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ABSTRACT 
Surviving in a data-rich environment means understanding the difference between data and information. 
This paper reviews an environmental case study that illustrates that understanding and shows its 
importance. In this study, a decision problem was stated in terms of an economic-objective function. The 
function contains a term that defines the stochastic relationship between the decision and the information 
obtained during field characterization for an environmental contaminant Data is defined as samples drawn 
or experimental realizations of a mdom function. Information is delined as the quantitative change in the 
value of the objective function as a result of the sample. 

INTRODUCTION 

As our technical ability to obtain, store, manage, and transmit data increases, we are faced with an apparent 
paradox. Our ability to interpret data rationally decreases as the amount of data increases. We complain of 
information overload. Perhaps we are data rich but information poor. If this last statement is true, there 
must be a paradigm that distinguishes between data and information. 

Let us, just for the sake of argument, assume that we seek information in order to increase our confidence 
in our ability to make rational decisions. 

The purpose of data collection is to provide information. This is a rational argument and the collection of 
data is assumed to be a rational activity. 

The collection of data is driven by belief in the scientific method. This is also a rational argument and the 
collection of data is assumed to be a rational test of some underlying hypothesis. Jf we accept this last 
statement as true, that data are a rational test of a hypothesis, then prior to obtaining data the hypothesis 
must be articulated and stated in such a manner that the hypothesis is testable. In the absence of a testable 
hypothesis it is impossible to obtain informative data. 

Define “expectation” as the likelihood that an event will occur. For example, consider a site where there is 
reason to expect environmental contamination, the land surface adjacent to a nuclear weapons production 
facility. At any point on that surface, our interest is in the events “contaminated” or “uncontaminated”. In 
the absence of information, any point on that surface is just as likely to be contaminated as uncontaminated. 
Our “prior expectation” that a point on the surface is contaminated is 0.50. Because the events 
contaminated and uncontaminated are mutually exclusive, they can not occur together, and exhaustive, they 
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are the only events that can occur in the context of the problem, our “prior expectation” that a point on the 
surface is uncontaminated is also 0.50. 

For political or legal reasons, a site may be required to characteke, in more detail, the nature and extent of 
its contaminant problem. The degree to which we can refine our expectation of contamination described 
above is a function of technology, money, and the inherent nature of the physical process we wish to 
measure. To the extent that technology and economic resources are available, what we seek is information. 
One of the ways to obtain information is to collect data. 

Define information as the change in expectation of an event. In the case of our environmental contaminant 
problem, we would like information that takes us from a state of knowledge that a point on the surface is 
just as likely to be uncontaminated as contaminated to state of knowledge that the point either is, or is not, 
contaminated. Therefore, data that does not change our expectation of an event provides no information. 

These arguments and definitions constitute an epistemological ihmework that can be used to distinguish 
between data and information and solve real world problems. 

CASE STUDY 

The case study is an application of the concepts discussed in the introduction. The problem is one of 
characterization of an environmental contaminant and design of an excavation plan that will satisQ legal 
criteria for compliance. The case study is divided into seven sections. The h t  section defines the 
conceptual basis of the application. The Six sections that follow correspond to the real sequence of events 
and are written for an audience that may not be familiar with or normally work on environmental problems. 

CONCEPTUAL BASIS FOR THE ANALYSIS 

The explicit hypothesis is stated that all decisions with respect to the design of the environmental 
remediation are economic decisions that can be stated as a function of costs, economic risks, and economic 
benefits (Freeze et al., 1990; Rautman, 1997). A decision is the choice between alternative courses of 
action. The underlying implicit hypothesis is that some courses of actions are more favorable than others. 

The economic-objective function for the site-specific problem starts with a fundamental statement of 
discounted cash-flow analysis. The purpose of the analysis is to maximize the net present value of the 
expected economic objective, , across a number of alternatives, j. 

Where the Bj(t) are the economic benefits in dollars, Cj(t) are the economic costs in dollars, and Rj(t) are 
the economic risks in dollars associated with alternative j in time period t. The discount rate is i. 

The economic risk term associated with alternative j, Rj(t), is defined as the a priori expected cost of failure. 

Where Cmj is the failure cost associated with alternative j and Pmj is the probability that the failure of 
alternative j occurs. 

Defining the economic benefit Bj(t) as revenue, this term drops out of the environmental remediation 
projects which leaves 
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Since the economic objective is now stated in only in terms of cost, the purpose of the analysis is to 
minimize the net present value of the economic loss. The function can be simplified further. In the federal 
complex, where budgets are allocated on an annual basis and where the relationship between budget, long- 
term schedule and scope is tenuous at best, the discount-rate term 

1 
(1 + i)‘ 

drops out of the equation. This says in effect that the future value of money is not a consideration in 
today’s decision. As a consequence 

Bj = cj + Cfd. * Pfdj 

The probability of failure is assumed to be a strong function of a spatially dependent performance measure. 
Therefore the total cost-objective function can be expressed as, 

Where X, Y, and Z refer to the coordinates of the spatial domain. 

The performance measure is defined as a random spatial variable Z that can be described by a random 
function Z(x) where x refers to the location of Z. A random function is a set of random variables that are 
related to each other by a stochastic process. The description of Z at a point is given by its probability 
density function. The relationship between pairs of points that are members of Z(x) is given by a 
correlation function that describes the spatial structure of Z(x). 

To solve for @ , the probability of failure must be defined in terms of Z. In the case where a compliance 
criterion is a single value of Z that is not to be exceeded Z’, then the probability of failure is defined as 

Psi = P[Z(x) > Z’] 

The description of Z(x) is defined by point samples of Z and any additional information about the process 
underlying Z(x). In the absence of any information about Z(x), 

Pgd = P[Z(x) > Z’] = 0.50; for all Z(x) 

This is not an arbitrary assumption. There are only two possible outcomes, succeed or fail. Therefore, the 
prior probability is that both outcomes are equally likely. The prior is unbiased with respect to Laplace’s 

Any “Principal of Insufficient Reason” or 
epistemological arguments to the contrary, such as a strict frequency dehition of a probability, would have 
precluded any discussion of an objective function with an expected risk term. Characterization can now be 
defined as the realization of a stochastic process Z(x) that changes the expectation of Psd. 

‘on of Shannon’s “Informational Entropy”. . .  

There is nothing that prevents the value of Z* from being considered as one of the alternatives, in which 
case 

Psi = P[Z(x) > Z*j] 
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THE CASE STUDY: PROBLEM DEFINlTION 

In this section we start answering the very basic questions of an environmental remediation: who, what, and 
where? 

Where: The Miami-Erie Barge Canal adjacent to the U.S. Department of Energy’s Mound Plant in 
Miamisburg, Ohio. 

The Mound plant was an integrated research, development, and weapons production facility. The plant is 
located within the city limits of Miamisburg in southwestern Ohio and occupies 306 acres. The site sits on 
a bluff overlooking the city and the Miami River. Production ceased in 1993, and the site is being prepared 
for potential alternative use. Part of that preparation is the cleanup of environmental contaminants at the 
site. One of the contaminants is plutonium. 

In 1969 a rupture occurred in an underground pipeline, releasing waste fiom a plutonium processing 
facility on the bluff above the flood plain of the Miami River. An abandoned stretch of the nineteenth- 
century Miami-Erie barge canal runs along the base of the slope outside the boundary of the plant. The 
canal is normally dry. Under periods of intense or prolonged rain, water collects in the canal and drains, 
through a ditch south of the Mound plant, into the Miami River. Excavation of soil near the rupture began 
January 24, 1969, and repairs on the pipeline were completed on January 26. On January 28 heavy rain 
began and continued through the 3 1“. Cleanup resumed in February, and additional soil near the rupture 
was removed. In April of 1969, the excavated areas were filled with uncontaminated soil. 

In 1971 routine environmental sampling both on and off site suggested that plutonium had been dispersed 
into the environment and washed into the canal. In 1975 a study of more than 1700 samples from 
sediment, biota, water, air, and soil indicated that a 1-mile section of the abandoned canal was 
contaminated. About 90 additional samples were collected in 1992 and 1993, conhning the general 
distribution of plutonium observed in the 1975 study. 

This is a description of “where” on a large scale. One thing we will need to determine is whether or not 
this description is adequate. 

Who: The U. S. Department of Energy; the City of Miamisburg; the Ohio EPA Office of Federal Facilities 
Oversight; the U. S. Environmental Protection Agency, Region V; and the Mound Action Committee 

The Department of Energy is obligated to pay for the cleanup of the canal. The City of Miamisburg owns 
the land. The Ohio EPA Office of Federal Facilities Oversight has responsibility for direct regulatory 
oversight. The U. S. EPA oversees the Ohio EPA. The Mound Action Committee represents, in part, the 
local community. The criteria for remediation of the canal must be agreed to by all these parties. The 
plans for meeting the criteria must be agreed to by all the parties. The criteria for determining whether the 
remediation criteria have been met must be agreed to by all the parties. The plan for meeting the criteria 
that determine whether the remediation criteria have been met must be agreed to by all the parties. Last, 
but not least, all the parties must, in the end, agree that the plan for meeting the criteria that determine the 
success of the remediation was executed in good faith and to every party’s satisfaction. 

The conceptual framework is a process that requires explicit decision rules. For example, what exactly and 
unambiguously determines whether or not a discrete piece of ground is contaminated or uncontaminated? 
All the parties must agree to the rules unless one entity has been granted unilateral power. In the case of 
the Miami-Erie Canal, the consensus of a number of stakeholders is required. 

what: Plutonium 

Soil contaminated with plutonium will be shipped to disposal site in Utah but not a l l  the plutonium will be 
removed. For many environmental contaminants, criteria are set that define allowable concentration levels 
in soil, water, or air. In the case of the Miami-Erie Canal the criteria for remediation are expressed in terms 
of the likelihood of exceeding 75 and 150 picocuries of plutonium per gram of soil @Cilg). For example, 
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one of the rules for the canal is that all soil will be removed where the probability of exceeding 75 pWg is 
greater than or equal to 0.05 (5%). 

Note that the rule is explicitly probabilistic. The rule does not say “clean up to an average of 75 pWg” or 
“clean down to 75 pCi/g”. What appears to complicate matters of compliance even further is a second 
criterion that can be stated as “all soil will be removed where the probability of exceeding 150 pCi/g is 
greater than zero”. 

We can now define our problem: the Department of Energy is required to remediate a section of the Miami- 
Erie Canal adjacent to its former weapon-production plant to the satisfaction of the Ohio EPA Office of 
Federal Facilities Oversight, the U.S. EPA Region V, and local citizens. Satisfaction is achieved when the 
Department of Energy demonstrates that no soil remains where the probability of exceeding a concentration 
level of 75 pCi/g of plutonium is greater than or equal to 0.05 and that no soil remains where the 
probability of exceeding 150 pCilg is greater than 0.0. 

We will also assume that the Department of Energy would like to solve the problem we have just defined at 
the lowest possible cost. 

To solve our problem we need information to answer 4 questions. 

Where do I send the bulldozer? 

The intuitively obvious answer to the Department of Energy’s problem is that a bulldozer, or in the case of 
Mound a backhoe, removes soil that is contaminated with plutonium. As we shall see, when one is 
standing in the canal with limited data, uncertainties in the distribution of the contaminant, and compliance 
criteria that are explicitly probabilistic, where to send the bulldozer is anything but intuitively obvious. 

How much conjidence do I have in my decision? 

The backhoe driver has gone home for the day. Based on your instructions, some soil was excavated and 
some soil was left in place. How much confidence do you have that the regulatory compliance criteria have 
been met? 

What are the consequences ij7 make a mistake? 

Despite your best effort and professional judgment, mistakes are bound to happen. What are the 
consequences if some of the soil left in place is contaminated? What are the consequences if some of the 
soil just excavated for shipment to Utah is un-contaminated? 

Have the stakeholder and regulatory concerns been addressed? 

The site has just spent several million dollars to excavate and ship several thousand cubic yards of silt loam 
from Ohio to a hole in the ground in Utah. How much of the plutonium went with it? How much remains? 
How is the remainder dispersed? What are the risks associated with the remainder? One assumes that the 
purpose of the exercise was to remove the plutonium. Has that really been accomplished? 

These four questions are generic to any site where there is a possible contaminant, a performance criterion 
must be met if the contaminant is detected, and cost or technical feasibility is a constraint. Therefore, the 
process to answer these questions is generic. 

THE CASE STUDY BUILDING AN ECONOMIC OBJECTIVE FUNCTION 

In this section the problem is restated in economic terms. The total cost of environmental remediation can 
be written in terms of three component costs: the cost of characterizing a site, the cost of treatment or 
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removal of the contaminants, and the costs associated with design failure. This can be expressed in 
mathematical form as 

Total Cost = Characterization Cost + Treatment Cost + Failure Cost 

The last term in the equation is called the economic risk term. Under most circumstances we want to 
evaluate the economic objective function for a number of different design alternatives. What we are 
looking for is the leastcost solution to an environmental remediation. 

The economic objective function for Mound is even simpler. At Mound, the cost of characterization is 
effectively fixed. There is an on-site sample laboratory at the canal. The laboratory is staffed and 
equipped. As a result, the cost of characterization is not a factor in evaluating alternative design strategies. 
Therefore, the economic objective function for the remediation of the Miami-Erie Canal can be written as 

Total Cost = Treatment Cost +Failure Cost 

The problem can now be stated as “minimize the total cost of meeting the regulatory compliance criteria at 
the Miami-Erie Canal to the satisfaction of the regulatory and local community.” 

Total Cost is a non-linear function of the two remaining terms in the equation. What appears to be a very 
simple statement of the problem has no simple solution. 

The last term in the economic objective function is the product of two components: a probability of failure 
and a cost of failure. 

Failure Cost = Probability of Failure x Cost of Failure 

THE CASE STUDY: UNDERSTANDING THE ECONOMIC NSK TERM 

This is the risk component of the economic model. By including this term in the model and stating failure 
costs as a function of the likelihood of an error or mistake on our part, we do several impoxtant things. 
First, we explicitly acknowledge that there is uncertainty in our decision making. Second, we provide a 
framework for quantifying the level of uncertainty and the potential consequences. Third, we quanti.@ 
what additional data is worth to us and compare that to the cost of additional data. 

Consider the cost of failure in the context of the environmental remediation. There are two different types 
of failure: 

1. The failure to remove a contaminated section of soil 
2. The removal of an uncontaminated section of soil 

The fist failure is a failure to meet regulatory compliance criteria and has an expected cost associated with 
it. The second failure is of no concern to the regulator but constitutes a design failure from the site’s point 
of view and has an expected cost associated with it. 

The likelihood of either type of failure is a function of the information available to us about a site. In other 
words, all our sampling and characterization at a site is expressed as the probability of failing to meet a 
design criterion. 

Before going on to the section on characterization, rewrite the economic objective function for Mound with 
the expanded economic risk term in the equation. 

Total Cost = Treatment Cost + (Probability of Failure x Cost of Failure) 
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THE CASE STUDY: CHARACTERIZATION AND SAMPLING 

One of the first questions to address is whether or not additional sampling of the canal is required; that is, is 
there enough information to start excavation? As discussed in the section Problem Definition, the 
Department of Energy took numerous samples over a period of 24 years. In a review of sample data taken 
from the canal in 1992 and 1993, the project came to the following conclusions: 

The sample analysis techniques in use at that time generated uniform concentration values below 
50 pCi/g. This suggests a high degree of inaccuracy. 

Very few samples were obtained in the critical range, between 50 and 200 pCi/g, for determining 
compliance. 

Verification Samples taken during the same period did not correlate well with the site’s soil- 
screening techniques from the same period; which constitute the majority of the data. 

Sampling conducted prior to the removal action provides only a gross picture of the nature and 
extent of the plutonium contamination. 

If cost were no object, the site could excavate well beyond and below the boundaries of the canal. Since 
cost was an object, the site had developed a baseline excavation plan based on the existing sample data. 
The site felt that the baseline plan was conservative; that is, the site would remove more soil than was 
necessary to meet the compliance criteria. The regulators were not completely convinced. Neither side had 
good data available to defend its arguments. It was clear that both sides, the site and the regulator, were 
working together in good faith. It was also clear that both sides were having difficulty interpreting the 
probabilistic compliance criteria using traditional deterministic methods and the available data. 

At this point, DOE and the regulators authorized a demonstration of the fiamework outlined in this paper 
on three sections of the canal. In total, the canal removal action has been divided into 150 sections, with 
each section measuring 60 ft in width and 50 ft in length. The regulators and the site chose sections N23, 
N24, and N25 for the demonstration. These sections were picked because the site and regulators believed 
that contamination here might extend below the 4 f t  predicted in the baseline excavation plan. Sampling 
and excavation were to proceed in stages: 

0 

0 

0 

A new round of sampling on the surface of the canal and excavation to a depth of 2 f t  in all areas 
exceeding the compliance criteria. 
Sampling of the excavated surface and excavation to a depth of an additional 2 ft in all areas exceeding 
the compliance criteria. 
Prediction of contamination with depth based on the data from the sampling of the two surfaces above 
and excavation of all areas exceeding the compliance criteria below a depth of 4 ft. 

The fiamework, as a process, is designed to be iterative. That is, samples are taken a few at a time, the 
information is analyzed, the economic objective function is updated, and a decision to take more samples is 
based on what the function predicts those samples are worth towards mhimking the total cost of the 
remediation. 

The decision was made at Mound to over-sample the surface of the canal and the excavated surface below. 
There were three reasons for this decision. One was technical, one was political, and one was economic. 

The technical reason is suggested by the review of the site’s prior attempt to characterize the nature and 
extent of contamination in the canal. The site was planning to use their on-site rapid screening techniques 
to characterize the boundaries of their excavation for compliance and to make real-time dig or no-dig 
decisions. Their alternative was to send samples off site for analysis - a time consuming and costly 
process. 
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The initial sample plan was designed to achieve two goals. The first was to obtain samples in the critical 
range of 50 to 200 pCUg to compare the site’s rapid-screening procedures with off-site analysis. The intent 
was to take enough samples so that at least 60 of the samples fell into the critical range. Those samples 
would be split, with one portion sent to the rapid-screening lab and one portion sent off-site for analysis. 
The second goal was to obtain enough samples so that a reasonably precise map of the areas requiring 
excavation could be generated the first time through. This second goal was driven by political 
considerations. The site was under great pressure to “move the dirt.” Spring rains in Ohio delayed the start 
of some activities. The mayor of Miamisburg was a frequent visitor. 

The economic reasons to obtain as many samples as possible the first time through are simple. The project 
was able to demonstrate that the on-site rapid-screening samples provide defensible numbers. There is a 
fixed cost associated with the on-site lab. Whether they take one sample a day or 100, the fixed cost 
remains the same. Therefore, the cost per sample decreases as the number of samples increases up to the 
full capacity of the lab. There is no economic incentive to minimize the number of samples under the 
circumstances at this site. 

At this point we want to review the reasons for sampling. The data available from the site do not provide 
the information needed to answer the four questions posed earlier: 

Where do I send the bulldozer? 
How much confidence do I have in my decision? 
What are the consequences if I make a mistake? 
Have the stakeholder and regulatory concerns been addressed? 

If these questions can be answered, then the following problem can be solved: the Department ofEnergy is 
required to remediate a section of the Miami-Erie Canal adjacent to their former weapon production plant 
to the satisfaction of the Ohio EPA Of3ice of Federal Facilities Oversight, the US. EPA Region Y, and 
local citizens. Satisfaction will be achieved if the Department of Energy can demonstrate that no soil 
remains where the probability of exceeding a concentration level of 75 pCi/g of plutonium is greater than 
or equal to 0.05 and that no soil remains where the probability of exceeding 150 pCi/g is greater than 0.0. 

Figure 1 is a plan view of the sample locations on the surface of the canal. The size of the black dots 
corresponds to plutonium concentmtion. The bigger the dot, the greater the measured concentration of 
plutonium. Under the agreement negotiated between the Department of Energy and the stakeholders, 25 
samples on ten-foot spacing are to be taken in each section of the canal. The locations are deiined by 50 f t  
x 50 f t  grids sectioned every ten ft. The origin of each grid in each section is determined by random 
number so that as one crosses from section to section the grids are offset. The project added eight nested 
grids on a smaller spacing. In total, 152 samples were taken from the surface of the canal. 

Figure 1 
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The nested grids provide information that will be used in a geostatistical analysis of the sample data 
Geostatistics, unlike statistics, assumes that the relationship between two measurements of plutonium 
spaced near each other is stronger than the relationship between two measurements taken far away from 
each other. The design of a sample pattern and the analysis of the sample data is different in geostatistics 
than statistics. When the data do not support this relationship, the problem degrades to a classical statistical 
problem. 

Once the samples were taken, the surface was excavated to depth of two feet, and a similar sample pattern 
was laid out on the exposed surface and samples taken. 

At this point reality intruded to change the design of the project plan. The exposed surface, 2 ft below the 
original soil surface of the canal, was virtually uncontaminated. Remember, these three sections were 
chosen because of concern that contamination might exist below a depth of 4 ft. The idea that 
contaminants may not be dispersed exactly as predicted in a baseline assessment should come as no 
surprise. Although the project had plans to use data from at least two contaminated surfaces and possibly 
three to support the analyses to follow characterization, data only from the surface of the canal wil l  be used. 

Samples have now been taken. Next, exploratory data analyses will be conducted to determine if we have 
the information needed to answer the questions raised. Note the distinction being made between data and 
information. It is easy to collect data It is hard to obtain information. 

The first analysis addresses the distribution 
of contaminant values. Figure 2 is a 
histogram It displays the percentage of 
the 152 measured values that fall into 
discrete little packages. 

Figure 2 

For example, almost half the samples had 
plutonium concentrations less than or 
equal to 33 pCi/g. Three quarters of all the 
samples had concentrations less than 100 
pCi/g. Only a small percentage of the 
samples exceeded 200 pCi/g. 
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There is additional data in Figure 2. Notice the shape of the histogram: many low values decreasing 
exponentially to a few high values. This exponential shape is important First, it illustrates why the mean 
or average value of the distribution is a poor predictor of what one would expect to see if another sample 
were to be taken. Note that the mean value of about 100 pCi/g is much higher than the median value of 
about 33 pCi/g (half the number of samples are less than, and half the number of samples are greater than 
33 pCi/g). Second, it states that high values are not unexpected and should not be a surprise when they 
occur. 
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The next analysis is whether the measured values of plutonium are related to each other in space. This is a 
geostatistical question and the answer is provided in a figure called a variogram. The variogram for the 
canal data is illustrated in Figure 3. 

Parallel to the canal axis . Normal to the canal axis 

Figure 3 

The variogram plots variance (squared differences between pairs of samples) versus increasing distance 
between samples. If there is a spatial relationship, the variance decreases as the distance between sample 
pairs decreases. Both illustrations in Figure 3 are informative. In Figure 3a we have asked if there is 
spatial correlation between sample values down the long axis of the canal in the 3 sections where we 
sampled. In Figure 3b we have asked if there is spatial correlation between sample values as we traverse 
the width of the canal. In both cases the answer is yes. The differences between pairs decreases as the 
pairs get closer together. In a comparison of the two figures, there is a striking difference. The range, the 
distance over which a sample provides some information about the value of another sample, is much longer 
down the axis of the canal than across the width of the canal. 

This difference is called anisotropy and is a common property of many geotechnical phenomena 

When it comes time to model the distribution of plutonium in the canal and the likelihood of meeting the 
compliance criteria, the data, the histogram and the variogram will be used to condition and constrain the 
model. 
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AU the data needed to generate a map, Figure 4, of expected plutonium concentrations on the surface of the 
canal are now available. High values of concentration are red. Low values are blue. The map shows high 
values of plutonium down the center of the canal. 

Figure 4 

Mapping the expected value of the distribution of a 
contaminant is where most sites end their analyses. Very 
little data here is relevant to the problem as defined or to the 
questions posed. The map does provide some comfort. 
Higher levels of contamination are primarily confined to the 
center of the canal. This is consistent with the mode of 
deposition, plutonium-contaminated wastewater flooding 
what is, for all practical purposes, a ditch. There is a fairly 
broad range of concentration values down the center of the 
canal. This variation could be*the result of the original 
depositional event in 1969, or it could be the result of 
reworking of sediment over the past 28 years. 

The somewhat splotchy distribution of contaminant values, 
as the edge of the map is approached, probably represent 
man-made disturbances and re-working of the plutonium. 
Over the years there has been some dredging of the canal, 
evidenced by obvious spoils piles along the banks in some 
areas. The canal has also been used as a dumping ground for 
tires, empty anti-freeze containers, and assorted other 
cultural artifacts. 
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-30 -13 u 1 3  YU Another comfort is the elevated levels of plutonium on the 
surface. This supports the site’s contention that the plutonium has bound to the sediment in the canal and is 
reasonably immobile. The abrupt lack of plutonium 2 ft below the surface also supports this argument. 

The real issue is whether generating a model and a map of expected values of plutonium provides the 
answers to the questions that have been asked. 

The first question we want to answer is “where do we send the bulldozer?” 

We know from our statement of the problem that we need to remove any soil where the probability of 
exceeding a concentration level of 75 pCUg is greater than or equal to 0.05 and the probability of exceeding 
150 pCi/g is greater than 0.0. Figure 4 does not tell us where to dig. 

An analysis of expected values does not provide the answer to the 3 remaining questions either: how much 
confidence do I have in my decision? What are the consequences if I am wrong? Have the stakeholder and 
regulatory concerns been addressed? 

In the next section, Quantifying Geologic Uncertainty, we will take the histogram, the variogram, and the 
samples and generate the inforination we need to answer the questions and evaluate the economic objective 
function 

THE CASE STUDY: QUANTIEYING GEOLOGIC UNCERTAWTY 

Imagine standing in the canal. Imagine a backhoe. At the 152 sample locations we know with perfect 
certainty, for all practical purposes, whether or not the backhoe operator should remove the soil. If the 
concentration of plutonium in the sample was greater than or equal to 75 pCilg, the soil is removed. If the 
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concentration is less than 75 pCVg, the soil stays. Now, what are we going to tell the operator to do at all 
the other locations? 

As soon as we step away from a sampled location there is uncertainty about the plutonium concentration. 
The regulators and the stakeholders understand this. That is why the compliance criteria have been written 
in terms of the likelihood of exceeding 75 and 150 pCVg. 

It might be worthwhile at this point to consider how much of the site was interrogated by taking 152 
samples. Each sample had a diameter of 4 inches. There are 81 potential nonsverlapping sample locations 
in every square yard of soil (Figure 5). The area we are 
sampling is 20 yards wide and 50 yards long. There are 81,000 
potential sample locations at the site. 

Figure 5 

Now ask the following question. Can the likelihood of 
exceeding the compliance criteria at all these unsampled 
locations be predicted given the information currently available? 
If it can, then we know precisely where to dig to meet the 
compliance criteria. 

Yes, we can predict the likelihood. The process is called 
geostatistical simulation (Deutsch and Journel, 1992). Not too 
many years ago, this process would have required a 
supercomputer. Today it can be performed on a notebook computer in the field. 

The process is outlined in Figure 6. The process uses the histogram, the sample values and locations, and 
the variogram to generate a large number of separate models of the concentration of plutonium at the canal. 
Each of the models will preserve the measured value of plutonium at the location where it was sampled, the 
statistical properties of the original sample data, and the spatial correlation of the original data. Each model 
will be a plausible and equally likely representation of what might be happening at all the locations where 
we have not sampled. 

Some readers will instantly recognize what we have just done as a variation of what is called a Monte Carlo 
process. Instead of genemting multiple, equally likely representations of a univariate process, we are now 
generating multiple, equally likely representations of a geometric process. The process is exactly the same 
for a 3-dimensional problem. The software to execute this type of simulation is available in the public 
domain. 

When the simulation is finished, there will be 100 realizations of what could occur at each of the 80,848 
locations where we did not take a sample. What that means is that, at each location, we can Summarize the 
100 values as a histogram. The histogram at each location tells us how likely we would be to draw certain 
values of plutonium, as a function of the information currently available to us, ifwe were to take a sample 
in that location. Of immediate concern to us is that we can now determine the locations at the site where 
the probability of exceeding a plutonium concentration of 75 pCi/g is greater than or equal to 0.05. 

Since we do not want to give the backhoe operator a large number of maps and tell him to figure out where 
to excavate, we need to summarize the simulation results in a form that is easy to interpret. 
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Histogram 

I 

Figure 6 

The summary information will take a number of forms. We want to use the results of the simulation to 
answer the questions we have asked because those answers provide the solution to the problem we have 
posed. 

, 
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Start by Summarizing the information we need to answer the question of where to send the bulldozer. 
Figure 7 illustrates the process of generating a remediation map, a map that identifies exactly what patches 
of ground are going to removed in order to meet the compliance criteria. 
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Figure 7 

There are 3 illustrations in Figure 7. Figure 7a and 7b are probability maps. The values of the color scale 
are probabilities that range from 0 to 1.0. Figure 7a is a map of the probability that the average plutonium 
concentration in any 3 ft x 3 ft section of the canal exceeds 75 pCilg. The dashed line in Figure 7a defines 
the 0.05 probability contour. Figure 7b is a map of the probability that the average plutonium concentration 
in any 3 ft x 3 f t  section of the canal exceeds 150 pWg. The dashed line in Figure 7b defines the 0.01 
probability contour. Figure 7c is the actual remediation map. It tells the backhoe operator exactly where to 
excavate in order to meet both compliance criteria. 

Two very important but very subtle things just occurred in the preceding paragraph and we need to discuss 
each one. 

First, the average probability of exceeding the compliance criteria over a 3 ft  x 3 f t  piece of ground was 
mapped. There is a practical reason for summarizing the simulation results at this scale: 3 ft x 3 f t  is about 
the size of the backhoe blade. It is the smallest piece of ground that can be economically removed. The 
average of a piece of ground this size is not well represented by a single sample that is only 4” across, as 
discussed earlier. To obtain a robust average we have done two things. We took a number of closely 
spaced samples, the nested grids, to obtain a measure of local variability, and we conducted the computer 
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simulation at the same scale as the measurements to preserve the statistics of the measured data. To obtain 
the average concentration over the 3 f t  x 3 ft section, we take the average of the 8,100 concentration values 
generated in that section in the simulation. 

Second, we chose as our remediation contour for 150 pCi/g a value of 0.01 and not 0.0. This is a simple 
consequence of the laws of probability. The concept of certainty, a probability of either 0.0 or 1.0, an event 
either did not occur or it did, applies only after an experiment has been conducted - in this case, the sample 
taken. Absent a sample, the probability that the concentration at any location will exceed 150 pCi/g must 
be a number between, but not equal to, 0.0 and 1.0. Strict, unyielding adherence to the compliance 
.criterion for 150 pCi/g requires that the site takes either 81,000 samples in the three sections under 
discussion or simply excavates all the soil. How we deal with the consequences of these decisions is 
discussed in the section Evaluating Economic Trade-offs. 

An important point to note here is that the problems under discussion are not unique to Mound. In fact they 
are not unique. Measurements are not taken at the scale of a bulldozer blade, and the problem of relating 
what you measure to what you do exists everywhere. The problem that strict adherence to compliance 
criteria may not be technically, physically, or economically feasible (or all three) does not mean that the 
criteria were set in bad faith or that the fundamental objectives of the remedial activity can not be achieved. 

The first of the four questions has just been answered The remediation map gives precise and unambiguous 
directions to the backhoe operator. 

There are three more questions to answer: How much confidence do I have in those instructions? What are 
the consequences if those instructions were wrong? To what extent did my actions address the stakeholder 
and regulatory concerns? We are going to pose these as economic questions in the next section and use the 
cost-objective function, the cost data from the site, and the results of our uncertainty analysis to propose an 
answer, 

' 

THE CASE STUDY EVALUATING ECONOMIC TRADE-OFFS 

Start by considering the consequences of an action: an action, in the context of this problem, is the removal 
or leaving in place of a section of soil 3 ft square and 1.5 ft deep. An action can also be the decision to 
obtain more samples in order to refine the excavation plan. The setting of a compliance criterion is also an 
action. The consequence of those actions is an impact on the total cost of the environmental remediation. 
To understand the consequences of our actions we need to understand the trade-offs between 
characterization and sampling costs, removal and shipment costs, the costs we might be forced to pay for a 
failure to meet the compliance criteria, and the costs of an overly conservative excavation. 

The consequences of an action have just been defined in terms of dollars. Every decision is going to have a 
direct or potential economic effect on the total cost of the removal action. This relationship is expressed in 
the economic objective function. To understand the consequences of a decision we need to understand how 
this function behaves at this site. 

Total Cost = Treatment Cost + (Probability of Failure x Cost of Failure) 

The behavior will be a function of the information available to us about the distribution of plutonium at the 
site, the site-specific costs, and the uncertainties associated with the data. 

Table 1 is summary of the cost information, originally provided by the site, needed to calculate the value of 
the economic objective function. 
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Table 1 - Economic Data 

Panel size (selective remediation unit): 3 ft x 3 ft x 1.5 ft avg. depth = 13.5 ft? 
Remediation cost, initial, per ft? of soil: 

cost 
($) - 

11.23 

Figure 8 is the total cost-objective function for the 3 sections sampled at the canal using the original cost 
data in Table 1. The figure plots the total cost, removal cost, and failure cost versus the probability of 
failing to meet the regulatory compliance criteria. The purple line is the site's cost to execute the removal 
action as described in their baseline plan. 

$2.91 transp ortation + $0.24 car liner + $6.60 disposal + $1.48 operations & management 
Re-remediation cost (upon failure), per ft? of soil (Pu activity < 150 pCi/g): 
Cost factor x 2 
Re-remediation cost (upon failure), per ft? of soil (Pu activity > 150 pCi/g): 
Cost factor x 5 
Basecase excavation volume: based on cross-section profile of canal segment N-24, 
64 ft2 x 150 ft = 9600 ft? x $1 1.23/f? 

Y 

0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Probability of Failing To Meet Compliance Criteria 

22.46 

56.15 

107,808 

Figure 8 

Quantitative meaning can now be assigned to the concepts of confidence and consequence. The vertical 
axis of Figure 8 is consequence, the horizontal is confidence. Consider what the horizontal axis is telling 
us. At the far left-hand side, at 0.0, the value of the total cost is at its &um. The function is telling 
you what the total cost will be if you want to execute the removal action with no likelihood of exceeding 
the regulatory compliance criteria. You will have a very high degree of confidence that the compliance 
criteria will be met and, as a consequence, the removal action will cost you about $90,000. Consider the far 
right-hand side of the horizontal axis,  the 1.0. Here you have decided you wil l  only remediate those 
sections of the canal where you know with absolute certainly you exceed the compliance criteria. These 
are only the sections where the concenlration of plutonium in one of the 152 samples was greater than or 
equal to 75 pCi/g. With the information obtained fiom the site data, you will how, again with a very high 
degree of confidence, that many other sections of the site exceed the compliance criteria. You also know, 
with a high degree of confidence (the green line) that the regulator wil l  detect some, if not all, your 
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mistakes. According to the figure, as a consequence of this last decision, the total cost of the removal 
action will be reduced by almost half. 

We will discuss shortly whether or not thesite’s failure costs are realistic. 

In summary, Figure 8 tells us that, if we are willing to risk the probability of a failure to excavate a panel 
that exceeds the compliance criteria, our removal costs will drop (the red line) as we increase that risk, our 
penalty for failure costs will go up (the green), and our total cost (the blue line) will continue to decrease. 
It is also telling us that, regardless of what we do, as a result of taking more samples and performing the 
geostatistical simulation, all our current alternatives are cheaper than what we were proposing to do in the 
baseline plan. 

Figure 8 is a model of the consequences of decisions made by rational people. The purpose of a decision 
model is to help those people evaluate whether or not the consequences of those decisions are rational. 
The model in Figure 8 was reviewed by the U. S. Department of Energy, the Ohio EPA, and the U. S. EPA 
The Ohio EPA made it clear that the site had underestimated penalties should the State encounter a 
substantial number of verification samples in excess of the regulatory compliance criteria. Discussions 
between the Ohio EPA and the Department of Energy resulted in the following revisions to the original 
assumptions: 

0 Should the Ohio EPA, upon verification of the site’s remediation, find a substantial number of samples 
in excess of the regulatory compliance criteria there would be a serious loss of confidence in the site’s 
ability to meet negotiated compliance criteria. 
That loss of confidence would occur somewhere around a point where 25 out of every 100 verification 
samples were in excess of the compliance criteria. 
The loss of confidence would result in delays, changes in reporting requirements, and a substantial 
increase in cost to the site. 

0 

0 

Since there were no explicit decision 
criteria set for assigning the amount of 
penalty, the objective function was 
reevaluated as a function of increasing 
penalty costs. Figure 9 is an illustration 
of the revised objective function. The 
function is now displayed as a penalty 
surface in three dimensions and only 
the total restoration cost is displayed. 

Figure 9 

Like the function in Figure 8, cost is 
plotted on the vertical axis versus the 
probability of failing to meet the 
compliance criteria, the Probability of 
Failure, on the horizontal axis. In 
Figure 9 there is a third axis labeled the 
Cost of Failure, per panel, as a multiple of remediation cost. As economic penalties increase in direct 
proportion to the cost of remediation, the economic incentive to err decreases. The new function allows us 
to ask and answer questions that are important to both the regulator and the site. For the regulator, the 
function answers the question “how large do penalties need to be to provide an economic incentive to 
comply with the compliance criteria while sti l l  providing the site the opportunity to make honest errors 
without fear of punitive economic penalties?’’ The regulator has stated that a loss of confidence would 
occur at a point where 25 out of 100 verification samples exceed the compliance criteria. There is a point 
on the function where the expected cost of a probability of failure of 0.25 is greater than the original 
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baseline cost. That point is reached once the penalty cost reaches a multiple of 18 times the cost of the 
initial remediation and is illustrated by the red line in Figure 9. 

The site would like to know if, given the current sample data, there is an opportunity to minimize the cost 
of the remediation despite the higher penalty. As in the original objective function, perfection does not 
appear to be cost effective. It clearly pays the site to assume some risk, on the order of lo%, in the 
classification of the panels as clean or dirty. The site’s best option is illustrated by the red dot in Figure 9. 

The substantial increase in cost that the Department of Energy believes it would incur as a result of the 
Ohio EPA’s loss of confidence in the Department’s ability to remediate the canal is well in excess of 18 
times cost. 

The sampling and analysis conducted to this point have provided us with explicit answers to the first 3 
questions we posed: where do we send the bulldozer? How much confidence do we have that the 
compliance criteria have been met? What are consequences if they have not? But we have yet to 
adequately answer the question posed as, have the stakeholder and regulatory concerns been addressed? 
The answer to that question is shown in Figure 10. 

The site’ the regulators, and the community usually assume that if the compliance criteria for concentmtion 
limits have been met, the problem has been solved. The relationship between inventory and concentration 
limit is a non-linear function and is site specific. This project, which deploys under the name 
SmartSamplingm, assumes that the purpose of the excavation is to remove the contaminant since that was 
what all the fuss was about in the first place. This is a classic concept in geostatistics. Geostatistics 
evolved as discipline over forty years ago in the mining industry. A mining company wants to extract as 
much ore as possible at the cheapest possible price. 

Baseline: 
Smartsampling: - IOoo I------ 

I I I 1 I 

0.0 0.2 0.4 0.6 0.8 

Cumulative Fraction of Inventory 

Figure 10 is the inventory curve 
for the 3 sections we sampled at 
the canal. The inventory curve 
describes the amount of plutonium 
that is removed as a function of 
the number of 3 ft x 3 f t  panels 
that are excavated. Panels with 
the highest activity are removed 
first. The vertical axis is labeled 
on the left in terms of increasing 
number of panels that are 
excavated and on the right as 
increasing cost. The horizontal 
axis is labeled as both the 
cumulative fraction of the 
plutonium that is removed and as 
the cumulative activity in Curies. 

Figure 10 

We could have generated this 
curve without performing the 

economic analysis. Had we done that, the information on the right hand side of the vertid- axis, 
remediation cost, would not be available to us. We can never forget that remediation is both an economic 
and a technical feasibility problem. If it were not, concentration limits for any and a l l  contaminants would 
be set to zero. 
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The curve in Figure 10 is derived directly from the analysis of the site data The points on the curve 
labeled 160, 100, and 20 pCi/g are excavation thresholds of plutonium in the soil. The red line shows 
where the site’s original remediation plan intersects the curve. The orange line is the remediation plan 
illustrated in Figure 7c. The inventory curve is important for several reasons. The curve provides the 
regulatory community and citizens with an estimate of how much plutonium will be removed and how 
much will remain under alternative design plans (the site’s baseline plan for excavation and the excavation 
plan developed by this project are two different alternative designs). The curve clearly illustrates the 
diminishing returns that would be achieved by additional excavation. The project excavation plan removes 
about 95% of the plutonium at a cost of $67,000. The site’s original excavation plan removes about 97% of 
the plutonium at a cost of $108,000. 

The process is now complete. 

DISCUSSION 

The best example of the difference between data and information is a comparison and contrast of the 
differences between Figure 4 and Figure 7. Figure 4 shows data. It is a map of the expected value of 
plutonium contamination on the surface of the canal and is generated by processing a data set of average 
concentrations calculated fiom the original sample data set of measured values. It is the answer to the 
question “What is the expected concentration of contaminant at any given location within the problem 
domain?” 

In framing our decision problem that question was never asked. The first question we are trying to answer 
is “Where do I excavate?” The explicit answer to this question is displayed in Figure 7. I 

Figure 4 is an example of data overload, not information overload. Data overload can be defined as an 
irrelevant answer to an unasked question. 

In the introduction, information was defined as the change in expectation of an event. The events we are 
interested in are clean or dirty as defined by the compliance criteria, the action we are going to take is dig 
or do not dig. Prior to sampling, the probability that any spot is dirty is 0.5. Figure 7 clearly illustrates that 
our expectation has changed over a substantial portion of the site as a result of sampling. The figure also 
illustrates that there are some areas where the probability remains 0.5. The 152 samples provide no 
additional information about contamination at these locations. If more information is desirable, these are 
the locations where additional samples need to be taken. 
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