown in the
figure.
4.1.1 Descriptive (Survey) Sampling
The classical sampling methodology seeks to describe a population of
some kind by estimating totals or means from samples. Most of the texts
with "sampling" in the title are devoted to descriptive sampling. In a
series of studies of radioactivity at the Nevada Test Site, the term
"inventory" was frequently attached to this kind of approach. It is,
however, a poor term to use, since an inventory is usually perceived as
providing a complete count of items in stock. If the tally is complete,
presumably there is also a record of the location of each item. A useful discussion of sampling techniques for such a circumstance (inventorying special nuclear materials) is given by Piepel and Brauns (1982).
In the context of nuclear waste studies, it is usually impossible to
make an "inventory" of the small quantities of radioactivity of interest
(those outside of the repository proper), and we believe that it is
important to separate the concept of estimating a total or a mean from
that of locating the individual components of that total. At LLW sites,
buried inventories (locations and amounts) are accomplished by record
keeping. If any redistribution of the material occurs however, the
estimation of quantities may then become an important objective.
4.1.2 Sampling for Comparisons (Analytical Sampling)
Over much of its history, survey sampling was largely considered in
terms of estimation of a mean or total. t~ore recently it has been
appreciated that much of the data may also be utilized in an analytic
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FIGURE 4.1.

Four classes of sampling at a hypothetical low-level waste
shallow land burial facility. In the inventory case (1),
interest is mainly on determining a total, as suggested by
integrating over the region of dissemination of the
material. For comparisons (2), one wants to determine if,
for example, radionuclides have moved further in one direction than in another. Patterns may, however, be represented by a contour map (3), while data to fit a mathematical model might be desired, such as fitting an exponential
curve to concentration with depth (4).
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mode, i.e., what can be said about differences between subpopulations or
areas? In the LLW context, many of the questions about base line and
monitoring are of this nature-- has there been a statistically significant change? The relevant methodology may thus be that of classical
statistics -- hypothesis testing and the like. It is essential to
appreciate that the inferences derived from such an analysis may be
quite tricky because a sampling design usually cannot approximate an
experimental design. Also, as suggested in Section 2.3, the usual model
for most statistical analyses (normal additive errors) is inappropriate
for work with radi onuc 1ides. The frequent presence of samp 1es 11 be 1ow
detection limits .. poses another important issue in choice of methods
(Section 3.6).
4.1.3 Sampling for Modelling

Almost any effort to assess a defined process involves use of a model of
some kind. Frequently the parameters of such a model need to be estimated from observations made on the process. An appropriate choice of
times or places for making these observations (sampling) may make for
substantial improvements in estimating the desired parameters. Most of
the applications thus far have been in industrial research and
development. Two applications in LLW management may be suggested as
examples. One is determining sampling times for monitoring biota in the
event of the loss of significant amounts of radioactivity from a
repository. A second example is in determining 11 profiles 11 of radioactivity with depth in soils or with distance away from a source. The
sampling scheme ordinarily used (evenly spaced increments) will be quite
inefficient because much of the sampling effort is then located at the
wrong depths (S~ction 4.4.1).
4.1.4 Sampling for Pattern

When any movement of radioactivity from a LLW site is either experienced
or anticipated, a major interest is likely to be in the pattern of concentrations in space and time. If a specific mathematical formulation
for the process governing movement is available, the methods of
11
Sampling for modelling .. (Sec.tion 4.4) may be appropriate. When a somewhat more genera 1 appra i sa 1 is needed, the methods deve 1oped in
11
geostatistics .. (Section 2.5.6) may be preferted.
4.2 DESCRIPTIVE (SURVEY) SAMPLING
4.2.1

Introduction

Although there is a well-known foundation for this class of sampling,
with perhaps a dozen textbooks now on the scene, that fact does not
guarantee that the advice available will be taken or will be appropriate
in low-level waste management. Both first-hand observation and perusal
of the literature suggest a need for more attention to elementary survey
sampling in low-level waste management studies.
In many of the applications, the main need i s to choose among a few
well-defined sampling schemes. In this section, it is assumed that the
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investigator will be able to decide how the sampling will be done. In
some circumstances this is not possible, since the choice will already
have been determined for some other purpose (e.g., drilling wells for
domestic water). Issues concerned with those circumstances are discussed in Section 4.5 on sampling for pattern. Most textbooks (and many
statisticians) recommend random sampling, largely on the basis that most
samp 1i ng theory is based on random se 1ect ion of samp 1e 1oca t ions.
However, systematic sampling has two possible advantages. One is simply
that it is easier to do in the field, and thus less costly. The other
depends on the existence of sma 11-sca 1e pattern. If any two nearby
locations tend to give similar results, then it may be advisable to
space the sample locations as far apart as possible, and hence to use
systematic sampling. Quite a lot of complications and complexity are
contained in this simple-seeming recommendation, and should be
appreciated before a decision is made. One first should be sure that
nearby samples are indeed correlated (requiring methods for testing for
spatial correlation), and the investigator should also be willing and
able to accept the fact that he will most likely not get as good an
estimate of the variance from systematic sampling. We will discuss this
issue further below.
Another major consideration in selecting a sampling scheme is that of
efficiency -- how can we get the best results for a given cost? Choices
among various possible sampling schemes will largely depend on this matter of cost-effectiveness. In our experience, the main choices have
been between stratified sampling and double-sampling (in which two measurement methods are used, one expensive and accurate, .the other less
accurate but inexpensive). These topics provide the basis for two further subsections in this section.
Another issue needing attention in sampling at low-level waste sites is
that of repeated sampling in time. Often repeated sampling is done ~s
part of a routine monitoring scheme, and most monitoring is carried out
by taking the same kind of sample at a given place and on a regular
schedule. A common example is the operation of an air sampler. The
problem with such an approach is that if a poor choice of sampling locations is made initially, that choice is then perpetuated. Furthermore,
if the samples are always taken at the same place and on a fixed time
schedule, there may be no way to determine whether or not a poor choice
was made in the first place. Hence, a fixed schedule on fixed locations
may be unsatisfactory, and it is worthwhile to consider some alternatives, based on different sampling schedules in time and space.
4.2.2 Systematic Sampling
Systematic sampling is a topic on which much research has been done, and
for which a large literature exists. Since the issues concerning when,
where, and how to use systematic sampling are not resolved, it will be
necessary to examine the topic in more detail than is possible in this
preliminary report. For the present, we will only attempt to provide an
impression of the issues and the coverage available in survey sampling
references. Most authorities recommend that, if systematic sampling is
to be used, it should be accomplished with a "random start." That is,
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one first determines sample size, and thus sampling interval (which will
involve taking every kth individual or location in a list or on a map,
etc.), and then draws a random number to locate the first individual.
From that point on, every kth individual fal-s in the sample.
The major hazard in systematic sampling is that there may be some kind
of periodicity in the population, i.e., that some sort of regularity
exists in the variation encountered from unit to unit. A well-known
example is the kind of regularity imposed bj human activities, e.g.,
roads, fence-rows, etc. tend to be at equally spaced intervals. If this
is true, then a systematic sample may yield biased results. Much the
same problem could be anticipated in a low-level waste context if, for
example, trench markers were not present, and a search for trenches was
made with a systematic sample. With the wrong interval, one could miss
the trenches entirely, or hit them with every probe.
The next most important issue is that variarce estimates derived from
systematic samples are of uncertain validity, and often are overestimates, at least in the circumstances where systematic sampling is most
useful, i.e., when there is a serial correlation i.e., adjacent units
tend to be more alike than those some distance apart. If this is true,
then it is clearly desirable to avoid includ~ng adjacent (or nearly so)
units in the sample, since they tend to repeat the same information.
One might then take uniformly spaced (systematic) samples to avoid this
situation, which seems to happen more often in random sampling than
might intuitively be expected. A 11 Catch 11 ir this logic, however, is
that similarity in adjacent samples is exactly what would be expected if
there is some underlying periodicity in the population. Hence the concerns about systematic sampling cannot be easily resolved. Of course,
the correlation between adjacent samples can also come from a regular
trend throughout the population (e.g., generally increasing or decreasing values of the variate of chief interest). In this case, the systematic sample gives a better estimate than a random sample, but the usual
variance estimate is biased. In many circumstances, this can be avoided
by using a number of systematic samples, eacr with a random start, and
computing the variance from means or totals for these individual 11 Cluster11 samples. It may also be necessary to introduce end corrections ..
when there is a trend in the
ulation.
11

Cochran (1977:212) remarks that t here are circumstances in which the
variance of a systematic sample may increase as a larger sample is
taken, which is, he notes ... 11 a startling departure from good behavior ...
Cochran's summary on systematic sampling provi des an excellent brief
account of situations in which systematic sampling can be recommended:
1.

Where the ordering of the popu lcti on is essentially random or contains at most a mild stratificat i on. Here systematic sampling is
used for convenience, with little expectation of a gain in
precision. Sample estimates of error that are reasonably unbiased
are available.

2.

Where a stratification with numerous strata is employed and an
independent systematic sample is drawn from each stratum. The
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effects of hidden periodicities tend to cancel out in this situation, and an estimate of error that is known to be an overestimate
can be obtained.
3.

For subsampling cluster units. In this case an unbiased or almost
unbiased estimate of the sampling error can be obtained in most
practical situations.

4.

For sampling populations with variation of a continuous type, provided that an estimate of the sampling error is not regularly
required. If a series of surveys of this type is being made, an
occasional check on the sampling errors may be sufficient (by taking supplementary observations).

Hansen, Hurwitz, and Madow (1953:504) recommended that:
"In practice it is safe to use systematic sampling only when
one is sufficiently acquainted with the data to be able to
demonstrate that periodicities do not exist, or that the
interval between the elements of the sample is not a multiple
or submultiple of the period. The risk with systematic
sampling from a population with periodicities is particularly
serious because the sample itself may give no indication of
the periodicity."
Kish(l965:120) suggested:
"Because ordinarily we cannot be absolutely certain of having
avoided all danger, some statisticians prefer to avoid systematic sampling altogether. I, and many others, are cautious
about the pitfalls of systematic selection, but take advantage
of its convenience and simplicity in many practical selection
situations. In most practical situations after investigating,
we can dismiss the dangers both of a monotonic trend and of a
periodic fluctuation coinciding with the selection interval."
Yates (1981:43) says:
"Systematic sampling is entirely unsuited to material which
has periodic features, but apart from this will generally provi de a satisfactory method of area samp 1i ng. It has the
advantage over stratified random sampling from blocks that the
location of the sampling units is simpler and the results
obtained provide rather better material for the construction
of maps, etc. As in systematic sampling from lists, however,
the responsibility for the judgement that the material is such
that systematic sampling will give satisfactory results rests
with the investigator."
4.2.3 Cost-Effective Survey Sampling Methods
Two major reasons for using a sampling design are to reduce costs and
avoid biases. In various circumstances it will not be possible to
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obtain reliable results from a simple random sample. Usually this is a
consequence of either record-keeping, or the physical circumstances in
which the sampling must be done. If the material to be sampled has to
be located through records, then it is essential to take into account
the structure of the records in designing a sampling scheme. If plants
are to be sampled (e.g., trees for tritium at Maxey Flats) it may not be
feasible to take a simple random sample, since this would entail assigning a number to every tree in the population of interest.
Many opportunities exist for reducing costs through effective sampling
designs. Most such opportunities depend on the fact that the investigator has some advance knowledge of special features of the material to be
sampled. In low-level waste management contexts, these will often take
the form of a general knowledge that some event of concern is more
likely to occur in particular circumstances, places, or times (or that
an event has already occurred in a given locale, such as a spill or
other loss of radioactivity from confinement).
The main categories of special sampling techniques are as follows:
1. Stratified sampling. Some advance knowl edge, or a preliminary survey, permits one to classify all possible sample units into several
classes (strata) that differ with respect to the variable to be
measured (or are expected to differ when the sampling is done).
Almost always the material in each such class (stratum) will be
less variable than the population of units as a whole. Hence, a
weighted combination of samples taken independently from the several strata will yield a smaller variance than would be obtained
from a simple random sample. Since stratified sampling is one of
the most effective techniques for the purposes of this report, further discussion appears in a separate section below.
2.

Ratio and regression estimation. In some circumstances, the investigator will have data on some auxiliary measurement that can be
used to construct an improved estimate of the variable of interest.
In many of the survey sampling uses of this approach, the auxiliary
measurement is available on every unit i n the population, and a
sample is taken to measure the variable of interest (and to record
the value of the auxiliary variable for those units that fall in
the sample). In the low-level waste management context, this might
be the case if it is necessary to sample some of the incoming waste
containers, since the contents will be documented, including a measurement of radioactivity. However, the method will probably be of
more interest in terms of the situatjon ~here two kinds of measurements can be taken on sampling units. A common example is soil
sampling, where an accurate measurement calls for a laboratory
determination, perhaps using wet chemistry and entailing a substantial cost. Often a field measurement instrument can be used at a
much lower cost to obtain a less accurate estimate of the sample
(and sometimes of an associated radionuclide, e.g., americium associated with plutonium in the samples). Usually the field instrument will not be used to survey all possible samples, but it can be
used to survey a much larger sample than can be handled in the

4-6

laboratory. Since this, too, is a technique of wide applicability,
it will be described in more detail below, under the heading of
double-sampling.
3.

Cluster sampling and subsampling. Sampling units are often made up
of aggregates or clusters of some sort. Occasionally the clusters
are all of the same s1ze, i.e., each will have the same number of
subunits. More often, there will not be the same number of subunits in each cluster. Sometimes the clusters are natural in
origin, but they may also be defined in the process of sampling.
In many cases, it is not possible to avoid cluster sampling, since
it may not be feasible either to define or locate the individual
units in advance, so that the sampling has to be done as a two-sta~e or multi-stage process.
For example, an investigator may
w s to assess radioactivity in tree leaves, using the individual
leaf as a sampling unit. The units will obviously come in
clusters, and a random sample cannot be selected in advance. There
are, of course, other ways to approach sampling leaves.
Compositing (Section 3.2) may usefully be considered as a cluster
sampling process. One randomly selects units of area, subsamples
these, and then composites the subsamples of each unit of area.
The areas are then primary sampling units, which may then be subsampled in various ways. There is a var1ety of methods for sffUations of this kind, which we will not attempt to discuss in detail
here. The important consideration in this preliminary report is
that cluster sampling and subsampling can be used to handle situations that cannot be dealt with in any other way, and can be very
cost-effective.

4.2.4 Further Details on Stratified Sampling
As suggested above, the basic idea of stratified sampling is to assign
potential sampling elements to strata in such a way that the elements in
each stratum are as much alike as possible. Sometimes this can best be
done simply by advance knowledge of the area and material to be sampled,
and in other circumstances it may be possible to do a quick preliminary
survey of the area to set up strata. One of the simplest examples is
the use of radiation detection survey instruments to set up strata for
later sampling in which the analyses may be done by wet chemistry methods, or other fairly expensive analytical procedures.
The basic idea underlying stratified sampling can readily be appreciated
by recalling that strata are normally layers of relatively homogenous
material. Very likely, stratified sampling is one of the most appropriate methods for low level waste management investigations. Frequently
the strata will be comprised of subareas in an overall region of
interest. Although the usual textbook model for the method considers
that an overall estimate (usually a mean or a total) for the entire area
is the primary goal, it may often be true that separate estimates for
the individual strata are also needed.
Individual strata may be considered separately simply because there is a
need to have an independent estimate, or there may be reasons to compare
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the several strata, e.g., to determine which have higher concentrations
of radioactivity. In either case, it will probably be desirable to
select the strata so that each is a self-contained unit, i.e., the elements are contiguous. It should be emphasized that this is not necessary if only totals or means for the entire area are wanted. In that
case, a stratum may contain elements that are scattered about in the
total population of interest.
The question of allocation of samples to stra~a is one that needs careful attention in survey design. By this we rrean that a total overall
sample of size n has to be broken down into subsamples assigned to each
of the strata. If the main interest is in estimating a total or mean
across the entire study area, one approach mcy be taken, while if an
important aspect of the study is comparisons, yet another allocation is
needed. These allocations can be very different. If the sampling is to
be cost-effective, then it may be necessary to include a cost function
in the design. Usually such a function is a l inear combination of cost
per element and sample size, but there is also a need to consider such
additional features as travel time and/or sampling effort.
The basic methods of allocation, as given in textbooks, are proportional
allocation, in which samples are distributed to the individual strata
simply in proportion to the size of the stratum, and "optimum" allocation, in which samples are allocated in proportion to the product of
size and the variance (sometimes standard de~iation) of the variable of
interest in the stratum. Very often, optimum allocation is by far the
most efficient approach. It should be noted that proportional allocation is approximately equivalent to the allocation that would be
obtained if the sample were simply distributed at random over the entire
area. In general, the three approaches can be ranked by an inequality
which indicates that the smallest variance (or narrowest confidence
limits) is achieved by optimum allocation, with proportional next, and
simple random sampling yielding the largest variance. It is important
to note that such a result holds only if the design is correct, i.e.,
major errors in stratification can yield highe~ variances than would be
obtained by simple random sampling. "Optimum" allocation is truly optimal, in a mathematical sense, only if the true stratum variances are
known. In practice, one must estimate these variances before sampling
takes place.
Cochran (1977:98) suggests three general rules for stratified sampling.
These say essentially that the larger strata get more samples, that more
variable strata require more samples, and that one should use relatively
larger samples in a given stratum if sampling is cheaper there. Since
radionuclides frequently follow a frequency distribution that is approximately lognormal, it is essential to take that fact into account in
allocating samples for assessment of concentrations of radioactivity.
Thus Eberhardt and Gilbert (1976) proposed three distinct allocations
might be used in the appropriate circumstances:
1.

Allocation proportional to areas of the strata.
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2.

Allocation proportional to fractions of the total quantity of
radioactivity falling in each stratum.

3. Allocation proportional to product of area and square of the mean
concentration in a stratum.
The matter of allocation and design of stratified sampling is sufficiently important to low-level waste management that a great deal more
evaluation is needed than can be furnished here. Additional research on
the topic will thus be needed to supply the necessary details for application to low-level waste site management.
4.2.5 Double-Sampling
As noted in Section 4.2.1, double-sampling involves the efficient utilization of data collected on two well-correlated variables, one inexpensive and readily collected for a large sample, while the other is
appreciably more accurate, but relatively expensive to obtain. When the
inexpensive measure can be collected on every sampling unit in the population, ratio or regression methods can be used. Usually, one cannot
obtain data on every unit in the population so that an approximate
approach has to be used, and this is doub 1e-samp 1i ng or two-phase
sampling. Readers should note that there is at least one other method
known as double-sampling. In quality control work, one may elect to
take an initial sample and examine it for fraction defectives. If there
are no defectives, or some small number in the sample, then the entire
lot of product may be passed (accepted). If there are a larger number
of defectives, then the lot may be rejected, or every element examined.
However, if there is an intermediate number of defectives, a second sample may be needed for a decision. Methods for deciding on the several
limits and other details of this process are known in 11 acceptance 11
sampling as double-sampling. There is no important connection with the
approach being considered here, and known in survey sampling theory as
double-sampling, beyond the obvious fact that both methods use two
samples.
Double-sampling can also be used in an approach to stratified sampling.
In this circumstance, an auxiliary variable may not be measured. A
large initial sample is somehow classified into several strata, and a
subsample of each stratum is used to measure the variable of prime
concern. We then have a stratified sample in which the total number of
units in each stratum is known only approximately, not exactly, as in
the usual application of stratified sampling. In some circumstances, it
may be possible to decide which stratum a unit should fall in without a
measurement. In others, one may take a measurement. An example would
be the use of a field survey radiation detector to take a quick
measurement. Presumably the measurement could be used to erect strata
or to carry out the ratio approach.
Double-sampling is mainly known as a means to improve efficiency of
sampling when an estimate of a total or a mean is the main goal of the
sampling. It can, however, be effectively used in an analytical
approach, i.e., measurements on an auxiliary variable may substantially
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improve the prec1s1on of comparisons of some sort. We have used both
approaches in different applications. Gilbert and Eberhardt (1976) used
double-sampling to estimate mean plutonium concentrations in surface
soil, while Eberhardt (1978) gives some de t ails of an analyti cal
application.
Since double-sampling involves an approximat' on, some rules concerning
circumstances of its application are needed. One rule of thumb suggests
that a sample size of 30 units is needed. Ir some applications, a sample this large may be difficult to achieve, so there is a need to look
into the consequences of using smaller samples. We have initiated a
simulation study of the impacts of smaller samples aimed at determining
when smaller samples might be utilized.

4.2.6 Repeated Sampling in Time
Most of the discussion of sampling in this preliminary report is couched
in terms of a single sampling occasion. In reality, there will be various needs for repeated sampling of the same population. Under some circumstances, it may be desirable to keep the same sampling units throughout all of the study, while in others it may be desirable to draw a completely new sample each time. In most cases, some compromise between
the two extremes may be the best strategy. vJith this wide a range of
possibilities, the details of a given approach will have to be tailored
to circumstances. Hence, in the present report, we only list the general rules, as given by Cochran (1977:344 ff.): Given the data from a
series of samples, three kinds of estimates may be desired:
1.

The change in a mean from one occasion to the next;

2.

The average value over all sampling occasions; and

3.

The mean for the most recent occasion.

Depending on which kind of estimate is needed , one has a choice of sampling strategy for the next sample taken from the population:
1.

For estimating change, it is best to retain the same sample
throughout, i.e., we assess the same sampling units on both
occasions.

2.

For estimating the average over all occasions, it is best to draw a
new sample of units on each occasion.

3.

For current estimates, either process gives about the same precision, and more detailed considerations usually lead to an intermediate strategy.

4.2.7 Sample Size
Methods for determining sample size depend very much on the sampling
approach, and thus need to be considered in more detail in conjunction
with the several different kinds of sampling and with the particular
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subset of techniques being used. Consequently, we will not attempt to
review the various prescriptions here. It is worth noting, however,
that the broad applicability of the lognormal distribution as a model
for radionuclide concentrations suggests that coefficients of variation
will be constant over a wide range of concentrations. This means that
an estimate of the coefficient of variation can be used to prescribe
sample sizes for a given relative precision without advance knowledge of
concentrations to be encountered in a given situation (cf. Eberhardt
1976).
4.2.8 References on Descriptive Sampling
As noted above, a wide range of books dealing with sample surveys are
now available, so that the standard techniques are available for ready
reference. Here, we list some of these references and give a brief
indication of their nature. Specific references to these texts and to
the extensive other literature on sampling are given throughout this
report. Most of the available books and monographs are concerned with a
relatively narrow range of survey sampling and are not as relevant to
the prob 1ems encountered in 1ow-l eve 1 waste management as might be
desirable. Much useful information is scattered about in the literature
of entomology, fisheries, forestry, animal and plant ecology, and wildlife management and other fields. Locating and assessing relevant material in this rather diffuse literature will take an appreciable effort
and is thus necessarily largely deferred to the next segment of the
research in the present program.
************************************************************************
Bailar, B. A., and C. M. Lanphier. 1978. Development of survey methods
to assess survey practices. x+117 pp. American Statistical
Association, Washington, D.C.

This is largely concerned with a developmental and feasibility study to
assess the bases for present day survey sampling and is mainly concerned
with interview surveys. The study has some relevance to low-level waste
management in that some work of the kind considered in this book is
needed in assessing the demographic aspects of a prospective waste
repository site. However, the scope of the study considered in this
book is substantially beyond what needs to be considered for low-level
waste management.
************************************************************************
Cassel, C., C. Sarndal, and J. H. Wretman. 1977. Foundations of
inference in survey sampling. vii + 192 pp. J. Wiley and Sons, New
York.

This is a somewhat technical book concerned with the process of inference from sample to population. It is of particular interest in the
context of the present study in discussing the distinction between the
finite population approach and the su~erpopulation approach. In the
simpler, finite population approach, t ere is a single fixed population
of units, each of which can be assigned a label (a number or numbers
denoting the location of that unit in the population as, for example, a
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population of canisters of waste). A sample can be drawn by various
means, and a measurement made on each unit. It may be desirable to go
beyond this and define "superpopulations" in various circumstances. One
is when the measurement on a unit cannot be made without error, as when
a subsample is assayed, or when a radiation detector is used. A new
sample using exactly the same units would then give a somewhat different
result. Hence there is some kind of superpooulation about which inferences may be made (this situation is not, however, studied in the book
referred to here).
Another situation is that in which several samples are taken at two or
more points in time. We might, for example, sample for radioactivity at
a repository at intervals of a year. Usually it turns out that the measurements on sampling units are fairly well correlated in time, i.e., a
high unit on the first occasion can be expected to be relatively high in
the next sampling, and a low unit will remai~ relatively low. If this
is true, then a rather smaller sample may be taken on the second occasion by taking advantage of the correlation in time. Assessing such
data is facilitated by a superpopulation model, i.e., a very large population of possible outcomes on the second occasion can realistically be
postulated, depending on the process that generates a change between the
first and second outcomes, such as fallout from weapons testing.
Yet a third version of a superpopulation is described in Section 4.5
(Sampling for Pattern), in which a stochastic (probabilistic) process
produces local "fluctuations" that are superimposed on an overall trend.
Only a single instance is observed in any given situation, but analysis
is facilitated by considering that an infinite number of realizations
might occur. This approach may appear somewhat artificial, depending on
one•s point of view. Another possibility for generating a superpopulation is to produce a model that summarizes prior knowledge or subjective beliefs about a population in some fashion, leading to the
"Bayesian" approach to statistics.
*********************************************~**************************

Cochran, W. G. 1977. Sampling techniques.
Sons, New York. Third Edition.

xvi + 428 pp.

J. Wiley and

Cochran•s book on sampling is a major reference in the field and first
appeared in 1953. A second edition appeared in 1963, and is very widely
cited. In our opinion, it is the best general reference for the needs
discussed in this report. Since we refer repeatedly to this text, it
will not be discussed further here.
************************************************************************
Deming, W. E. 1943. Statistical adjustment of data. J. Wiley and
Sons, New York (available in a Dover reprint, 1964).
Deming, W. E. 1950. Some theory of sampling. J. Wiley and Sons, New
York (available in a Dover reprint, 1966).
Deming, W. E. 1960. Sample design in business research. J. Wiley and
Sons, New York.
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Deming's works provided one of the earliest comprehensive accounts of
sampling methodology and theory, and his more recent book is widely used
in various commercial activities. He has had a profound influence on
the acceptance of sa~pling methodology in courts of law, and his contributions in this area may be of some importance in the low-level waste
management context. Deming (1950:Ch.7) gives a useful distinction
between enumerative and analytical uses of survey methods.
************************************************************************
Green, R. H. 1979. Sampling design and statistical methods for
environmental biologists. xi + 257 pp. J. Wiley and Sons, New York.
This is one of the few books in the environmental field that refers
directly to sampling designs. It is, however, principally concerned
with the assessment of environmental impacts. The focus is thus more on
the lines of analytical sampling than survey sampling. The author recommends setting up a hypothesis and attempting to collect data to test
that hypothesis against some specific alternative using a specific test
of significance. He thus prescribes the use of controls and replications, but unfortunately the presumed replications in most instances are
instead subsamples, making the tests of significance of questionable
value. As noted in Section 4.3.4, we believe that research to delineate
suitable alternatives should be an important part of the work done in
the balance of the present study.
************************************************************************
Hajek, J. 1981. Sampling from a finite population. v + 247 pp.
Marcel Dekker, Inc., New York.
This monograph by Professor Hajek provides a theoretical basis for
finite sampling, and should be a useful reference for technical investigations in that area.
************************************************************************
Hansen, M. H., W. N. Hurwitz, and W. G. Madow. 1953. Sample survey
methods and theory. Volume I. Methods and applications. xxii + 638 pp.
J. Wiley and Sons, New York.
One of the basic references for sample survey methods has been this two
volume work (Volume II provides the theoretical basis for Volume I).
The first three chapters give a valuable non-technical review of the
standard methodology for surveys of human populations and various kinds
of establishments. Two of the authors were associated with the Bureau
of the Census for many years so that many of the examples deal with the
kinds of sampling programs relevant to that agency.
************************************************************************
Jessen, R. J. 1978. Statistical survey techniques. vi+ 520 pp. J.
Wiley and Sons, New York.
This is largely a textbook, covering the main features of survey
sampling, with emphasis on both surveys of people and businesses and in
agriculture.
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************************************************************************
Kish, L. 1965. Survey sampling. ix + 643 pp. J. Wiley and Son~, New
York.
The emphasis in this book is also on samples of human populations and
social studies, supported by the author's long association with the
Survey Research Center at the University of Michigan. There is a great
deal of material on the utilization of complicated sampling "frames",
necessary in the kinds of studies dealt witt" at the Survey Research
Center, and on the practical aspects of designing and carrying out a
large scale survey.
************************************************************************
Mendenhall, W., L. Ott, and R. L. Scheaffer. 1971. Elementary survey
sampling. vi + 247 pp. Wadsworth Publishing Co., Belmont, California.
An elementary description of the major sampling methods is given, along
with the basic estimation and variance equations.
*********************************************x**************************
Raj, D. 1972. The design of sample surveys. xii + 390 pp. McGraw
Hill, New York.
This is again a book mainly concerned with human populations, but with
the broad basis engendered by association with the United Nations. A
compact discussion of samp 1i ng methods is s1.1pp 1emented by extensive
material on planning and executing surveys and an array of examples
ranging from agriculture through demography, health, industry and
commerce.
************************************************************************
Slonim, M. J. 1960. Sampling. xiii + 144 pp. Simon and Schuster, New
York.
This little book was originally published under the title, "Sampling in
a nutshell." It does an excellent job of giving a thoroughly nontechnical sketch of the major sampling methods.
************************************************************************
Stuart, A. 1976. Basic ideas of scientific sampling. 106 pp. C.
Griffin and Co., London. Second edition.
This is another elementary book, but it seeks to explicate the principles of modern survey sampling methods througr simple examples and discussion of the underlying principles. An effort is made to adhere as
closely as possible to the formal principles underlying sampling
methodology.
***************************************~********************************

Sudman, S.
York.

1976.

Applied sampling.
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x + 249 pp.

Academic Press, New

An elementary and basic book on principles and methods for survey
sampling, mainly aimed at the social sciences, and small-scale sampling.
************************************************************************
Sukhatme, P. V., and B. V. Sukhatme. 1970. Sampling theory of surveys
with applications. xvi + 452 pp. Iowa State University Press, Ames,
Iowa. Second Edition.
A textbook and reference for sample surveys, with particular emphasis on
agriculture. Both of the authors have been concerned with agricultural
surveys, particularly through the Food and Agricultural Organization of
the United Nations, and in India and the U.S. Due to the emphasis on
agriculture, this book may be more useful in the context of the present
study than will some of those references concerned mainly with surveys
of human populations. The mathematical exposition is also useful as an
alternative source of proofs to, for example, Cochran•s book.
************************************************************************
Williams, W. H. 1978. A sampler on sampling. xv + 254 pp. J. Wiley
and Sons, New York.
Another elementary book, g1v1ng very lucid explanations of basic
sampling, illustrated by numerical examples.
************************************************************************
Yates, F. 1981. Sampling methods for censuses and surveys. xvi + 458
pp. MacMillan Publ. Co., New York. Fourth Edition.
This has been regarded as one of the major references on sampling, having been so regarded since the first edition in 1949. It provides
extensive coverage of methodology and problems with a minimum of mathematics, and covers subject matter fields from agriculture to a worldwide
survey of human fertility. If a two-volume library on sampling is to be
selected, then it would most likely need to contain Cochran•s book and
this one.
4.3 ANALYTICAL SAMPLING
4.3.1 Introduction

Data collected by sampling can be used in an effort to infer something
about the processes that led to the particular configuration of the population being sampled, or as a basis for comparing different subsets of
the population. We emphasize the fact that such analyses can be quite
risky when carried out on data collected by sampling (as contrasted to
data collected in a properly designed and randomized experiment). These
kinds of concerns led us to describe one kind of arrangement useful in
environmental impact studies as a 11 pseudodesign 11 {Eberhardt 1976). In
quite different circumstances {research in education and social
sciences), a similar approach has been labelled as 11 quasi-experimental 11
(Campbell and Stanley 1966), which is probably a better term.
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It is important to emphasize that the analytical methods and mathematics
may not be much, if any, different whether or not randomization is
feasible. A useful description is that of Scheffe (1959:3):
The analysis of variance is a statistical technique for analyzing measurements depending on several kinds of effects
operating simultaneously, to decide which kinds of effects are
important and to estimate the effects. The measurements or
observations may be in an experimental science like genetics
or a nonexperimental one like astronomy. A theory of analyzing experiments naturally has implications about how the
experiment should be planned or the observations should be
taken, i.e., experimental design. Historically, the present
technique of analysis of variance has been developed mainly in
connection with problems of agricultural experimentation ...
11

It should be noted that Scheffe's definition of one of the main analytical techniques now used makes no distinction between experiments or surveys in accord with the fact that there is often nothing in the underlying mathematical model or in the subsequent analysis to distinguish
between the two possible sources. The diffe rence is one of inferences
based on the outcome of the analysis. However, it should be noted that
some care has to be used in deciding what underlying model is appropriate, and hence what structure will be assumec in the formal statistical
analysis. An example is provided by considering a situation in which it
is necessary to test for movements of radioactivity within the boundaries of a waste site. In most cases, there will be a prevailing wind
direction, so that the investigator might choose to lay out study plots
in the upwind and downwind directions from the waste trenches, and sample these for contamination (various media might be considered). The
actual sampling will have to be done as subsampling, i.e., material will
be collected from trees, soil cores, etc. within the subplots, which may
be randomly 1ocated as suggested in Figure 4. 2. It is quite corTmon in
the analysis of such data to regard these subplots as replicates and to
carry out an analysis of variance on this basis. This is, however, not
a legitimate approach, and an error term based on subsampling will lead
to unrealistic inferences. The situation can be complicated further by
supposing that repeated samples may be taken from the subplots, so that
time may appear in the analysis as an additional factor. If the collections in the subplots are randomized for each time of collection, a
somewhat more realistic model for an analysis of variance may be proposed (as contrasted to the situation where the same locations within
subplots are used repeatedly). In this case it may be realistic to
regard the time periods as providing some sort of replication of the
processes resulting in redistribution of radioactivity. A fuller
assessment of such situations is not feasible here, but is planned as a
part of the continuing research on this project.
4.3.2 Multiple Comparisons
In cases where field experiments can actually be conducted at low-level
waste sites and where several treatments (i.e., different kinds. of
trench covers) are randomly applied, the methods of statistical analysis

4-18

FIGURE 4.2.

Subsampling plots at a hypothetical low-level waste shallow
land burial site. Differences in mean radionuclide concentrations on the two plots can be statistically evaluated,
but cause cannot be safely inferred. When additional
samples are obtained at other times, we recommend a new
random selection of subsamples at each plot.

currently available (principally from agricultural experimentation) may
generally be appropriate. For instance, the results from a designed and
replicated trench cover study could be evaluated via analysis of
variance. As noted in the introduction, inferences are limited to the
site under study and the time of evaluation so that further experiments
at a sample of other sites and repeated observations over years may be
advisable.
In the monitoring situation depicted in Figure 4.2, subsamples from several plots, stations or streams may be obtained and periodically the
question of differences in radioactive or chemical content may arise.
If subsamples from each plot are separately analyzed (i.e., not
composited, Section 3.2) and the resulting data set does not contain
less than detectable concentrations (Section 3.6), then standard statistical methods may again be appropriate. However, an inferential problem
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may arise when statistically significant differences are detected (i.e.,
what caused the elevated activity or where did it come from?).
In both the trench cover experiment and question of differences among
monitoring stations over a site, a statistical comparison of all treatment or station means may be needed. When some of these are planned in
advance, either the least significant difference or orthogonal contrasts
in the analysis of variance can be used (Steel and Torrie 1980). We
envision few circumstances at low-level waste sites where comparisons
will be planned in advance. However, statistical methods are available
for "testing effects suggested by the experimental outcome." These are
generally known as multiple comparisons.
Of those in current use, Scheffe's method (Scheffe 1959:66) is the most
conservative (i.e., larger differences between two means will be needed
to declare a significant difference at a given probability level). Its
conservatism may be an advantage for low-level waste site monitoring
studies, since Steel and Torrie (1980) advise ''the test's use seems most
appropriate for 'data dredging• -- looking at contrasts suggested by the
data-- as is often done in survey analyses ... Another advantage is that
the theory has been developed for circumstances when unequal replications (subsamples) per treatment or station are encountered. For two
other common methods [Student-Newman-Keuls, (Newman, 1939), and Duncan
1955] the validity of the approximations suggested for use with unequal
replication has not been verified. Recent work (Dunnett 1980a) suggests
that the approximation for Tukey•s test (Kramer 1956; see Tukey 1953)
is valid.
In the case of designed field experiments, t~e conservative nature of
Scheffe's test may result in low statistical power (Steel and Torrie
1980 :183). Thus, it appears that Tukey•s test could be recommended as
the next "most conservative." Its pri nci pa 1 departure from Scheffe •s
test lies in the fact that only "pairwise" co11parisons can be made. In
contrast, Scheffe's method allows testing all possible contrasts and the
construction of confidence intervals for the corresponding linear functions of parameters.
For illustration, we have cal~ulated the critical value or values needed
to declare pairwise comparisons of a set of six means (replicated five
times each) significantly different (P < 0.05) after a one-way analysis
of variance (Table 4.1). The different methods result in different
critical values because of the intended scope of each test, whether or
not experiment-wise, per comparison-wise, or family of hypothesis-wise
error rates are assumed and other factors.
In a recent paper, Stoline (1981) recommends the use of Tukey•s (1953)
test for simultaneous estimation of pairwise differences in balanced
one-way design and the Kramer (1956) modification for unbalanced cases
(assuming homogeneity of population variance). For balanced data sets
where heterogeneity of variance exists, he advises the procedures suggested in Dunnett (1980b). For unbalanced cases where heterogeneity
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TABLE 4.1.

A Comparison of the Different Results Obtained Using Various Multiple Comparison Tests. Values in the Difference
Column are the Differences Among Pairs of Means(~'eded to
Declare Them Significantly Different (P < 0.05)
Difference

Test
Least Significance Difference
Scheffe•s
Tukey •s
Student-Newman-Keuls( 2)
Duncan New Multiple Range( 2)
Waller-Duncan•s ~ayesian k-ratio t-test( 3)

4.5
7.9
6.7
4.5-6.7
4.5-5.1
4.2

1.

Experiment consisted of six treatments of 5 replicates each. We
assumed a fixed effects model, normally distributed data and used a
one-way analysis of variance.
2. These tests depend on the magnitude of mean differences when they
are in an ordered series.
3. Based on Type I to Type II error seriousness ratio (Dixon and
Duncan, 1975).

exists (the likely circumstance at low-level waste sites), little is
known about optimum tests. If appropriate transformations do not
11
adjust 11 the data then it appears that additional research may be
needed.
Since the statistical analysis of low-level waste site data could encompass many of the complications above, it appears that the graphical procedures for multiple comparisons suggested by Hochberg et al. (1982) may
be very useful for judging differences among monitoring data sets especially by site operators. We plan continuing research on this
methodology. If we find it is appropriate, we will prepare a computer
program to implement the technique.
4.3.3 Statistical Evaluation of Data Collected for Analytic Purposes
As pointed out in the introduction to this Section (4.3.1), the assignment of cause/source generally cannot be made from the finding of
11
Stati sti ca lly significant differences.. in radioactivity at 1ocations
over a low-level waste site, when a design such as shown in Figure 4.2
is used. One possible approach is discussed in the next Section
(4.3.4).
Examination of radionucl ide monitoring data collected at the Maxey
Flats, Sheffield, and Beatty sites indicated that the air, ground-water,
surface water, soil and biotic samples (when collected) are either collected on a routine (biweekly, quarterly) or sporadic schedule at
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stations that are located in areas just near the site boundary or are
not far off-site. Sometimes data are not collected because of equipment
malfunctions. Routine reports containing compilations are published and
little is said about the prior period or how current and prior results
interrelate. Generally no subsite or subplot samples are taken (i.e.,
one sample/location).
Tritium concentration as a function of time in Maxey Flats water is
plotted in Figure 4.3 (obtained from Appendix 7 of Dames and Moore
(1982); which in turn is Appendix 6 of The Commonwealth of Kentucky
(1982)). It appears that these monthly data, in concert with concurrent
stream flow estimates, will eventually be used to estimate tritium
export from the site. We note that these data were accompanied by analytic error estimates (two standard deviations were about ±5% of the
plotted values). However, analytic error estimates cannot be used in
statistical tests where the objective is to assess differences (due to
location) among stations (more than one sample at each station is
needed). We note too, that the data set is almost complete in that
there is only one missing value (May 1981, Station A). It is impossible
to ascertain the variance of any single point estimate since only one
sample was taken at each station/time. However, visual appraisal indicates that tritium concentration at Station B was usually highest while
Station A was always lowest and Stations C ard D intermediate. Even
though these observations are rather convincingly supported by the data,
statistical evidence would be difficult to obtain. Peaks and valleys
may be associated with some other parameters measured (i.e., rainfall,
surface run-off, etc.) or location relative tc an evaporator being run
concurrently on-site. If the question is "are there statistically significant differences among stations?" (cause not of concern), then
Thomas et al. (1978) offer several prospects for qualitatively evaluating the data. Even though these methods of quantitative/qualitative
analyses have severe limitations, they can be used to suggest additional
monitoring. However, even when results from more than one sample at
each station-time are available, significant differences still may simply be a function of where and how samples were obtained, differential
binding to sediments or soils prior to arrival at the sampling stations
(probably not for tritium), or a myriad of other factors. In other
words, differences in tritium concentration at stations could be related
to a myriad of explanations.
Data for some of the other radionuclides measJred are in Table 4.2.
These surface stream samples are collected quarterly (Appendix 5 of
Commonwealth of Kentucky 1982 and a personal communication from Mr.
Doyle Mills of the Commonwealth). Results from only one collection date
(8/4/82) are presented in Table 4.2. We note t hat the less than values
reported are actually the lower limit of detec t ion which can cause special problems during statistical analyses (Section 3.6). Again, only
one sample was obtained. Since the rationale for collecting the data is
not given, we suppose that for any radioisotope the questions might be:
1) are the concentration values obtained at each station significantly
different, 2) are differences consistently associated with location, or
3) does the concentration observed at any location exceed a prescribed
limit? The data in Table 4.2 cannot be used to answer (in a statistical
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cannot be statistically evaluated without ambiguity. More
than one sample should be collected at each location (at
one or more times of interest) to allow statistical evaluation. Our experience indicates that percentage error
(coefficient of variation) for replicates at locations can
range from 15 to over 100% (depending on the type of sample
and radionuclide) compared to analytic errors of 1 to 10%.

sense) those questions because only one observation was obtained per
station/time. We note that consistent differences in radionuclide concentration between two stations over time may be evidence for a real
difference but, there is no statistically unambiguous way to test the
difference hypothesis. If subsamples had been obtained, then a statistical analysis of all the quarterly data sets (replicated, but perhaps
with missing observations) could be approached via modification of the
methods for 11 messy data 11 outlined in Urquhart and Weeks {1978).
Urquhart's suggestions would be particularly attractive if a concurrent
analyses of related radionuclides was needed (i.e., all transuranics).
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TABLE 4.2.

Radionuclide Concentrations in Stream Sediment Samples Collected at Maxey Flats, Kentucky on
August 4, 1982. This table represents a common form of data presentation. It should be
noted that there is no indication that more than one sample was obtained at any sampling
station or that these are results from composite samples. It is, therefore, unclear as to
just what question the data collection scheme was designed to answer, and how they might
be used in a statistical analysis (since variance estimates cannot be made). Also noteworthy are the numerous less than (<) estimates which represent the lower limit of detection. These would complicate a statistical analysis even if more than one sample per
location had been collected (Section 3.6).

Station

-'I="
N

-'="

90sr

89Sr

eCi/gm drl ± Counting Error
40K
226Ra
137 Cs
60Co

235u

7Be

95Nb

238Pu

239Pu/240Pu

SHD4A

0.08±0.06

<0. 11

<0.024

0.17±0.02 3.7±0.37

0.63±0.06

<0.13

<0.39

<0.051 0.82±0.36

<0.14

SHD6

0.24±0.08

<0.16

<0.11

0.27±0.07 17.0±1.7

2.3±0.23

<0.54

<0.83

<0.12

0.45±0.39

<0.17

SHD13A

0.98±0.17

<0.37

0.58±0.08 21.0±2.1

3.0±0.30

<0.63

<0.79

<0.12

<0.33

<0.22

SHD033A

<0.12

0.24±0.17

0.19±0.07 20.0±2.0

2.7±0.27

0.71±0.43

0.35±0.22

<0.89

1.57±0.16

<0. 35

0.52±0.07 15.0±1.5

0.96±0.11

NA 2

0.83±.031

<0.21

CK-AQS-Sediment
Main Drain

1sampled 7/26/82, all others 8/4/82
2NA = Not Analyzed For

0.57±0.09
<0.11
0.42±0.07

1.3±0.68 <0.20
<0.71

<0.08

The assumptions implicit in the use of many 11 classical 11 statistical
methods usually include additivity of terms in a linear model, homogeneity of variances, normality of data and independence of observations.
In all the low-level waste site monitoring programs we have assessed,
little consideration was given to any of these factors when deciding how
to collect or evaluate data. In our experience with biological monitoring programs, the most frustrating problem is the failure to consider
the lack of statistical independence of observations taken as a function
of time. The lack of independence is evident in Figure 4.3 since it is
likely that successive observations at each station are correlated.
There were no low-level waste site data sets where enough apparent
cycles were available to use time series methods (Box and Jenkins 1970)
so that statistical independence would not be a problem (at least 8-12
cycles are needed) or where linear or non-linear regression might be
appropriate. Eberhardt (1978) suggests that additivity may be the most
important statistical factor to consider and suggests a logarithmic data
transformation to attain this goal because the error structure of the
underlying probability model appears likely to be multiplicative.
Moreover, he also shows that achieving normality may be another desirable result of such a transform, but that should not be the central reason for transforming data. The validity of some of the methods of
analysis suggested in Thomas et al. (1978) can be questioned as a consequence of Eberhardt•s (1978) work.
We presume that future monitoring data collected at new low-level waste
sites will, at the very least, be collected as depicted in Figure 4.2
(i.e., subsamples obtained at each location and perhap£ re-randomized as
suggested in Section 4.3.1) and that some of the ideas expressed in the
next section can be incorporated, if causal factors are to be
ascertained. Our plan is to provide guidance in the next phase of the
project. Some possible examples for analytical surveys are in Sedransk
(1965a, 1965b, 1966).
4.3.4 The Question of Cause
It appears to us that the need to address questions about causes of
radionuclide redistribution and/or migration at low-level waste sites is
not mandated in 10 CFR 61.53(c) (Section 1.2). However, monitoring for
detection of such events is required. As pointed out in Section 4.3.1,
simply using subsamples of soils at various locations near the site
fence or wells off-site can detect below and aboveground off-site transport simply by comparison to subsampled 11 Control 11 areas within the site.
However, this approach does not necessarily define source and/or cause.
Since likely aboveground vectors are wind or surface water, a scheme
such as that depicted in Figure 4.2 (where new replicate soil samples
are chosen on each sampling occasion) might identify atmospheric forces.
Similar samples at usual surface runoff sites could also be compared to
some 11 Control 11 in an analogous fashion. Rather subtle (see 10 CFR 61.53
c and d) radionuclide movement might be detected if data prior to an
event (i.e., upwind/downwind ratios) are compared to results obtained
after an event. The event might just be the occurrence of a high concentration somewhere on-site or a catastrophic wind or rainstorm. While
the idea is not new (Eberhardt 1976 called the procedure a
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pseudodesign}, and may not be appropriate for all new low-level waste
sites, some exploratory research may be warranted to assess its statistical power for sites in high rain/wind locations.
We also note that when a routine co1lection results in an unacceptably
high measurement for soil, water, biota or air, additional studies are
generally conducted. The foregoing scenario almost always results when
unacceptably high readings are obtained at any installation, nuclear or
otherwise. The questions of how to design monitoring programs that
implicate a cause, or how to monitor for source (after a high value is
obtained), are not specifically addressed in 10 CFR 61. Moreover, 10
CFR 61 states that after an 11 early warning, .. mitigative measures may be
instituted. Specific sampling needed to assess the source location is
only implied in the requirement that 11 mitigative measures must be
instituted.
4.3.5 References on Analytical Sampling

A wide range of books dealing with sample surveys are listed and
described in the preceding section on descri ptive (survey) sampling.
Unfortunately, analytical sampling has not received much attention in
the literature, possibly because it falls between two fields, that of
statistical analysis and that of survey sampling. Some of the survey
sampling texts do, however, have short sections on analytical sampling,
and these will be briefly discussed here.
Cochran (1977:4) distinguishes the two methods:
.. Sample surveys can be classified broadly into two types -descriptive and analytical. In a descriptive survey the
objective is simply to obtain certain information about large
groups: for example, the numbers of men, women, and children
who view a television program. In an analytical survey, comparisons are made between different subgroups of the population, in order to discover whether differences exist among
them and to form or to verify hypotheses about the reasons for
those differences. 11
Cochran provides several brief comments on features of sample surveys
that concern analytical purposes. The most extensive is a short section
on strata as domains of study, i.e., surveys designed to make comparisons among strata selected for analytical purposes. He supplies formulae for allocating samples to strata in this case.
In his pioneering book on sampling, Deming (1950) makes essentially the
same distinction between descriptive and analytical sampling, and gives
a sizable number of examples. He also makes the interesting point that,
for analytical purposes, even a complete tally of all of the units in
particular domains of study will not negate the use of statistical methods for analysis, whereas in a descriptive study, making a complete
tally eliminates the need for any further analysis. The reason, of
course, is that the analytical survey is conducted with the notion of
trying to infer from observations why the population takes on its
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particular characteristics. Consequently, the superpopulation idea
dominates for analytical purposes, i.e., we suppose that the particular
population under study arises from an infinite (or nearly so) array of
populations (the superpopulation) that might have resulted from the processes creating it. This is the reason that the finite population
correction, used in descriptive sampling, is dropped for analytical
purposes.
Jessen (1978) briefly discusses analytical surveys. He suggests a classification for design purposes that is essentially that used for experimental designs, i.e., by factors and levels. One may thus attempt to
classify the population being sampled by certain factors that can be
subdivided into levels, and then subsample within these categories. One
might thus wish to contrast some feature of low-level waste sites with
reference to the several classes of waste (as defined in 10 CFR 61) and
seek to sample each of several levels (in terms of quantities of waste
11
ticketed 11 into the site). As mentioned previously here, the problem is
that the investigator can only use sites that are available, and has
none of the control available in an experimental set-up. It is thus
advisable to keep any attempt to set up such a framework as simple as
possible.
Kish (1965:Ch.14) provides a discussion of issues of inference in survey
sampling. He suggests that four classes of variables may be present in
a given situation: (1) explanatory variables (also known as the experimental variables), (2) some extraneous variables that can be controlled,
either in selection of units or by an auxiliary measurement, (3) other
extraneous variables that are uncontrolled and confounded with the
explanatory variables, and (4) the remaining extraneous, uncontrolled
variables that can be treated as randomized errors. Often, the difference between an experiment and a survey depends largely on (3), since
those variables can usually be combined into class (4) in the process of
designing the experiment. He also notes that much of the statistical
analysis of experiments is limited to inferences about the population
encompassed by the experiment, which may be a much smaller population
than that for which the investigator wishes to make inferences. There
is thus an argument for somehow integrating the experimental and the
sampling approaches into an overall course of investigation. We believe
that this may be a valuable approach for consideration in low-level
waste management, i.e., that experimental on-site studies ought to be
designed so as to be included in a framework that encompasses extensive
studies, by sampling, of the system of overall concern.
Yates (1981:Ch.9) provides the most detailed assessment of analytical
surveys of any of the references examined thus far. He remarked,
however, that 11 lt must be emphasized, however, that the chapter is not
intended to be an exhaustive treatise on the analysis of investigational
surveys: this would require much more space than is available here. 11
Yates has a good discussion of the distinctions between an experiment
and a survey, and brings out the point made above with a useful example
on agricultural experimentation. Paraphrasing it to relate to low-level
waste management, we may suppose that, for example, various kinds of
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treatments are to be tested experimentally to determine their efficiency
in preventing wind {or water) erosion of trench caps.
Such an experiment may be conducted at a parti cular site. Given enough
replication and a satisfactory design {randomized blocks, perhaps),
quite definite inferences about effectiveness of a given set of treatments at that site are possible. Usually, these cannot be extended to
all prospective sites, so further experimentation may have to be conducted at a samp 1e of a 11 1ike ly sites. A1so, there is abundant
evidence, from agricultural studies over many decades, that experiments
conducted in different years give different results. It thus becomes
necessary to repeat the experiment in a number of years, again involving
sampling, now in time.
One of the challenging problems needing further attention is thus how to
construct studies that combine experiments with sampling in order to
yield the most information at minimum cost. In the example suggested
above, several of the prospective treatments will no doubt already have
been applied at various times and places. Sample surveys might thus be
conducted to make the fullest possible utilization of existing
opportunities. So far as we know, this approach is virtually unexplored
in a formal sense (but obviously the combination of e~erience and
experiment is scarcely new, and has been discussed in t e literature,
for example, by Professor John Tukey).
Yates goes on to discuss a number of important topics in analytical
sampling. He uses several examples from agriculture and population surveys, and addresses the use of ratios, simple linear regression, multiple regression, and the development and use of general linear models for
survey data. Transformations of variables and the analysis of contingency tables are also discussed. The various kinds of biases in
regression analysis and the pitfalls of interp~etation are discussed in
detail, using data from actual surveys. Yates• treatment is the most
extensive of those available in survey samplin£ texts.
4.4 SAMPLING FOR MODELLING
4.4.1

Introduction

In many circumstances appropriate to low-level waste management, it will
be desirable to sample in order to fit a model of some sort. In others,
fitting a model may not be essential, but there is nonetheless a need to
devise a sampling plan, and possible models for the process may be helpful in constructing such a plan. The kinds o• activities considered
appropriate in this section include monitoring biota, air sampling, and
development of profiles of concentrations of radioactivity in soils with
distance from a source, depth, or over time.
In most of the situations considered here, the main statistical problem
is one of determining how to distribute samples over time {or distance,
or depth). In practice, just one scheme has been utilized almost
exclusively. That is simply to space the samples uniformly, e.g., to
sample once a day, once a week, at one meter intervals, 5 em depths,
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etc. Probably the choice of uniform sampling is justified if there is
no advance information on the phenomenon being studied. If there is
advance knowledge of the likely pattern of events, then choosing evenly
spaced samples may be a very bad choice, giving highly unsatisfactory
results.
A simple example lies in sampling some process involving exponential
decay. If the decay is quite rapid, most of the samples will be wasted,
since the measured levels may be so low as to provide almost no information about the process. Actually, this is perhaps the only example
where another sampling scheme has occasionally been used. A few perceptive individuals have chosen to sample uniformly on a logarithmic scale.
This concentrates the sampling near the beginning of the decay, thus
providing a concentration of measurements at times when levels are high.
The two schemes (uniform and 11 geometric 11 spacing) are illustrated in
Figure 4. 4.
Over 20 years ago, the need to consider efficient sampling patterns for
circumstances where a model is to be fitted was studied by Box and Lucas
(1959). Their results were soon recognized as being useful in industrial experimentation, and a good deal of further work was done to
develop and extend the early research. Unfortunately, the results
obtained in the industrial area have largely gone un-noticed in other
places where they could be useful. We have attempted to point out the
possibilities and to develop methods for biological problems involving
trace substances, including radionuclides (Eberhardt et al. 1976,
Eberhardt 1978).
In the following sections, we review some of the methodology, available
results, and further research needs relevant to low-level waste
management. It should be remarked here that we are not attempting to
directly consider large and complex simulation models here. About all
that can be done in sampling for parameter estimation for such models is
to proceed in a piecewise fashion, i.e., to isolate a component subsystem and deal with it separately. In reality, this is how virtually all
such models are constructed in the first place.
4.4.2 The Box and Lucas Scheme
Box and Lucas (1959) considered a general model where a response variable is a known function of k variables (x 1,x 2, ... ,xk) and of p parameters (B 1,B 2, ... ,BP):
Y = f(x 1,x 2, ... xk;B 1,B 2, ... ,Bp)
In its general form, the Box and Lucas scheme thus permits study of a
multivariate system, with variables like time, temperature, concentration, etc., controlling the level of some product through a known
functional relationship with fixed (but unknown) constants (parameters).
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An example relevant to industrial applications is the experimental operation of a "pilot plant" in which a chemical process is being used to
produce some product.
A comparable situation in low-level waste management may be an experiment in which various chemical states, chelating agents , oxidants , temperature, pressure , moisture , etc., are to be investigated with respect
to behavior of wastes in a repository . In a sampling context, we are
principally concerned with models for such things as concentrations of
radionuclides with time , distance, or depth. An appropriate model will
then be:

4-30

where t denotes time (but may alternatively represent depth or
distance).
For a specific example, we consider a two-compartment model of radionuclide release from a source (waste depository perhaps) and retention
in some receiving system, which might be a defined region of soil, or
some element of the biota. We suppose that the input (y ) decays away
exponentially over time, so that the quantity in that compartment is (at
time t):

-B
Y1 = Yo e

t
1

We further suppose that the receiving system (y ) loses a constant fraction of its contents per unit time (through de~ay and/or 11 Washout 11 or
excretion). The appropriate equation for quantity in the receiving system at time t is then:

We note that this equation is also essentially a 11 reaction-rate 11 model,
so that the chemical analogy continues to be relevant. In the equation,
y denotes the initial quantity in the 11 donor 11 compartment which is
t~ansferred to the receiving compartment at rate B1 • The receiving compartment loses the material at rate B . In some circumstances, it is
necessary to regard y0 as a third parafueter; in reaction kinetics, y 2 is
usually expressed as a fraction of the (known) initial quantity oT'
reactant (y ) and thus only two parameters are shown in the equation and
considered ~n estimation.
The objective of the study is to select the optimal times to observe
(sample) the process in order to estimate the parameters for the
equation. Normally there will be a defined time period in which the
observations are to be made, either inherent in the conditions under
which the study is conducted, or determined by the observer. These can
be conveniently represented by t = t . and t = t
, with t . frequently (but not necessarily) the flliWe at whichm\)he proce~~nis
initiated.
The actual process for selecting optimal times calls for finding partial
dthivatives (fr) of thth function, f (the model), with respect to the
r parameter aHd the u sampling time. Suppose that there are to be N
sampling times. We then represent the partial derivatives in an Nxp
matrix, F (N sampling times for p parameters). The optimal sampling
times are those that maximize the determinant of the matrix product F1 F
(i.e., the transpose ofF multiplied times F), or, equivalently, minimize the determinant of the inverse of the same matrix product. To
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obtain a numerical answer, it is of course necessary to specify parameter values.
On first encounters with the Box and Lucas scheme, an initial reaction
is that it is not very helpful to require advance knowledge of the
parameters that one is seeking to estimate. Two points must thus be
emphasized. One is that the models to be considered are all non-linear
in the parameters. Realistic study of such models requires some advance
knowledge of the parameter values to be expected in given circumstances.
Otherwise, the rapid changes associated with non-linearity are likely to
leave the observer with virtually no useful results (since the action
will either be practically over with or not yet started at the time the
observer samples, unless there is some knowledge of approximately how
the model behaves, and thus roughly the parameter values). The second
saving feature is that most of the curves denoting optima are fairly
flat-topped, so that an approximate advance knowledge of relevant parameters suffices to produce useful results.
Finding the optimal sampling times in an actual problem can be a rather
difficult analytical exercise, and will require computerized searches in
many instances. We will provide references to examples in the literature below. For a very simple case illustrating the mechanics of the
method, consider a simple linear model:

Y = A + Bt
The partials with respect to A and B are unity and t, respectively, so
the matrix of partials for N sampling times and the matrix product F'F
are:

1
1

tl

1

tN

t2

F=

F'F

N

Lti

rti

..,1

=

)t.2

A minimum for the determinant of (F'Ff 1 is obtained by maximizing
Nr(t.1 - t) , and this is very simply achieved by splitting the sample
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into two equal lots and concentrating the two halves at the beginning
and end of the observation period, i.e., N/2 samples are taken at tmUt
and N/2 at t
. This is, of course, the result obtained by minimiz1ng
the variance~~~variance matrix of the usual least-squares estimates of
the parameters of the linear regression model.
Given normal, additive errors, the solution is exact for a linear model.
Non-linear models necessarily involve the parameter values in the partial derivatives and thus only approximate solutions are possible. The
optimum design is to_1elect a set of sampling points that minimizes the
determinant of (F'F) , the inverse of the matrix product. This provi des an approximate minimum joint confidence interva 1 (confidence
ellipsoid) for the set of parameter estimates.
4.4.3 Errors of Measurement
Box and Lucas (1959) consider only additive normal errors, whereas the
distributions encountered in waste management studies are usually markedly skewed, and may usually be assumed to be approximately log-normal.
It is very important to consider the effects of this difference in
searching for optimal sampling times. For a simple illustration,
consider a simple exponential model {the "decay-law"):
Y = Y e-Bt + e
0

where e now denotes errors of measurement, and is assumed an additive,
normally distributed random variable, as is done by Box and Lucas. The
optimum sampling times are then at t . and at a time when about 37% of
the initial value remains (i.e., abo~tn63% of the substance has decayed
away), according to Box and Lucas {1959:85).
·
If we now suppose that the errors are lognormally distributed and multiplicative, the usual procedure will be to transform the observations by
taking logarithms. This gives the simple linear regression model used
as an example above, in which we found that the optimum sampling times
were t . and t
. Clearly the two assumptions about error structure
give d~f¥erent ~g~lts. Most of the available literature considers only
additive normal errors, so that it will be necessary to reconsider and
revise the results and recommendations available there for use in lowlevel waste management studies. This is a component of the continuing
work projected under the present program. We note, too, that this
illustration is somewhat oversimplified, in that, in the second case
(linearized model), t
cannot be too large or the sampling errors will
be excessive, due to ~~ay of the substance being studied. One answer,
of course, is to adjust counting times (when possible) so as to obtain
comparable variances.
4.4.4 Additive and Multiplicative Parameters
One of the rather surprising outcomes of the Box and Lucas scheme is
that the number of optimal sampling times (N) is equal to the number of
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parameters to be estimated (p). This means that the Nxp matrix of partial derivatives is a square matrix (pxp). The search for optimal
sampling times then depends on maximizing the absolute value of the
determinant of this square matrix. This makes it fairly simple to show
that the effects of "additive" parameters are such that it is not necessary to obtain an advance estimate of the values of such parameters.
Hence, in a model such as:

only the estimates of B and B are required in searching for optimum
sampling times. We will2 not go3into details here, but mention the point
because it bears on the issue of multiplicative and additive errors discussed above. When a logarithmic transformation to achieve additive
errors is used, the model is changed, usually resulting in some parameters becoming additive, and often simplifying the search for optimal
sampling times.
4.4.5 Discriminating Between Models
Although the fact that the optimal set of sampling times equals the number of parameters is convenient in many respects, few practical-minded
people will want to settle for such a limited number of sampling times.
There are several reasons for such a view. Perhaps the most important
is that we seldom can be absolutely sure that we actually know the correct model for the phenomenon under study. Another related point is
that a wider set of points may be more useful in testing fit of the
model and estimating variances. The main recommendation evolving from
research on the topic over the last two decades has thus been to include
some sampling points that have been determined as optimal for an alternative model, along with others chosen to give an efficient test for
discriminating between alternative models. Further research concerned
with models appropriate for waste management contexts will thus need to
consider this feature along with those of the preceding two sections.
In conjunction, they will provide directions and boundaries for that
work.
4.4.6 Response Surface Models
A good deal of statistical work has been done on response surface
models. Reviews by Hill and Hunter (1966), and Mead and Pike (1975)
summarized some of this work and described resoonse surface methodology.
Various aspects of those studies may be of interest in waste management.
It is important to note here, however, that response surface models are
most often of interest and utility in search·ng for a maximum or a
minimum. The focus is usually on finding an optimum set of treatment
values to give maximum yield from some process. In the present context,
a response surface model is used to find the set of times that locates a
maximum of the curve (or some other feature, as a minimum). The Box and
Lucas methodology, on the other hand, seeks to obtain optimal estimates
of parameters in the model. The objectives are thus not the same. We
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believe that response surface methodology may be useful in sampling for
pattern, in common with trend surface methods.
4.4.7 References on Sampling for Modelling
The other sections providing references in this report have largely
included only books on the subject matter under discussion.
Unfortunately, there are few .such sources on sampling for modelling. We
thus include here a selection of published papers, and plan a more
detailed review of the appropriate literature in the balance of the
research program. Two textbooks (Beck and Arnold 1977, and Bard 1974)
have fairly extensive discussions on design of experiments with nonlinear models. Chapter 8 of Beck and Arnold (1977) is particularly useful
since it provides an accounting of a variety of criteria for optimal
experiments. The focus is, however, chiefly on engineering.
In a biological context, the book edited by Endrenyi (1981) is especially important in a low-level waste context, due to the emphasis on
kinetic models. Brief treatments of a range of relevant issues in
modelling and model-fitting are provided, including a number of applications of the methodology described here. Another text, by Box, Hunter
and Hunter (1978) contains somewhat less material on nonlinear models
than those listed above, but is worth examining due to the fact that a
philosophy and approach to experimentation and modelling is discussed in
some detail. Since the authors of this book have been extensively
involved over many years in developing and extending the Box and Lucas
scheme, their general views are valuable in applications to a new field,
as proposed in this report.
Some references to the journal literature relative to sampling nonlinear
models may serve to provide readers with an impression of the material
available. As noted above, a more detailed review of the literature is
needed, and planned for inclusion in the next stages of the present
project. A caveat and warning may be in order here. Virtually all of
the 1iterature that we have examined is directed to experimental
studies, mostly in industrial research. The reader who expects to find
references to sampling applications will thus be disappointed. As noted
in the introduction to this section, we have begun to adapt these methods to field sampling, but much is yet to be done along these lines
before there is a consistent and integrated methodology suitable for
sampling needs.
As noted in Section 4.4.1, the pioneering paper in this area was that of
Box and Lucas (1959). The next most important reference is likely to be
the review by Cochran (1973). He traces the subject of experiments for
nonlinear functions from some investigations of R. A. Fisher up to the
1970's, by which time much of the pioneering work had been accomplished,
noting that research had largely been concentrated in two areas: (1)
optimal estimation of the parameters, under an asymptotic criterion, and
(2) tests of the adequacy of a model and discrimination between models,
plus model-building. He reviews these areas briefly, thus providing a
useful guide to work up to the time of his review.
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One of the apparent limitations of the Box and Lucas scheme is the outcome that the number of optimal sampling times is equal to the number of
parameters. This point was examined in some detail by Atkinson and
Hunter (1968) who confirmed its validity and recommended that replications of the same set of points be used. They illustrate their recommedtion with the model used by Box and Lucas (1959), and some others. M.
J. Box (1970) also considered the replication aspect, and gave results
of some further experience with the scheme. Box (1971a) examined an
important practical problem, i.e., what to do when the experimenter is
mainly interested in a subset of the parameters, and provided an
approach. Hill and Hunter (1974), also consider this question and
provide a design criterion for experiments concerned mainly with a
subset of the parameters.
The limited scope of optimal sampling points provided by the Box and
Lucas scheme can be extended by considering alternative models for the
phenomenon under study, so that two or more sets of design points can be
produced. Hill, Hunter, and Wichern (1968) approached this prospect by
a sequential process, in which model discrimination is first emphasized,
with a gradual shift to emphasis on estimating parameters for the 11 best 11
model as determined by initial experimentation. A good deal of attention has naturally gone into the question of discriminating among candidate models, due to its general importance in scientific and engineering
experimentation. Hunter and Reiner (1965) proposed sequentially selecting experimental points at which two models ciffer the most. Box and
Hill (1967) consider sets of conditions for the purpose. Atkinson
(1969) focussed on significant differences in fits of the candidate models to the observations, and later Atkinson (1972) studied the use of
extensions of a given model to test fit. These and many other references on model-building seem valuable as a source of ideas for developing ways to choose sets of points for extending the basic Box and Lucas
scheme.
4.5 SAMPLING FOR PATTERN
4.5.1

Introduction

There are many ways to surmrarize a spatial pattern. Choosing among
these possibilities depends on the purposes to be served and the assumptions that can be made about the underlying p ~ocess that generated the
particular pattern under study. It is important to have in mind the
different aspects of a given situation. In the circumstances considered
here, we may be required to deal with a single, specific area, and are
given data on a particular set of samples previously taken over that
area. The objective is to provide some kind of a summary of the pattern
indicated by the samples, usually as a map. The issues that need to be
considered depend on the uses to be made of the map.
In the frequent circumstances where the data are simply those that happen to be available, it is likely that there will be areas with very few
points and others with clusters of points. Simply taking an average
across all of the data may give a result that is quite seriously biased,
i.e., differs substantially from the true (but unknown) mean value for
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the entire region of interest. In this case, an alternative is to use
the data to fit some kind of surface to represent the values associated
with the available data points, i.e., to interpolate between data
points. A mean value for this surface may then provide a better estimate of the true value. Also, such a map will provide the user with a
much better 11 feel 11 for the nature of the dispersion of the variable of
interest.
In the more satisfactory circumstances where sampling locations can be
selected according to a design, it is possible and usually desirable to
avoid clustering. An important decision may then be whether or not to
resort to systematic sampling. As discussed in Section 4.2.2, this is
an unresolved question, needing further research. Various alternatives
involving restricted randomization require investigation, and serious
consideration in designing a field study.
An intermediate set of circumstances also needs to be considered, in
which a set of samp 1es have already been taken in some haphazard
fashion, but it is possible to supplement this array with some further
sampling. This is one of the circumstances where some of the newer
methods, broadly described as 11 kriging, 11 may be especially useful.
There are various ways to go about making up a map from a given set of
data. The major methods are summarized in the following sections.
4.5.2 Trend Surfaces
These are usually generated by the two-dimensional process analogous to
curve-fitting by least squares. The most popular underlying model is
that of a polynomial, and the major shortcoming of these polynomial fits
is a tendency for strange behaviors at the edges of the fitted surfaces.
Trend surfaces are most useful to give a broad general impression of the
surface. The resulting fits may be used as components of the more elaborate stochastic process model (kriging) described below. Care in using
polynomials is essential, since the higher degree models can yield some
highly pathological results. Figure 4.5 suggests the kind of undesirable result that can be obtained, using data from the Beatty waste management site (Nielson, Wagman and Kirby 1980).
The various models for trend surface analysis may be subdivided as being
linear and non-linear, and can be fitted to data by a variety of methods
described in detail in some of the references given above. The best
known approach is simply to use ordinary multiple regression obtaining
an equation for a plane. As noted above, polynomials are frequently
used to supply various kinds of curved surfaces. Since the powers and
cross-products of the spatial coordinates are known (but are often
selected arbitrarily), it is only the coefficients that must be estimated, so that the model is thus linear (in the unknown coefficients).
Hence, multiple regression can again be used for the computations.
If x andy denote the spatial coordinates, and z the value of the surface (e.g., elevation above the plane of the coordinates, the simplest
model is then:
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Z = 2 .9 + 0 .008X + 0 .97y + 0 40X2 -O.Q17y'
· - 0 .046X3 + (0.97y3 x 10~) +
(0 75y4 X 1 0-e) +
(0 79X5 X 1 o-•,

z

PEAK SITE " Z' VALVE

= 17

AREA AT THE
BEATTY SITE
WHERE WASTE
CANISTERS WERE
EXCAVATED

FIGURE 4.5.

A possible consequence of fitting trends with a polynomial
model. The cesium-137 concentration in surface soil data
(Z in the figure) modeled were taken from Table II (pp.
11-13) of Nielson, Wagman and Kirby (1980) and were
obtained to define the area of radioactivity where waste
canisters had been accidently excavated. The polynomial
fit described the observed data very well (not shown, but
within the dark box in the figure). However, as can be
seen above, the predicted concentrations very near the
spill site (but beyond the observed da ta) are not reasonable (i.e. increase or decrease much too rapidly).
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z = a + bx + cy
which is simply the equation of a plane surface in three dimensions.
get a curved surface, one might use:

z =a

+

bx

+

cy

+

dx 2

+

ey 2

+

To

fxy

Higher powers and more cross-products can be added so that almost any
surface can be fitted. However, whether such a surface is realistic is
another matter, as illustrated in Figure 4.5. The usual recommendation
is to stay with the lower powers, i.e., quadratics (as in the above
equation) or at most cubic equations. Even these simpler models can
provide a good deal of flexibility. One can, for example, drop some of
the linear terms (i.e., bx or cy) or the crossproduct term (fxy), and so
on. One way to check on likely utility of trend surface models is to
examine the 11 deviations from regression .. obtained as successively more
complex models are fitted to a given data set.
The non-linear models can be further subdivided as being 11 intrinsically
linear 11 and 11 intrinsically non-linear, .. which simply means that there
are non-linear models that can be converted to a linear form by a suitable transformation. If the model to be used is intrinsically nonlinear, non-linear least-squares will be needed in fitting. An intrinsically linear model might be handled either way, i.e., transformed and
fit by linear least-squares (i.e., multiple regression) or fit directly
by non-linear least squares. The choice depends on what further assumptions are made about the underlying model (distribution of errors, correlations, etc.) and what will be done with the results. If the fitted
surface is to be displayed or further analysis done in terms of the
untransformed variables, a transformation may cause a number of
problems. Probably the most frequent example of an intrinsically linear
model in low-level waste management will be the various surfaces that
might be constructed with exponential terms, since these are the most
likely results from underlying physical principles and/or theory.
4.5.3 Moving Averages
An alternative approach is just to smooth the observations by using moving averages. Moving averages are constructed by replacing a given
value by the average containing it and some neighboring points, starting
at one end and moving through the series of points. Such schemes may
not work at all well in the presence of clusters of points since the
values in a cluster may exert too great an influence on points in
sparsely populated surrounding areas. This shortcoming may be attacked
by using some kind of weighting scheme so that the influence of a point
depends on how distant it is from the location being mapped. Another
useful refinement takes into account only the nearest points in a given
quadrant.

4-39

4.5.4 Spatial Splines
In one dimension, curves may be fitted by using smooth curves to interpolate in the intervals between data points. Various constraints are
put on these interpolatory curves near the data points to prevent
erratic behaviors, i.e., the curves may be required to pass through the
data points and should do so smoothly. In two dimensions, the problem
is much more difficult since the convenient ordering of the points in
one dimension is no longer available. We thus do not propose to investigate splines for the purposes of this study, unless some special need
arises.
4.5.5 Stochastic Process Models
This approach is based on the assumption that the 11 true 11 surface being
studied is only one example of an infinite number of possible outcomes
from the process that generated it. This permits considering two
components. One is an underlying large-scale t rend, that would be present in any realization of the process. The other is a localized or
small-scale fluctuation. In a waste management context, one may think
of a process transporting radioactivity away from a storage site.
Almost always, the process causing movement (e.g., wind or water movement) will have a strong directional component , so that one side of the
area or volume will have much more movement than others. This may then
be thought of as the trend component, on which there will be superposed
a variety of smaller scale fluctuations resulting possibly from many
causes.
It should be noted that trends and fluctuations often are only a matter
of scale. If one considers small areas within a larger region, the
fluctuations observed on a larger area may look like 11 trends 11 with
smaller scale "fluctuations,. of their own in the subarea.
A relevant model is:
Z{x,y)

= m{x,y)

+ e(x,y)

where {x,y) denotes spatial coordinates of a sampling point, Z(x,y)
gives the value associated with a given point (e.g., concentration per
gram of soil), m{x,y) represents the trend and e(x,y) denotes the random
fluctuations at that point. A critically important point here is that
e(x,y) is not a random error in the sense of the usual statistical
model. Observations taken a small distance apart will be very nearly
the same, i.e., will be highly correlated. Bot h the difficulties and
the advantages of this approach depend very muc~ on the assumption of a
correlation or covariance function to represent the similarity of nearby
observations. In the waste management· ex amp 1e suggested above, there
may be measurement errors in determining the co~centrations of radioactivity in each sample. These should not be confused with fluctuations
as represented by e{x,y).
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With the model given above, one can elect to use an estimate of the
trend, m(x) to show overall behavior of the main feature of the process
or use trend plus fluctuation as a way to interpolate between data
points. There is thus more flexibility tran is available with the previous methods. This comes at a price comprised of both complexity and
additional assumptions. The simpler versions of the model assume that
the covariance function and the trend are both known. Neither assumption is realistic in many practical problems.
Another difficulty is that the main approaches in use require the fitted
functions to pass through the data points exactly. This is, of course,
essential if it is assumed that the variable of interest is measured
without error. However, in many waste management situations, this will
not be true. For example, in sampling soil for radioactivity ordinarily
only a small mass of soil can be assayed, so that the samples taken in
the field are subsampled in the laboratory, and any two subsamples of
the original sample cannot be expected to give the same result. One
thus should not require that the fitted surface should pass through
every data point.
4.5.6 Kriging
Kriging is essentially a method of estimation that assumes that the
underlying model belongs to the class of stochastic process models
described above. There are a number of variants of the basic method,
and various special developments. Undoubtedly, more variations on the
basic themes wi 11 soon surface, and others will have escaped our
attention. The existence of the several varieties of "kriging, along
with the somewhat elaborate mathematics involved in the original development (initially published mainly in French), have led to conf~sion.
A comment by M. David (cited in full below in the review of the book.by
Guarascio, David and Huijbregts 1976) that "kriging ... can be expressed
as plain regression" is quite correct for some elementary versions. A
linear model is assumed, and the main difference from ordinary multiple
regression is that a weighting is used in consequence of correlations
among variables. Weighted multiple regression is, of course, not a new
development. The difficulties come in at several points, which we only
briefly touch on here. A rather more detailed assessment is needed to
ascertain the ways in which the methodology can be useful in low-level
waste management.
Perhaps the most essential issue that needs to be addressed is whether
the right question is being asked about the data. Mining engineers and
petroleum geologists are normally concerned with estimating a quantity
of some kind, usually that of the economically recoverable resource in a
region. The appropriate methodology is thus one aimed at efficiently
estimating a total or a mean. In low-level waste management, the key
questions are very often not concerned with totals or averages. It is
thus quite possible that good answers to the wrong questions may be
provided by a particular methodology. Hence, we believe that it is
essential to look quite carefully at the several versions of kriging
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(and related methodology) before reconmending their use in low-level
waste management contexts.
A second issue concerns the underlying model assumptions made in a given
application. These assumptions need to be considered in several stages.
A first, and fundamental, stage is the choi ce of the "process" model.
The equation given in Section 4.5.5 can corveniently be illustrated by
contemplating making a topographic map. One goes out to a series of
locations ("control points") and accurately determines elevations. In
many situations, the topography is such that there will be a "trend"
(i.e., the general "lay of the land"), on which various local "fluctuations" are superimposed (hills, streams, etc.). If one constructs a
contour map from such data, the contours on the map should coincide
exactly with the observed data points. As has been remarked previously
here, this is not necessarily true in the waste management context. For
example, soil sampling for radioactivity will seldom give the same
result at adjacent points, or for repeated samples from any very small
area. Consequently, the underlying model will often have three
components:

Z(x,y) = m(x,y) + f(x,y) + e(x,y)
where m{x,y) again represents the trend, f(x,y) represents a fluctuation
(i.e., a real local variation in concentration), and e(x,y) is now an
"error" term in the usual sense. The fitted model will not, and should
not, coincide with the observed data points. A computer program that
forces such a fit may be quite inappropriate for the data.
A realistic application to low-level waste Management thus may require
three components in the underlying model -- an overall trend, identifiable local fluctuations, and an error component. An immediate difficulty is that it is well-established that radionuclide concentrations
almost invariably follow a skewed frequency distribution. Since virtually all of the theory for estimation methodology (e.g., kriging)
assumes normally distributed errors, a transformation of the data is
required. Usually, in both geology and low-level waste management, a
logarithmic transformation is appropriate. As was noted in discussing
trend surfaces above, a non-linear model may be needed to account for
the trend, and may possibly be transformable to a linear model, so that
two situations calling for transformations may be encountered. There
can be no assurance that they will be mutual ly compatible.
The next issue requiring attention is the correlation between nearby
locations in the region being studied. A basic assumption in kriging is
the so-called "weak stationarity." Two aspects need to be considered.
The first is "first order" stationarity, which assumes that the mean
value (average) of the variable of interest is constant over the region
being studied. This is usually stated by considering a (vector) distance (h) between two points and indicating that the expected value of
the differences is zero, i.e., that:
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E[Z(x,y) - Z((x,y)+h)]

=

0

Since this will not be true in many practical cases, we may have to postulate the trend component, m(x,y), of the model above and arrange to
11
remove 11 a trend to obtain first order stationarity.
A second component involves a 11 Second order 11 relationship, which is represented by the expectation of the squared difference of the variable of
interest measured at two locations. This is the 11 intrinsic hypothesis ..
of kriging:
E[(z(x,y) - Z((x,y)+h)) 2J = 2g(h)
i.e., that the expectation of squared differences depends only on a
function of the distance between two locations. Plots of this function,
g(h), are called the 11 Semivariogram 11 or sometimes, just 11 variogram 11 •
There is a simple relationship to a correlogram, showing the correlations between values recorded at points a distance h apart.
The expression above can conveniently be thought of as a 11 Spatial
variance .. , i.e., it measures the variance between variables that are
associated with definite locations. These are Matheron's 11 regionalized
variables .. (in the usual statistical theory, 11 random variables 11 are used
in abstraction from any physical location).
To use kriging, one must arrive at a functional form for g(h), and then
estimate the constants involved in that functional form. An exponential
model is frequently assumed, and one of the constants will often represent the error term, e(x,y) above (actually, the error variance). In
applications, it may be difficult to obtain enough suitable data to
actually fit a variogram to data from the region under study. A poorly
estimated or arbitrary function may thus be involved in the estimation
process.
In a final step in the process, a series of weights (adding to unity)
are obtained through a Lagrangian multiplier operation on a system of
equations based on variogram values for the observed locations. These
weights then can be used in a moving average process to generate values
of the variable of interest over the entire study region, along with
variances.
It seems quite evident that there are a number of places where the estimation process can go astray, in the sense of uncertainty as to how well
the underlying assumptions are met on real data. We expect that an
essential step is to look rather carefully at the needs for kriging or
related processes in low-level waste management before attempting to
probe deeper into the methodology of the several variants of the method.
In those instances where field data are not extremely expensive, it may
be much better to collect some additional data, rather than to attempt
to use a complex process on inadequate data. When additional
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observations are very expensive or impossible to obtain, then the effort
required to find the 11 best 11 methodology may be justified.
4.5.7 Some Applications of Kriging
A number of applications of 11 geostatistics' (which is sometimes taken to
mean kriging, although it has a wider meaning) have been made in a context relevant to low-level waste management. A few will be mentioned
here.
Doctor (1980) used kriging to study the top of the basalt formation at
the Hanford Site in eastern Washington. This example is much like the
exercise in topographic mapping used to illustrate concepts above, in
that the contributions of measurement erro rs to the error term, e(x,y),
are inconsequential. Two techniques not di scussed in Section 4.5.6 were
used, one being the use of a .. generalized covariance analysis .. to select
a drift and covariance structure, and the other partitioning of the area
into subareas to account for local features that make an overall analysis difficult. An important suggestion is included, i.e., that kriging
may provide a basis for selecting new locations for collecting data to
improve the accuracy of a contour map made from existing data. We
believe that this may be one of the major potential uses in low-level
waste management. In an earlier study (Doctor 1979), ground-water levels were assessed by kriging, using data sets for two different years on
the same set of wells. Since a large set of wells was available, there
is detail enough in some sub-regions for various possible cross-checks
on the method. That is, some authors have recommended carrying out the
various available methods on subsets of data, and predicting the observations at sampling locations for which an independent set of data
exists, as a check on validity of the krigi ng approach.
Another application (Devary and Doctor 1981) deals with waste management
aspects of a geologic formation. In this ' nstance, media conductivity
and ground-water potential gradients were assessed. It was necessary to
take into account a stochastic error, which might be a measurement
error, or reflect the fact that an on-going process (ground water flow,
for example) is variable over time. This study thus provides some different angles on phenomena and methodology, all relevant to waste management studies.
Two other studies (White, Simpson and Bostick 1980, and White 1981) utilize kriging to assess surface contaminations of uranium, thus having a
potential similarity to waste management needs. These studies are particularly interesting in that they were based on data collected on a
polar coordinate scheme, to intensify sampl ing near the origin. In
cases where a point source can be identified for contamination, such a
sampling scheme may have special advantages. Experience in the first
study led to a modification of the plan in the second study, in which
some supplemental sites were interspersed· between the rays of the polar
scheme. Data from both of these investigations might be worth further
study, by way of investigating the questior of the structure of the
model assumed. In both cases, measurement errors probably were present,
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but appear to have been lumped with the
kriging model.

11

fluctuation 11 component of the

In nearly all of the kriging references we have examined, the trend is
either assumed to be linear, or modelled by a polynomial. A study by
Volpi and Gambolati (1978) is thus of some interest, since they investigated the use of polynomials, and obtained some anomalous results.
They recommend, in cases where a linear trend is not practical, that an
analytic trend model should be determined in advance. They also point
up the problems in determining the appropriate variogram and supporting
that choice by reference to actual data. This difficulty is apparent in
most of the references describing actual applications, leading to a common view of the techniques as an empirical approach. Gambolati and
Volpi (1979) describe an application of their views to ground-water contour mapping in Venice, where kriging was used to study the change in
the groundwater surface after reduction in the drawdowns in a particular
industrial area. Utilization of kriging for designing a ground-water
network has been discussed by Sophocleous, Paschetto and Olea (1982),
and the approach and results should be of interest in planning similar
work with respect to waste management sites.
4.5.8 References on Sampling for Spatial Patterns
There is a sizable and rather scattered literature on sampling for
pattern. Much of the original work on 11 kriging 11 is in geology and
mining, and a good deal of the relevant early literature was published
in France and South Africa. The 11 French schoo 111 (f~ather.on and his co 1leagues and students) have continued to produce substantial volumes of
contributions, not all of which is readily accessible. The other main
field of application and of development of theory is in geography.
Probably the developments there will be of less interest in the present
context, but there are undoubtedly various aspects of value in low-le~el
waste management. A more detailed assessment of the literature is
needed in the near future. For the present, we list some books that
pro vi de convenient references for severa 1 aspects of theory and
practice. Several other books should be included, but have not been as
yet reviewed in sufficient detail.
************************************************************************
Agterberg, F. P. 1974. Geomathematics. xvi + 596 pp. Elsevier
Scientific Publishing Co., Amsterdam, London, and New York.

This is a rather ambitious textbook, aimed at providing mathematical and
statistical methods for geologists. Chapters are devoted to the calculus, matrix methods, geometry, factor analysis, probability and statistics, frequency distributions (and functions of random variables), and
multiple regression. These serve as a prelude to coverage of trend
analysis, kriging, harmonic analysis, and Markov chains, for all of
which illustrations on geological data are provided. In the present
context, the main interest is in the material on trend analysis and
kriging. These chapters (Ch. 9 and 10) should be useful to anyone wishing to review the basis for geological use of the several methods, but
will probably not be adequate as a single reference.
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************************************************************************
Cliff, A. D., P. Haggett, J. K. Ord, K. A. Bassett and R. B. Davies.
1975. Elements of spatial structure. xvii + 258. Cambridge Univ.
Press, London, New York, Melbourne.
This book is essentially concerned with geography, or at least with data
handled on geographic regions. For most of the low-level waste management needs, it will probably be preferable to use references from geology or related fields, since the variables are often much more similar.
In particular, concentrations are of substantial importance in geological applications, and the log-normal distribution characteristic of
concentrations of radionuclides is also widely used in geology. This is
not to say that the book mentioned above is not relevant, since many of
the techniques are comparable to those seen elsewhere. However, its
main utility would seem to be in a research sense, considering techniques that might be adapted for special problems in waste management,
and not as a primary reference.
************************************************************************
Cliff, A. K., and J. K. Ord. 1973. Spatial autocorrelation. x + 178.
Pion Ltd., London.
This is a technical reference, concerned in large part with testing for
autocorrelation. It is also mainly concerned with geography, and thus
of 1ess interest here than the geo 1ogi ca 1 references. The materia 1
covered will, however, be useful in examining particular problems in
research on low-level waste management needs . In most instances, we
likely will not be especially interested in testing for autocorrelation
directly, but the tests may be of considerable utility in examining the
applicability of particular theoretical models of autocorrelation to
spatial data collected in waste management studies. Another feature of
some importance is that there is a chapter on the analysis of regression
residuals for autocorrelation. This is important in that it is desirable to attempt to determine whether or not the models fitted to low1eve 1 waste data do in fact pro vi de a satisfactory fit. Usually the
reliability of the fit has to be tested by examining residuals, i.e.,
de vi ati ons between observations and mode 1 predictions. If the mode 1
assumed for autocorrelation is satisfactory, then the residuals should
not be correlated. Another related issue is that 11 Stationarity .. is
assumed in several of the more widely applied techniques for dealing
with spatial data, and some of the work discussed by Cliff and Ord will
be useful in examining the validity of this assumption.
************************************************************************
Davis, J. C. 1973. Statistics and data analysis in geology. xi ii +
550. J. Wiley and Sons, New York.
This is an elementary book aiming to supply background for .. earth scientists .. in the applications of basic mathema':ics and statistics to
geological and related problems. There are chapters on computers,
elementary statistical methods, matrix algebra, time series, analysis of
maps, and multivariate analysis. FORTRAN programs are provided for many
of the techniques covered, thus providing students with an opportunity
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to try out the basic methods. This book is rather m?re elementary.than
that by Agterberg (described above), since calculus 1s la!gely avo~ded.
It will, however, be a useful reference to anyone want1ng a bas1c
description of the methods, so long as it is supplemented by some more
detailed references.
************************************************************************
Davis, J. C., and M. J. McCullagh, Editors. 1975. Display and analysis
of spatial data. xiv + 378. J. Wiley and Sons, New York.
This is a collection of papers resulting from a NATO Advanced Study
Institute, held in England in 1973. It is a particula~ly valuable reference due to the diversity of material covered. Unl1ke many of the
other references it is not dedicated solely to kriging and related
approaches, but does, of course, have much material on .tha~ subject.
There is a good deal of material on mapping, some of w~1ch ~s not ~ar
ticularly relevant to the low-level waste management s1tuat1on. S1nce
the collection of papers is quite diverse, we will not attempt to cover
it here, but will instead plan to use the individual papers in the
research projected in the next stage of this program.
************************************************************************
Guarascio, M., M. David, and C. Huijbregts, Editors. 1975. Advanced
geostatistics in the mining industry. xvi + 461. D. Reidel Publ. Co.,
Dordrecht, Holland, Boston.
This book contains the proceedings of a symposium (NATO Advanced Study
Institute) held in 1975. It covers several subjects of interest in the
present context. Unfortunately, the two papers covering basic concepts
are in French (both are by Matheron, and are largely expository). Five
succeeding papers are on kriging. The first of these (by M.David) has
an interesting comment on kriging: "As a technique in ore reserve
estimation, kriging as we now know it is already 15 years old, and still
puzzling most of the mining people. As a statistical technique, it has
nothing new, since it can be expressed as plain regression with or without correlated residuals (Watson 1971), as such it has been briefly
tested in simple problems, most of the time in two dimensions, and
generally found to only have a marginal advantage in the quality of the
estimate, and a definite drawback in its computer cost. There is no
doubt that these comparative exercises are correct, for the particular
situations tested, and with the programs used. It is also true that if
a brute force method is applied, simply following the standard kriging
algorithm, the computing cost will be more than for other methods. 11
Unfortunately, the reference to Watson (1971) was left out of the reference list, but it is most likely a paper by G. S. Watson in the Journal
of Mathematical Geology.
The balance of the section on kriging contains four papers that cover
several aspects of the techniques as they apply to mining geology and
engineering. Five subsequent sections deal with both applications and
theory. Probably the main features of this collection can be summarized
by saying that the emphasis is mainly on kriging and on applications to
mining. There are thus a number of useful results needing further
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co~siderat~on,.but.this needs to be done with the fact in mind that the
maJO~ appl1cat1o~ 1s one of estimating totals or means, i.e., the value

of m1neral depos1ts. These purposes are sufficiently different from
those of. low-~evel wast~ management that considerable caution needs to
~e exerc~sed 1n at~empt~ng any transfer of methodology and theory. An
1nterest1ng paper 1n th1s collection is by D. G. Krige, whose name was
a~tached to the. techniques pioneered by G. Matheron. Krige gives the
h1st?ry and rev1ews ~evelo~m~nt ?f the original work with respect to its
use 1n the South Afr1can m1n1ng 1ndustry (primarily gold-mining).
************************************************************************
Henley, S. 1981. Nonparametric geostatistics. xiv + 145 pp. J . Wiley
and Sons, New York.
~his short .book should be quite useful in the present context, due to

1~s abb:ev1ated, but re~sonably clear, discussions of the many technlques 1n use for.treat1ng spatial patterns in geology. The main purpas~ of .the .book 1s to propose an alternative to kriging in the form of
a d1 stn but10n-free or "non-parametric" approach. Unfortunately, we
have not been able to go into the methods suggested in enough detail to
offer much of a critique here.

************************************************************************
Lewis, P. 1977. Maps and statistics. xviii + 318. J. Wiley and Sons,
New York.
This book is primarily concerned with the analysis of maps and mapped
data using basic statistical and probability methods. As such it may
not be of much direct interest in low-level waste studies, except for
research on particular problems having to do with the spatial pattern of
objects and observations. Where data have been collected in a more or
less haphazard manner, so that utilizing the results is something of a
gamble, with respect to possible selectivity, gaps, and so on, it may be
useful to study the pattern of locations for clues as to possible difficulties. In this case, methodology for assessing maps is appropriate
and useful. A variety of parametric and non-parametric tests are
covered in the book.
************************************************************************
Merriam, D. F., Editor. 1970. Geostatistics. xiii+177. Plenum Press,
New York.
This is a collection of papers given at a colloquium at the University
of Kansas in 1970. They are generally concerned with mathematical
issues of concern in "geostatistics," but there is no particular theme.
The material may thus be of interest and utility in research on lowlevel waste problems, but cannot be recommended for a particular use.
The collection contains several papers with relevance to kriging,
including a short exposition of the methodology by Matheron.
************************************************************************
Ripley, B. D. 1981. Spatial statistics. ix+252. J. Wiley and Sons,
New York.
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This short book attempts to cover much of ''spatial statistics," and provides some valuable and concise summaries of many of the methods now in
use. At several points, the presentation is too brief for ready comprehension, unless the reader has a good background in mathematical statistics and some familiarity with the material being discussed. There are,
however, enough good, brief and non-mathematical explanations to make it
a useful reference for anyone interested in the topic.
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5.0 SUMMARY AND CONCLUSIONS
The overall objective of the project under which this report was written
is to do the research necessary to provide guidance for the use of statistics in planning, conducting surveys, monitoring and assessing data
relative to the siting, operation and decommissioning of low-level waste
disposal sites. In the Statement of Work, which initiated. the project,
the Nuclear Regulatory Commission staff asked for "an initial assessment
of the substantial theoretical information and experience that may be
adapted for NRC needs." The present report seeks to pro vi de that
assessment. Since it is an initial assessment, we will not attempt to
reach any final conclusions here, beyond re-emphasizing some of the features that we believe need to be adapted for NRC needs. We note that
"NRC needs" are very diverse, ranging from the specifics of closing particular existing sites (such as Maxey Flats or Sheffield) to the generic
issues of providing guidance for selecting, operating, and closing sites
in the future. Statistical and sampling requirements will undoubtedly
differ greatly in the two situations, but hopefully dealing with present
problems will yield useful insights for planning for the future.
In the present report, we have described four classes of sampling
(descriptive, analytical, pattern and sampling for model parameters) and
attached convenient labels to each approach. Taken together, they can
encompass much of modern statistical methodology, so we do not suppose
that a single report can cover the field. The major point that we would
like to emphasize as a conclusion is just that the efficient choice of
methods depends very much on the primary objectives of the study. By
"efficient choice" we mean cost-effectiveness -- getting the best
results for dollars spent. Our experience with practical sampling problems in the nuclear field has been that it is often not possible to
define objectives very narrowly. Nonetheless, choosing a particular
sampling scheme does amount to choosing a particular kind of objective,
whether those who make the choice realize it or not.
A stratified random sample with optimum allocation is almost always the
best way to estimate total quantities (or average concentrations). It
is, however, generally a very poor approach if it is the pattern of distribution that is of primary interest. In the example presented in the
Introduction to Chapter 2.0, choosing a plan for estimating a total when
pattern is really of main interest amounts to wasting roughly two thirds
of the sample. Under the usual conditions encountered in assessing
radionuclides in a field setting, a sampling plan aimed at making comparisons between subregions of an area being studied may take an intermediate course between these two extremes (sampling for a total or
sampling for pattern). As we have thus far defined it, sampling for
modelling tends to stand apart from the other three classes of sampling,
since it concentrates on parameter estimation for defined models applied
in one dimension. We believe, however, that an adequate understanding
of the theoretical basis may serve to improve applications of sampling
for pattern.
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Our main recommendation to decision-makers at this juncture in the study
is that they try very hard to narrow down the objectives for a particular study before a plan is laid out. If the ob2ectives nonetheless turn
out to be quite broad, then we recommend that 'optimal" sampling plans
for each of the four classes of sampling should be determined and
compared. This will often help narrow down the objectives, and selection
of a particular pattern, compromise though it wight be, will leave all
concerned with a better understanding of what they are likely to accomplish, and have decided to do.
The balance of this summary lists some salient needs developed in the
main body of the report, and attempts to indicate what research may be
needed to provide better sampling tools for low-level waste management.
1.

An assessment of the accuracy of standard textbook assumptions for
use of key statistical methods in low-level waste management situations (e.g., normal and additive errors) is needed, followed by
recommendations concerning the use of transformations (Section
2.3).

2.

Detailed guidelines on compositing and pooling in the various circumstances where these techniques may be applied should be
developed. Data from various field sampling applications need to
be assembled and analyzed for this purpose. Adequate (replicated)
data may not be available, so that specific experiments may well be
required to develop detailed guidance. A simulation study of compositing for detection is underway, and rray need to be extended.
Recorrmendations on the censoring problem ("below detection limits")
should be included (Sections 3.1 through 3.6).

3.

Guidelines are needed for the sequential use of the four classes of
sampling. This should include ways to use comparisons of sampling
plans devised for each class of methods to help define a set of
objectives for a given study (Section 4.1 ) .

4.

An evaluation of appropriate circumstances for use of systematic
sampling and of the hazards attendant on its use when the statistical method is based on random sampling is needed (Section 4.2.2).

5.

More detailed recommendations on use of ~tratified sampling and a
review and evaluation of cost functions and allocation schemes
should be developed (Section 4.2.4).

6.

A simulation study of double-sampling should be done to refine the
present rules of thumb as to minimal feasible sample sizes under
various circumstances (Section 4.2.5).

7.

A further analysis of requirements for repeated sampling over time
is needed, with an elaboration of existing rules as they apply to
low-level waste sites (Section 4.2.6).

8.

Guidance on sample size requirements for particular circumstances
should be developed (Section 4.2.7).
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9.

The recommendations in the present report as to a choice of references on descriptive (survey) sampling should be refined (Section
4.2.8).

10.

Research to provide more definite guidelines for analytical sampling should be conducted; in particular to define circumstances
in which bona fide (or approximately so) replicate samples can be
considered to be available. More details on multiple comparison
methods for low-level waste management uses are needed. An assessment of the relative weights that might be assigned to the set of
assumptions for statistical analyses should be made, i.e., when
they conflict (as is often the case), which is likely to be critical (Sections 4.3.2, 4.3.3 and 4.3.5)?

11.

Further consideration of the relevance of the 11 Superpopulation 11
approach for devising sampling schemes in low-level waste management is needed (Section 4.3.5).

12.

A specific list of optimal times for a variety of models likely to
be useful in field circumstances should be provided, supported by
computer routines for calculating optimal times when an analytical
solution is difficult or not available (Section 4.4.2).

13.

Both the concepts of replication and contrasting models should be
utilized to provide schemes for extending the basic set of optimal
times to a more practical working approach (Section 4.4.5).

14.

A framework for applications of sampling for modelling to low-level
waste site needs is needed; in particular the interrelationships
with sampling for pattern should be explored (Section 4.4.6).

15.

The recent literature on the Box and Lucas scheme should be
reviewed for selection of applicable references in low-level waste
contexts (Section 4.4.7).

16.

More specific recommendations on use of sarupl ing for pattern are
needed, especially in distinguishing between situations where
existing data must be used {possibly supplemented by selection of
additional new samples) . and those where a new sampling plan can be
utilized (Section 4.5.1).

17.

The circumstances where kriging is and is not appropriate for lowlevel waste management use should be defined and situations where
less complicated methods may be preferred should be indicated.
This will require further study of the impacts of assumptions about
variograms and trend surfaces, which will likely require computer
simulations and may also call for some field sampling experiments
(Section 4.5.6).

18.

A further evaluation of available references on kriging and geostatistics and an extension of present reference list and review is
needed (Section 4.5.8).
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