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EXECUTIVE SUMMARY

This document provides regional project managers, on-site coordinators, and
their contractors with sampling and analysis methods for evaluating whether ground water
remediation has met pm-established cleanup standards for one or more chemical
contaminants at a hazardous waste site. The verification of cleanup by evaluating a site
relative to a cleanup standard or an applicable or relevant and appropriate requirement
(ARAR) is mandated in Section 121 of the Superfund Amendments and Reauthorization
Act (SARA). This document, the second in a series, provides sampling and data analysis
methods for the purpose of verifying attainment of a cleanup standard in ground water.
The fast volume addresses evauating attainment in soils and solid media.

This document presents statistical methods which can be used to address the
uncertainty of whether a site has met a cleanup standard. Sup& fund managers face the
uncertainty of having to make a decision about the entire site based only on samples of the
ground water at the Ste, often collected for only a limited time period.

The methods in this document approach cleanup standards as having three
components that influence the overall stringency of the standard: first, the magnitude,
level, or concentration deemed to be protective of public health and the environment;
second, the sampling performed to evaluate whether a site is above or below the standard;
and third, the method of comparing sample data to the standard to decide whether the
remedial action was successful. All three of these components are important. Failure to
address any one these components can result in insufficient levels of cleanup. Managers
must ook beyond the cleanup level and explore the sampling and analysis methods which
will alow confident assessment of the ste relative to the cleanup standard

A site manager is likely to confront two major questions in evaluating the
attainment of the cleanup standard: (1) is the site really contaminated because a few
samples are above the cleanup standard? and (2) isthe site really “clean” because the
sampling shows the majority of samples to be below the cleanup standard? The statistical
methods demonstrated in this guidance document allow for decision making under
uncertainty and permit valid extrapolation of information that can be defended and used
with confidence to determine whether the site meets the cleanup standard.
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The presentation of concepts and solutions to potential problems in assessing
ground water attainment begins with an introduction to the statistical reasoning required to
implement these methods. Next, the planning activities, requiring input from both
statisticians and nonstatisticians, are described. Finally, a series of methodological
chapters are presented to address statistical procedures gpplicable to successive stages in the
remediation effort. Each chapter will now be considered in detail.

Chapter 1 provides a brief introduction to the document, including its
organization, intended use, and applications for a variety of treatment technologies. A
model for the sequence of ground water remediation activities at the site is described.
Many areas of expertise must be involved in any remedial action process. This document
attempts to address only statistical procedures relevant to evaluating the attainment of
cleanup goals.

The cleanup activities at the site will include site investigation, ground water
remediation, a post-treatment period allowing the ground water to reach steady state,
sampling and analysis to assess attainment, and possible post-cleanup monitoring.
Different statistical procedures are gpplicable at different stages in the cleanup process. The
statistical procedures used must account for the changes in the ground water system over
time due to natural or man-induced causes. Asaresult, the discussion makes a distinction
between short-term estimates which might be used during remediation and long-term
estimates which are used to assess attainment. Also, a slack period of time after treatment
and before assessing attainment is strongly recommended to allow any transient effects of
treatment to dissipate.

Chapter 2 addresses statistical concepts as they might relate to the evaluation of
attainment. The chapter discusses the form of the null and alternate hypothesis, types of
errors, statistical power curves, the handling of outliers and values below detection limits,
short- versus long-term tests, and assessing wellsindividually or as a group. Due to the
cost of developing new wells, the assessment decision is assumed to be based on
established wells. Asaresult, the statistical conclusions strictly apply only to the water in
the sampling wells rather than the ground water in general. The expertise of a
hydrogeologist can be useful for making conclusions about the ground water at the site
based on the statistical results from the sampled wells.
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The procedures in this document favor protection of the environment and
human health. If uncertainty is large or the sampling inadequate, these methods conclude
that the sample area does not atain the cleanup standard, Therefore, the null hypothess, in
statistical terminology, is that the site does not attain the cleanup standard until sufficient
data are acquired to prove otherwise.

Procedures used to combine data from separate wells or contaminants to
determine whether the site as awhole attains all relevant cleanup standards are discussed.
How the data from separate wells are combined affects the interpretation of the results and
the probability of concluding that the overall site attains the cleanup standard. Testing the
samples from individual wells or groups of wellsis also discussed.

Chapter 3 considers the steps involved in specifying the attainment objectives.

Attainment objectives must be specified before the evaluation of whether a dte has attained
the cleanup standard can be made. Attainment objectives are not specified by statisticians
but rather must be provided by a combination of risk assessors, engineers, project
managers, and hydrogeologists. Specifying attainment objectives includes specifying the
chemicals of concern, the cleanup standards, the wells to be sampled, the statistical criteria
for defining attainment, the parameters to be tested, and the precision and confidence level
desired.

Chapter 4 discusses the specification of the sampling and analysis plans. The
sampling and analysis plans are prerequisites for the statistical methods presented in the
following chapters. A discussion of common sampling plan designs and approaches to
analysis are presented. The sample designs discussed include simple random sampling,
systematic sampling, and sequential sampling. The analysis plan is developed in
conjunction with the sample design.

Chapter 5 provides methods which are appropriate for describing ground water
conditions during a specified period of time. These methods are useful for making a quick
evaluation of the ground water conditions, such as during remediation. Because the short-
term confidence intervals reflect only variation within the sampling period and not long-
term trends or shifts between periods, these methods are not appropriate for assessing
attainment of the cleanup standards after the planned remediation has been compl eted.
However, these descriptive procedures can be used to estimate means, percentiles,
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confidence intervals, tolerance intervals and variability. Equations are also provided to
determine the sample size required for each statistical test and to adjust for seasonal
vaiation and serid correlaion.

Chapter 6 addresses statistical procedures which are useful during remediation,
particularly in deciding when to terminate treatment. Due to the complex dynamics of the
ground water flow in response to pumping, other remediation activity, and natural forces,
the decision to terminate treatment cannot easily be based on statistical procedures.
Deciding when to terminate treatment should be based on a combination of statistical
results, expert knowledge, and policy decisions. This chapter provides some basic
statistical procedures which can be used to help guide the termination decision, including
the use of regression methods for helping to decide when to stop treatment. In particular,
procedures are given for estimating the trend in contamination levels and predicting
contamination levels at future points in time. General methods for fitting simple linear
modelsand ng the adequacy of the model ate also discussed.

Chapter 7 discusses general statistical methods for evaluating whether the
ground water system has reached steady state and therefore whether sampling to assess
attainment can begin. As a result of the treatment used a the Ste, the ground water system
will be disturbed from its natural level of steady state. To reliably evaluate whether the
ground water can be expected to attain the cleanup standard after remediation, samples must
be collected under conditions similar to those which will exist in the future. Thus, the
sampling for assessing attainment can only occur when the residual effects of treatment on
the ground water are small compared to those of natural forces.

Finding that the ground water has returned to a steady state after terminating
remediation efforts is an essentid step in establishing of a meaningful test of whether or not
the cleanup standards have been attained. There are uncertainties in the process, and to
some extent it isjudgmental. However, if an adequate amount of data is carefully gathered
prior to beginning remediation and after ceasing remediation, reasonable decisions can be
made as to whether or not the ground water can be considered to have reached a state of
stability. The decision on whether the ground water has reached steady state will be based
on acombination of statistical calculations, plots of data, ground water modeling using
predictive modes, and expert advice from hydrogeologists familiar with the gte.
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Chapters 8 and 9 present the statistica procedures which can be used to evauate
whether the contaminant concentrationsin the sampling wells attain the cleanup standards
after the ground water has reached steady state. The suggested methods use either a fixed
sample size test (Chapter 8) or a sequential statistical test (Chapter 9). The testing
procedures can be applied to either samples from individual wells or wells tested as a
group. Chapter 8 presents fixed sample size tests for assessing attainment of the mean:
using yearly averages or after adjusting for seasonal variation; using a nonparametric test
for proportions; and using a nonparametric confidence interval about the median. Chapter
9 discusses sequential statistical tests for assessing attainment of the mean using yearly
averages, assessing attainment of the mean after adjusting for seasonal variation, and
assessing attainment using a nonparametric test for proportions. In both fixed sample size
tests and sequential tests, the ground water at the Site is judged to attain the cleanup
dandards, if the contaminant levels are below the standard and are not increasing over time.
If the ground water at the site attains the cleanup standards, follow-up monitoring is
recommended to ensure that the Steady state assumption holds.

Although the primary focus of the document is the procedures presented in
Chapters 8 and 9 for evaluating attainment, careful consideration of when to terminate
treatment and how long to wait for steady state are important in the overall planning. If the
treatment is terminated prematurely, excessive time may be spent in evauating attainment
only to have to restart treatment to complete the remediation, followed by a second period
of attainment sampling and decision. If the ground water is not at steady state, the
possibility of incorrectly determining the atainment status of the Site increases.

As an aid to the reader, a glossary of commonly-used terms is provided in

Appendix G; calculations and examples are presented in boxes within the text; and
worksheets with examples are provided in Appendix B.
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1. INTRODUCTION

Congress revised the Superfund legislation in the Superfund Amendments
and Reauthorization Act of 1986 (SARA). Among other provisions of SARA, section 121
on Cleanup Standards discusses criteria for selecting applicable or relevant and appropriate
requirements (ARAR'’s) for cleanup and includes specific language that requires EPA
mandated remedid action to atain the ARAR's.

Neither SARA nor EPA regulations or guidances specify how to determine
whether the cleanup standards have been attained. This document offers procedures that
can be used to determine whether a Site has attained the appropriate cleanup standard after a
remedia action.

1.1 General Scope and Features of the Guidance Document

1.1.1 Purpose

This document provides a foundation for decision-making regarding site
cleanup by providing methods that statistically compare risk standards with field datain a
scientifically defensible manner that allows for uncertainty. Statistical procedures can be
used for many different purposes in the process of a Superfund site cleanup. The purpose
of this document is to provide statistical procedures which can be used to determine if
contaminant concentrations measured in selected ground-water wells attain (i.e., are less
than) the cleanup standard. This evaluation requires specification of sampling protocols
and statistical analysis methods. Figure 1.1 shows the steps involved in the evaluation
process to determine whether the cleanup standard has been attained in a selected ground
water well.
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Figure 1.1  Stepsin Evaluating Whether a Ground Water Well Has Attained the

cleanup standard
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Consider the situation where several samples were taken and the results
indicated that one or two of the samples exceed the cleanup standard. How should this
information be used to decide whether the standard has been attained? The mean of the
samples might be compared with the standard. The magnitude of the measurements that are
larger than the standard might be taken into consideration in making a decision. The loca-
tion where largemeasurements occur might provide some insight.

When specifying how attainment is to be defined and deciding how dtatisti-
ca procedures can be used, the following factors are al important:

The location of the sampling wells and the associated relationship
between concentrations in neighboring wells;

The number of samples to be taken;
The sampling procedures for selecting and obtaining water samples;

The data analysis procedures used to test for atainment.

Appendix D lists relevant EPA guidance documents on sampling and
evaluating ground water. These documents address both the statistical and technical
components of asampling and analysis program. This document is intended to extend the
methodologies they provide by addressing statistical issues in the evaluation of the
remediation process. This document does not attempt to suggest which standards apply or
when they apply (i.e., the “How clean is clean?’ issue). Other Superfund guidance
documents perform that function.

1.2 Intended Audience and Use

This document is intended primarily for Agency personnd (primarily on-ste
coordinators and regional project managers), responsible parties, and their contractors who
are involved with monitoring the progress of ground-water remediation at Superfund sites.
Although selected introductory statistical concepts arc reviewed, this document is directed
toward readers that have had some prior training or experience applying quantitative
methods.
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It must be emphasized that this document is intended to provide genera
direction and assistance to individuals involved in the evaluation of the attainment of
cleanup standards. It is not a regulation nor is it formal guidance from the Superfund
Office. This manual should not be viewed as a “cookbook” or a replacement for good
engineering or statistical judgment

1.1.3 Bibliography, Glossary, Boxes, Worksheets, Examples, and
References to “Consult a Statistician”

This document includes a bibliography which provides a point of departure
for the more sophisticated or interested user. There are references to primary textbooks,
pertinent journa articles, and related guidances.

The glossary (Appendix F) is included to provide short, practica definitions
of terminology used in this guidance. Words and phrases agppearing in bold within the text
are listed in the glossary. The glossary does not use theoretical explanations or formulas
and, therefore, may not be as precise as the text or dternative sources of information.

Boxes are used throughout the document to separate and highlight equations
and example applications of the methods presented. For a quick reference, alisting of all
boxes and their page numbersis provided in the index.

A series of worksheetsisincluded (Appendices B and C) to help order and
structure the calculations. References to the pertinent sections of the document are located
at the top of each worksheet. Example data and calculations are presented in the boxes and
the worksheets in Appendix B. The data and sites are hypothetical, but elements of the
examples correspond closely to several existing sites.

Finaly, the document often directs the reader to “consult a statistician”
when more difficult and complicated situations are encountered. A directory of Agency
statisticians is available from the Environmental Statistics and Information Division (PM-
222) at EPA Headquarters (FTS 260-2680, 202-260-2680).
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1.2 Use of this Guidance in Ground-Water Remediation Activities

Standards that apply to Superfund activities normally fall into the category
of risk-based standards which arc developed using risk assessment methodol ogies.
Chemical-specific ARARS adopt from other programs often include at least a generdized
component of risk. However, risk standards may be specific to a site, developed using a
locd endangerment evauation.

Risk-based standards are expressed as a concentration value and, as applied
in the Superfund program axe not associated with a standard method of interpretation.
Although statistical methods arc used to develop elements of risk-based standards, the
estimated uncertainties are not carried through the analysis or used to qualify the standards
for use in afield sampling program. Even though risk standards are not accompanied by
measures of uncertainty, decisions based on field data collected for the purpose of repre-
senting the entire site and validating cleanup will be subject to uncertainty. This document
allows decision-making regarding site cleanup by providing methods that statistically
compare risk standards with field datain a scientifically defensible manner that allows for
uncertainty.

Superfund activities where risk-based standards might apply are highly
varied. The following discussion provides suggestions for the use of procedures & scribed
in this document when implementing or evaluating Superfund activities.

1.2.1 Pump-and-Treat Technology

Ground water is often treated by pumping contaminated ground water out of
the ground, treating the water, and discharging the water into local surface waters or
municipal treatment plants. The contaminated ground water is gradually replaced by
uncontaminated water from the surrounding aquifer or from surface recharge. Pump and
treat systems may use a few or many wells. The progress of the remediation depends on
where the wells arc placed and the schedule for pumping. Pumping is often planned to
extend over many years.
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Statistical methods presented in this manual can be used for monitoring the
contaminants in both the effluent from the treatment system and the ground water in order
to monitor the progress of the remediation.

Project managers must decide when to terminate treatment based on avail-
able data, advice from hydrogeologists, and the results of ground-water monitoring and
modeling. This manual provides guidance on statistical procedures to help decide when to
terminate treatment.

The remediation may temporarily ater ground water levels and flows,
which in turn will affect the contaminant concentration levels. After termination of treat-
ment and after the transient effects of the remediation have dissipated, the statistical proce-
dures presented in this manual can be used to assess if the ground-water contaminant
concentrations remain a levels which will atain and continue to atan the cleanup standard.

1.2.2 Barrier Methods to Protect Ground Water

If the contamination is relatively immobile and cannot effectively be
removed from the ground water using extraction, it is sometimes handled by containment.
In such cases, establishing barriers at the surface or around the contamination source may
reduce contaminant input to the aquifer, resulting in the reduction of ground-water concen-
trations to alevel which attains the cleanup standard. The barriers include soil capsto
prevent surface infiltration, and slurry walls and other structures to force ground water to
flow away from contamination Sources.

The procedures in this manual can be used to establish whether the contam-
ination levels attain the relevant standards after the ground water has established its new
levels as aresult of changesin ground-water flows.

1.2.3 Biological Treatment

In many Stuations natural bacteria will adapt to the contamination in the soil
and ground water and consume the contaminants, releasing metabolic products. These
bacteria will be most effective in consuming the contaminant if the underground environ-
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ment can be controlled, including controlling the dissolved oxygen and nutrient levels.
Biological treatment of ground water usually involves pumping ground water from down-
gradient @cations and injecting enriched ground water at upgradient locations. The
changes in the water table levels produce an underground flow carrying the nutrients to and
throughout the contaminated soil and aquifer. Progress of the treatment can be monitored
by sampling the water being pumped from the ground and measuring contaminant and
nutrient concentrations. Biological trestment can aso be accomplished above ground using
a bioreactor as a component of a pump-and-treat system

Monitoring wells are placed in various patterns throughout, and possibly
beyond, the area of contamination. These wells can be used to sample ground water both
during treatment to monitor progress and after treatment to assess remediation success
using the dtatisticd methods discussed in this document.

1.3 Organization of this Document

The topics covered in each chapter of this document are outlined below.

Chapter 2. Introduction to Statistical Concepts and Decisions: introduces
terminology and concepts useful for understanding statistical tests
presented In later chapters.

Chapter 3. Specification of Attainment Objectives: discusses specification
of the attainment objectives in away which allows selection of the
datistical procedures to be used.

Chapter 4. Design of the Sampling and Analysis Plan: discusses common
sampling plan designs and approaches to the analysis.

Chapter 5. Descriptive Stetistics: provides basic statistical procedures
which are useful in dl stages of the remedia effort. The procedures
form a basis for the statistical procedures used for assessing
attainment.

Chapter 6. Deciding to Terminate Treatment Using Regression Analysis:
discusses stetistical procedures which can aid the decision-makers
who must decide when to terminate trestment.

Chapter 7. Approaching a Steady State After Terminating Remediation:
discusses statistical and nonstatistical criteria for determini n_g?
whether the ground water system is at steady state and/or i
additiond remediation might be required.
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Chapter 8. Assessing Attainment Using Fixed Sample Size Tests:
discusses statistical procedures based on fixed sample sizes for
deciding whether the concentrations in the ground water attain the
relevant cleanup standards

Chapter 9. Assessing Attainment Using Sequential Tests: discusses
sequential statistical procedures for deciding whether the
concentrations in ground water atain the relevant cleanup standards.

Worksheets: Provided for both practical use at Superfund sites and as
examples of the procedures which in being recommended.

1.4 Summary

This document provides a foundation for decision-making regarding site
cleanup by providing methods that statistically compare risk standa& with field datain a
scientifically defensible manner that allows for uncertainty. In particular, the document
provides statistical procedures for assessing whether the Superfund Cleanup Standards for
ground water have been attained. The document is written primarily for agency personnel,
responsible parties and contractors. Many areas of expertise must be involved in any
remedia action process. This document attempts to address only the statistical input
required for the atanment decision.

The statistical procedures presented in this document provide methods for
comparing risk based standards with field datain amanner that allows for assessing uncer-
tainty. The procedures alow flexibility to accommodate site-specific environmental
factors.

To ad the reader, datigtica caculations and examples arc provided in boxes
separated from the text, and appendices contain a glossary of commonly-used terms, dtatis-
ticd tables and detailed datistica information; worksheets for implementing procedures and
cdculations explained in the text.
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2. INTRODUCTION TO STATISTICAL CONCEPTS AND
DECISIONS

This document provides statistical procedures to help answer an important
question that will arise a Superfund Sites undergoing ground water remediation:

“Do the contaminants in the ground water in designated
wells at the site attain the cleanup standards?”

The cleanup standard is attained if, as a result of the remedial effort, the previously unac-
ceptably high contaminant concentrations are reduced to a level which is acceptable and can
be expected to remain acceptable when judged relative to the cleanup standard.

In order to answer the question above, the following more specific ques-
tions must be answered:

What contaminant(s) must attain the designated cleanup standards?
How is attainment of the cleanup standards to be defined?

What is the designated cleanup standard for the contaminant(s) being
assessed? and

Where and when should samples of the ground water be collected?

This chapter discusses each of these topics briefly, followed by an intro-
duction to dtatistical procedures for assessing the attainment of cleanup standards in ground
water at Superfund sites. Also discussed are terminology and statistical concepts which are
useful for understanding the statistical tests presented in later chapters. Basic statistical
principles and topics which have particular applicability to ground water a Superfund sites
ae adso consdered.

Later chapters discuss in detail the specification of attainment objectives and

the implementation of statistical procedures required to determine if those objectives have
been met at the Superfund site.
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CHAPTER 2. INTRODUCTION TO STATISTICAL CONCEPTS AND DECISIONS
2.1 A Note on Terminology

This guidance document assumes that the reader is familiar with statistical
procedures and terminology, particularly the concepts of random sampling and hypothesis
testing, and the calculation of descriptive statistics such as means, standard deviations, and
proportions. An introduction to these statistical procedures can be found in statistical
textbooks such as Sokal and Rohlf (1981), and Neter, Wasserman, and Whitmore (1982).
The glossary provides a description of the terms and procedures used in this document.

In this document we will use the word clean as a short hand for “attains the
cleanup standard” and contaminated for “does not attain the cleanup standard.”

The term sample can be used in two different ways. One refers to a
physicd water sample collected for laboratory analysis while the other refers to a collection
of data called a statistical sample. To avoid confusion, the physical water sample will be
called aphysical sample or water sample. Otherwise, the word sample will refer to
adtatistical samplei.e. acollection of randomly selected physical samples obtained for
asessing atainment of the cleanup standard.

2.2 Background for the Attainment Decision

In general, over time, a Superfund site will go through the following

phases:

Contamination;

Redization that a problem exists,

Investigation to determine the extent of the problem;

Sdection of a remediation plan to dleviate the problem;

Cleanup (which may occur in severd steps);

Termination of cleanup;

Finaal determination that the cleanup has achieved the required gods;
an

Termination of the remediation effort.
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This document focuses on the post-cleanup phase and particularly on the
sampling and statistical procedures for determining if the site has attained the required

cleanup standards.

2.2.1 A Generic Model of Ground-Water Cleanup Progress

During the planning and execution of remedid action and the sampling and
analysis for assessing attainment, numerous activities must take place as indicated in the
following scenario and illustrated in Figure 2.1. This figure will be used throughout the
document to indicate to the reader at which step in the remedial process the procedures
being discussed in a chapter ate applicable. A discussion of each step follows Figure 2.1.

Figure 2.1 Example scenario for contaminant measurements in one well during

successful remediation action
Start
12 Treatment
End Sampiling
End Start
1 Treatment Sampling Declare Clean or

Contaminated

Measured 08
Ground
Water 06 -
Concentration , 4
0.2
0
(1)  Evauae the ste; Although evaluation of the site and selection of the cleanup
determine the technology may require the use of several statistical
remedial action to be  procedures, this document does not address this aspect of
used the remedial effort
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(2)

()

Perform remedial
cleanup

Decide when to
terminate  remedid
treatment

Assess when the
ground water
concentrations reach

Seady date

Sample to assess
attainment

During a successful remedia cleanup, the concentrations of
contaminants can be expected to have a decreasing trend.
Due to seasonal changes, natural fluctuations, changes in
pumping schedules, lab measurement error, etc., the
measured concentrations will fluctuate around the trend.
Some statistical procedures that could be used to analyze
data during trestment are discussed in Chapter 5.

Based on both expert knowledge of the ground-water
stem and data collected during treatment, it must be
ecided when to terminate treatment and prepare for the
sampling and analysis far assessing attainment. Statistical
procedures relevant to the termination decision are dis-
cussed in Chapter 6. Analysis of data collected during
treatment may Indicate that the cleanup standards will not
be achieved by the chosen cleanup methods, in which case
the cleanup technology and goas must be reassessed.

The ground-water system will be disturbed from its naturdl
level and flow by the treatment process, including perhaps
pumping or reinjection of ground water. After treatment is
terminated, the transient effects will dissipate and the
ground-water levels and flows will gradually reach their
natural levels. In this process, the contaminant concen-
trations may change in unpredictable ways. Before the
assessment Is initiated, the ground water must be able to
return to its natural level and flow pattern, called steady
date, 0 that the data collected are relevant to assess condi-
tions in the future. Sampling and analysis during the
return to natural conditions are discussed in Chapter 7.
The ground water at a particular site will be considered to
have achieved steady State if the assumption of Steady dtate
IS consistent with both statistical tests and the advice of a
hydrogeologist familiar with the site. The attainment
sampling can begin once it is determined that the siteis at

Steady dtate.

After the water levels and flows have reached steady state,
sampling to assess attainment of the cleanup standards can
begin. Statistical procedures for assessing attainment are
presented in Chapters 8 and 9. The statistical tests used
may be either fixed sample size tests or sequential tests. At
many sites sequential tests will probably be preferred.
During the assessment phase, measured concentrations are
expected to either fluctuate around a constant or gradually
decreasing concentration. |f the measurements consistently
increase, then either the ground-water system is not at
steady state or there is reason to believe that the sources of
contamination have not been adequately cleaned up. In this
Situation, a reassessment of the data Is required to deter-
mine if more time must pass until the site s at steady state
or if additional remedia activity is required.
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(6)  Based on datistical  If the cleanup standard has been attained, implementation,
tests, determine if the of periodic sampling to monitor for unanticipated problems’,
cleanup standard has is recommended. The attainment decision is based on
been atained or not.  several assumptions. From a statistical perspective, the

purpose of periodic monitoring after attainment isto check
the vaidity of the assumptions. If the attainment objectives
have not been met, the cleanup technology and goals must be reassessed.

Different statistical procedures are needed at different stepsin this process.
The statistical procedures which are helpful in dedetermining whether to terminate treatment
arc different from those used in the atainment decison. In al aspects of the Ste investiga-
tion and remediation, statistical procedures may be required that are not addressed in this
document. In this case, consultation with a statistician familiar with ground-water datais
recommended.

This document takes the approach that:

A decision that the ground water in the wells attains the cleanup
standard requires the assumption that the ground water can be
expected to continue to attain the cleanup standards beyond the
termination of sampling, and

Data collected while the ground-water system is disturbed by treat-
ment cannot reliably predict concentrations after steady state has
been achieved. Therefore, it isrecommended that the ground-water
system return to steady state before the sampling for assessing
attainment commences. The daIasgthered prior to reaching steady
state can be used for guidance in selecting the statistical procedure to
employ for assessing attainment

2.2.2 The Contaminants to be Tested

In general, multiple contaminants will be identified at the Ste prior to reme-
dia action. The mixture of contaminants which are present at any one time or place will
depend on many factors.

The discussion in this document assumes that relevant regulatory agencies
have specified the contaminants which arc to be used to assess attainment. Conclusions
based on the statistical procedures introduced in this document apply only to the com-
pounds actudly sampled and the corresponding data analyzed in the dtatistical tests.
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2.2.3 The Ground-Water System to be Tested

Contamination in ground water is measured from water samples collected
from wells at specified locations and times. The location of the wells, the times and
frequency of the sampling, and the assumptions behind the anayses will affect the interpre-
tation of the statistical results.

This document assumes that the attainment decision will be based on
samples from established wells, This document does not make recommendations on where
to locate wells for sampling. However, decisions must be made on which wells arc to be
used for the assessing attainment. Because wells arc not randomly located throughout an
aquifer, the statistical conclusions grictly apply only to the water obtained from the selected
wells and not to the aquifer in general. Conclusions about the aquifer must be based on a
combination of statistical results for the sampled wells and expert knowledge or beliefs
about the ground-water system and not on datistical inference.

Because of the high cost of ingtaling a new well and the possibility of using
information from previous investigation stages, this document assumes that the location of
wells has been specified by expertsin ground-water hydrology and approved by regulatory
agencies who arc familiar with the contamination data a the Ste.

Interpretation of the results of the statistical analysis will depend on a
judgment as to whether the wells are in the correct place. If it is necessary to test the
assumptions used to select wells, additional wellswill have to be established and sampled.
In this case, consultation with a daistician is recommended.

2.2.4 The Cleanup Standard

The cleanup standard is the criterion set by EPA against which the measured
concentrations are compared to determine if the ground water at the Superfund site is
acceptable or nor. If the ground water meets the cleanup standard, then the remediation
efforts are judged to be complete. The specification of the cleanup standard by EPA or
another regulatory agency may be different for different Stes and for different chemicas or
mixtures of chemicas. With a mixture of contaminants, the cleanup standard may apply to
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an aggregate measure, or, in complex mixtures, the ground water may be required to meet
the cleanup standard for every contaminant present. For more information, see Guidance
on Remedial Actions for Contaminated Ground Water at Superfund Sites (EPA, 1988).

2.2.5 The Definition of Attainment

In order to determine if the contaminant concentrations at the site attain the
cleanup standard one must carefully define what concentration is to be compared to the
cleanup standard and what criteria are to be used to make the comparison for assessing
attainment. This document assumes that either the average concentration or a selected
percentile of the concentrations is to be compared to the cleanup standard. The examples in
the text usually use the average concentration. The ground water in a well attains the
cleanup standard if, based on dtatistica tests, it is unlikely that the average concentration (or
the percentile) is greater than the cleanup Standard.

The statistical procedures for assesing the attainment of the cleanup stan-
dard use a basic statistical technique called hypothesis testing. To show that the ground
water in the selected wellsis actually below the cleanup standard (i.e., attains the cleanup
standard), we assume that the water in the wells does not attain the cleanup standard. This
assumption is called the null hypothesis. Then data arc collected. If the data arc suffi-
ciently inconsistent with the null hypothesis, the null hypothesis is rejected and we con-
clude that the water in the well atains the cleanup standard.

The deps involved in hypothess testing are:

(1)  Establish the null hypothesis, “The contaminant concentrations in
the sdect+ wells do not attain the gpplicable cleanup standard’;

(2)  collect data; and

(3) Based on the data, decide if the ground water attains the cleanup
standard:

(3 If the data are inconsistent with the null thothesis conclude
that there is sufficient evidence to regject the null hypothesis.
Accept the dternate hypothess that the contaminant concern-
tretions attain the applicable cleanup standard, i.e., conclude
that the ground water is clean.

()  Otherwise, conclude that there is insufficient evidence to
reject the null hypothesis and that the contaminant concentra-
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tions do not attain the cleanup standards, i.e., conclude that
the ground water is contaminated.

- To be technicaly correct, the results of the hypothesis test indicate whether
the null hypothesis can be rejected with a specified level of confidence. In practice, we
would conclude that the concentrations do or do not attain the cleanup standards and act as
if that conclusion were known as fact rather than subject to error. Therefore to avoid the
verbose but technically correct wording above, the results of the hypothesis tests will be
worded as concluding that the concentrations either attain or do not attain the cleanup
standard.

When specifying simplified Superfund site cleanup objectives in consent
decrees, records of decision, or work plans, it is extremely important to say that the site
shal be cleaned up until the sampling program indicates with reasonable confidence that the
concentrations of the contaminants at the entire site are | ess than the cleanup standard.
However, attainment is often wrongly described by saying that concentrations at the site
shal not exceed the cleanup standard.

2.3 Introduction to Statistical Issues For Assessing Attainment

This section provides a discussion of some basic statistical issues with an
emphasis on those with specific application to assessing attainment in ground water. This
discussion provides a general background for the specification of attainment objectivesin
Chapter 3 and the dtatistical procedures presented in Chapters 4 through 9.

2.3.1 Specification of the Parameter to be Compared to the Cleanup
Standard

In order to define a statistical test to determine whether the ground water
attains the cleanup standard, the characteristics of the chemical concentrations to be com-
pared to the cleanup standard must be specified. Such characteristics are caled parameters.
The choice of the parameter to use when assessing attainment at Superfund sites may
depend on site specific characteristics and decisions and has not, in general, been specified
by EPA.
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The parameters discussed in this document are the mean or average concen-
tration and a selected percentile of the concentrations. For example, the rule for deciding if
the ground water attains the cleanup standard might be: the ground water is considered
clean (orremediated) if the mean concentration is below the cleanup standard based on a
statistical test. The following sections define parameters for distributions of data and the
datistical properties of these parameters. An understanding of these properties is necessary
for determining the appropriate parameter to test

The Distribution of Data Values

This section discusses the characteristics of concentration distributions
which might be expected at Superfund sites and how the distribution of concentrationsin
the ground water can be described using parameters. These topics are discussed in more
detail-in Volume | (Sections 2.8 and 3.5).

Congder the set of concentration measurements which would be obtained if
dl possble ground-water samples from a particular monitoring well over a specified period
of time could be collected and analyzed. This set of measurements is called the popula-
tion of ground-water sample measurements. The set of ground-water samples comprising
the population may cover a fixed period of time, such as one year, or an unlimited time,
such as al future measurements. The set of ground-water measurements can be described
mathematically and graphically by the “population distribution function” referred to asthe
“distribution of the data”’. Figure 2.2 shows a plot of the population distribution for data
from three hypothetical distributions. The vertical axis shows the relative proportion of the
population measurements at each concentration value on the horizontal axis. In the plots,
the areas under the curve between any two points on the concentration axis represents the
percentage of the ground-water measurements that have concentration values within the
specified range.

Two distributions, the normal and lognormal distributions, will be used as
examplesin the following discussion. Both the normal and lognormal distributions are
useful in statistical work and can be used to approximate the concentration distributions
from wells at Superfund sites. Figure 2.2 shows an example of a normal and alognormal
distribution.
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Figure2.2  Measuresof location: Mean, median, 25th percentile, 75th percentile, and
95th percentile for three hypothetical distributions
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Summary measures describing characteristics of the population distribution
are referred to as parameters or population parameters. Three important characteris-
tics of the data described by these parameters:

. The location of the data;
. The spread (or dispersion) of the data; and
. The general shape or “skewness™ of the data distribution.

Measures ‘of Location

Measures of location (or central tendency) are often used to describe where
most of the data lie along the concentration axis of the distribution plot. Examples of such
measures of location are;

"The mean (or average) concentration of al ground-water samples is
17.2 ppm” (i.e., 17.2 is the mean concentration);

“Haf the ground-water samples have concentrations grester than 13
ppm and half less than 13 ppm” (13 is the median concentration);
or

“Concentrations of 5 ppm (rounded to the nearest unit) occur more
often than any other concentration value’ (the mode is 5 ppm).

Another measure of location is the percentile. The Qth percentile is the
concentration which separates the lower Q percent of the ground-water measurements from
the upper 100-Q percent of the ground-water measurements. The median is a specia
percentile, the 50th percentile. The 25th percentile is the concentration which is greater
than the lowest 25 percent of the ground-water measurements and |less than the remaining
75 percent of the ground-water measurements. Figure 2.2 shows the mean, median, 25th
percentile, 75th percentile, and 95th percentile for three distributions introduced previoudly.

Throughout this document, the Greek letter, u, (spelled "mu" and pro-
nounced "mew"”) will be used to denote the population mean. The median will be denoted
by Xs0» and the Qth percentile will be denoted by Xq.
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Measures of Spread

Measures of spread provide information about the variability or dispersion
of a set of measurements. Examples of different measures of spread are:

The standard deviation or the variance (the square of the
standard deviation). The population standard deviation is denoted

by the Greek letter, 0, (pronounced “sigma™) throughout this docu-
ment. If data are normally distributed, two-thirds of the data are
within one standard deviation of the mean ;

The coefficient of variation is the ratio of the standard deviation

tothct'nean.:—:;and

The interquartile range is the difference between the 75th and
25th percentiles of the distribution.

For each distribution in Figure 2.2, the mean and the range of plus and
minus one standard deviation around the mean are shown on the plots.

Measure of Skewness

Skewness is ameasure of the extent to which adistribution is symmetric or
asymmetric. A digribution is symmetric if the shape of the two halves are mirror images of
each other about a center line. One common symmetric distribution is the normal distribu-
tion, which is often described as having a “bell-shape.” Many statistical tests assume that

the sample measurements are normally distributed (i.e., have anormal distribution).

The distribution of concentrations is not likely to be symmetric. It may be
skewed to the right. That is, the highest measurements (those to the right on the plot of the
distribution function) are farther from the mean concentration than are the lowest concen-
trations. Ground-water measurements often have a skewed distribution which can be
approximated by a lognormal distribution (see Gilbert 1987, for additional discussion of
the normal and lognormal distributions). Note that for right skewed distributions (e.g., the
lognorma distribution in Figure 2.2) the mean is greater than the median.

The three distributions shown in Figure 2.2 have the same mean and stan-
dard deviation. Note, however, that the occurrence of particularly high or low concentra-
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tions differs for the three distributions. In general, the more skewed the distribution, the
more likely are these extreme observations.

Selecting the Parameter to Compare to the Cleanup Standard

In order to determine if the contaminant concentrations attain the cleanup
standard the measure of location which isto be compared to the cleanup standard must be
specified. Even though the true distribution is unknown, the specified measure of location,
or parameter of interest, can be selected based on:

Information about the distribution from preliminary data;

Information about the behavior of each parameter for different
distributions;

The effects of various concentrations of the contaminant on human
hedlth and the environment; and

Relevant criteria far protecting human hedlth and the environment.

Chapter 3 discusses in more detail the selection of the mean or a percentile
to be compared to the cleanup standard.

2.3.2 Short-term Versus Long-term Tests

Due to fluctuating concentrations over time, the average contaminant
concentration over a short period of time may be very different from the average over a
long period of time. Figure 2.3 shows a hypothetical series of weekly ground-water
concentration measurements collected over a period of 70 weeks (about 16 months). The
figure shows the weekly concentration measurements, the average concentration for weeks
21 through 46 (6 months), and the long-term average concentration which is obtained from
data collected over 50 years (only a portion of which is shown here). From the figure, it
can be seen that the short-term average concentration can be very different from the long-
term average.
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Figure 2.3  Illustration of the difference between a short- and long-term mean
concentration
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The short-term average is estimated using data collected during the period of
interest, in this example during weeks 21 through 46. Similarly the longer term average
can be estimated based on data collected over the longer period of interest, perhaps 50
years. Fortunately, by using information on the correlation of the measurements across
time, it is usualy possible to estimate the long-term average concentration from data
collected over alimited period of time. In order to estimate the average concentration for a
period which is longer than the data collection period, assumptions must be made which
relate the unmeasured future concentrations to the concentrations which are actually
measured. These assumptions are stated in terms of a model for the data.

Statigtical decisions and estimates that only apply to the sampling period arc
referred to here as “short-term” estimates and are presented in Chapter 4. Decisions and
estimates that apply to the foreseeable future are called “long-term” estimates. The long-
term estimates are made based on the assumption that the ground-water concentrations will
behave in a predictable manner. The assumptions take into account the expected natural
fluctuations in ground-water flows and contaminant concentrations.

In this document the ground water is said to atain the cleanup standard only
if the concentrations atain the cleanup standard for the foreseeable (or at least predictable)
future. Thus, long-term estimates and procedures are used to assess attainment. Short-
term estimates can be used to make interim managemcnt decisions.
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2.3.3 The Role of Statistical Sampling and Inference in Assessing
Attainment

When assessing attainment, it is desirable to compare the population mean
(or population percentile or other parameter) of the concentrations to the cleanup standard.
However, the data for assessing attainment arc derived from a sample, a small proportion
of the population. Statistical inference is used to make conclusions about the population
parameter from the sample measurements. For illustration, the following discussion
assumes that the population mean must be less than the cleanup standard if we arc to
conclude that the water in the well attains the cleanup standard.

The mean concentration calculated from the sample data provides an esti-
mate of the population mean. Estimates of concentration levels computed from a Statistical
sample are subject to “error” in part because they arc based on only a small subset of the
population. The use of the term “error” in this context in no way implies that then are
mistakes in the data. Rather, “error” is a short hand way of saying that there is variability
in the sample estimates from different samples. There are two components to this error
sampling error and lab, or measurement, error.

Different samples will yield different estimates of the parameter of
interest due to sampling error.

Unknown factors in the handling and lab analysis procedures result
in errors or variation in the lab measurements, i.e., two lab analyses
of the same ground-water sample will usualy give dightly different
concentration values. This difference is attributed to lab error or
measurement error.

Because the sample mean is subject to error, it cannot be directly compared
to the cleanup standard to decide if the population mean is less than the cleanup standard.
For example, just because the mean for a particular sample happens to be below the cleanup
standard does not mean that the standard has been attained. To make meaningful infer-
ences, it is necessary to obtain a measure of the error (or expressed another way, the preci-
son) asociated with the sample mean'. An estimate of the error in the sample mean can be
calculated from the sample and is referred to as the standard error of the mean. It isa

1The possible bias in the measurements is assumed 10 be zero. The quality assurance plan should address
the problems of possible bias.
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basc measure of the absolute variability of the caculated sample mean from one sample to
another.

The standard error of the mean can be used to construct confidence
intervals around a sample mean using equation (2.1) in Box 2.1. Under general condi-
tions, the interval constructed using equation (2.1) will include the population mean in
approximately 95 percent of al samples collected and is called a 95 percent two-sided
confidence interval.” This useful fact follows from the Central Limit Theorem which
dtates that, under fairly generd conditions, the distribution of the sample mean is “closg” to
anormal distribution even though we may not know the distribution of the original data.
Note also that the validity of the confidence interval given in Box 2.1 depends on the data
being independent in a statistical sense. Independent ground water measurements are
obtained when the sample collection times are randomly selected within the sampling

period.

When assessing attainment, a two-sided test would be used for pH because
both high and low values represent pollution. For most other pollutants, use one-sided
confidence intervals because only high values indicate pollution. A 95 percent one-sided
confidence interval can be obtained from equation (22) in Box 2.1. The interval from zero
(the lowest possible measurement) to this upper endpoint will also include the population
mean in gpproximately 95 percent of al samples collected.

Box 2.1
Condruction of Confidence Intervals Under Assumptions of Normality

To construct a 95 percent two-sided confidence interval around a sample
mean:

lower endpoint = sample mean - 1.96 * standard error and

upper endpoint = sample mean + 1.96 * standard error. (2.1)

To congruct a 95 percent one-sided confidence interval:

upper endpoint = sample mean + 1.65 * standard error. (2.2)

Using confidence intervals, the following procedure can be used to make
conclusions about the population mean based on a sample of data
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(1)  Cdculate the sample mean;
(2)  cdculate the standard error of the sample mean;

(3)  Calculate the upper endpoint of the one-sided confidence interval;

(4) If the upper endpoint of the confidence interval is below the cleanup
standard, then conclude that the ground water attains the cleanup
standard, otherwise conclude that the ground water does not attain
the cleanup standard.

A 95 percent confidence interval will not cover the population parameter in 5 percent of the
samples. When using the confidence interval to assess attainment, one will incorrectly
concluded that the ground water attains the cleanup standard in up to 5 percent of all
samples. Thus, this procedure is said to have a false positive rate of 5 percent. This false
positive rate is discussed in detail in the next section.

2.3.4 Specification of Precision and Confidence Levels for
Protection Against Adverse Health and Environmental Risks

The validity of the decision that a site meets the cleanup standard depends
on how well the samples represent the ground water during the period of sampling, how
accurately the samples are analyzed, and the criteria used to define atainment. The true but
unknown condition is that the ground water is either clean or contaminated. Smilarly, the
decisons made using the dtatistical procedures will result in an attainment or non-attainment
decision. The relationship between these two conditionsis shown in Table 2.1.
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Table 2.1 False postive and negative decisons

True condition in the wdll:

Deci