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PART I Unified Guidance

PART I. STATISTICAL DESIGN AND
PHILOSOPHY

Chapter 1 provides introductory information, including the purposes and goals of the guidance, as
well as its potential applicability to other environmental programs. Chapter 2 presents a brief discussion
of the existing regulations and identifies key portions of these rules which need to be addressed from a
statistical standpoint, as well as some recommendations. In Chapter 3, fundamental statistical principles
are highlighted which play a prominent role in the Unified Guidance including the notions of individual
test false positive and negative decision errors and the accumulation of such errors across multiple tests
or comparisons. Chapter 4 sets the groundwater monitoring program context, the nature of formal
statistical tests for groundwater and some caveats in identifying statistically significant increases.
Typical groundwater monitoring scenarios also are described in this chapter. Chapter 5 describes how
to establish background and how to periodically update it. Chapters 6 and 7 outline various factors to be
considered when designing a reasonable statistical strategy for use in detection monitoring,
compliance/assessment monitoring, or corrective action. Finally, Chapter 8 summarizes the
recommended statistical tests and methods, along with a concise review of assumptions, conditions of
use, and limitations.
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Chapter 1. Objectives Unified Guidance

CHAPTER 1. OBJECTIVES AND POTENTIAL USE OF THIS
GUIDANCE

R R O {0 1V =1 TR 1-1
1.2  APPLICABILITY TO OTHER ENVIRONMENTAL PROGRAMS .....ciiiiiiiiiitiiiiieee ettt e e e s s s sibbate e e s e s s seasbabesssesssssnnnns 1-3

1.1 OBJECTIVES

The fundamental goals of the RCRA groundwater monitoring regulations are fairly
straightforward. Regulated parties are to accurately characterize existing groundwater quality at their
facility, assess whether a hazardous constituent release has occurred and, if so, determine whether
measured levels meet the compliance standards. Using accepted statistical testing, evaluation of
groundwater quality should have a high probability of leading to correct decisions about a facility’s
regulatory status.

To implement these goals, EPA first promulgated regulations in 1980 (for interim status
facilities) and 1982 (permitted facilities) for detecting contamination of groundwater at hazardous waste
Subtitle C land disposal facilities. In 1988, EPA revised portions of those regulations found at 40 CFR
Part 264, Subpart F. A similar set of regulations applying to Subtitle D municipal and industrial waste
facilities was adopted in 1991 under 40 CFR Part 258. In April 2006, certain modifications were made
to the 40 CFR Part 264 groundwater monitoring regulations affecting statistical testing and decision-
making.

EPA released the Interim Final Guidance [IFG] in 1989 for implementing the statistical
methods and sampling procedures identified in the 1988 rule. A second guidance document followed in
July 1992 called Addendum to Interim Final Guidance [Addendum], which expanded certain
techniques and also served as guidance for the newer Subpart D regulations.

As the RCRA groundwater monitoring program has matured, it became apparent that the existing
guidance needed to be updated to adequately cover statistical methods and issues important to detecting
changes in groundwater.! Research conducted in the area of groundwater statistics since 1992 has
provided a number of improved statistical techniques. At the same time, experience gained in applying
the regulatory statistical tests in groundwater monitoring contexts has identified certain constraints.
Both needed to be factored into the guidance. This Unified Guidance document addresses these
concerns and supercedes both the earlier IFG and Addendum.

The Unified Guidance offers guidance to owners and operators, EPA Regional and State
personnel, and other interested parties in selecting, using, and interpreting appropriate statistical
methods for evaluating data under the RCRA groundwater monitoring regulations. The guidance

! Some recommendations in EPA’s Statistical Training Course on Groundwater Monitoring were developed to better
reflect the reality of groundwater conditions at many sites, but were not generally available in published form. See RCRA
Docket # EPA\530-R-93-003, 1993
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identifies recent approaches and recommends a consistent framework for applying these methods. One
key aspect of the Unified Guidance is providing a systematic application of the basic statistical principle
of balancing false positives and negative errors in designing good testing procedures (i.e., minimizing
both the risk of falsely declaring a site to be out-of-compliance and of missing real evidence of an
adverse change in the groundwater). Topics addressed in the guidance include basic statistical concepts,
sampling design and sample sizes, selection of appropriate statistical approaches, how to check data and
run statistical tests, and the interpretation of results. References for the suggested procedures and to
more general statistical texts are provided. The guidance notes when expert statistical consultation may
be advisable. Such guidance may also have applicability to other remedial activities as well.

Enough commonality exists in sampling, analysis, and evaluation under the RCRA regulatory
requirements that the Unified Guidance often suggests relatively general strategies. At the same time,
there may be situations where site-specific considerations for sampling and statistical analysis are
appropriate or needed. EPA policy has been to promulgate regulations that are specific enough to
implement, yet flexible in accommodating a wide variety of site-specific environmental factors. Usually
this is accomplished by specifying criteria appropriate for the majority of monitoring situations, while at
the same time allowing alternatives that are also protective of human health and the environment.

40 CFR Parts 264 and 258 allow the use of other sampling procedures and test methods? beyond
those explicitly identified in the regulations,® subject to approval by the Regional Administrator or state
Director. Alternative test methods must be able to meet the performance standards at 8264.97(i) or
8258.53(h). While these performance standards are occasionally specific, they are much less so in other
instances. Accordingly, further guidance is provided concerning the types of procedures that should
generally satisfy such performance standards.

Although the Part 264 and 258 regulations explicitly identify five basic formal statistical
procedures for testing two- or multiple-sample comparisons characteristic of detection monitoring, the
rules are silent on specific tests under compliance or corrective action monitoring when a groundwater
protection standard is fixed (a one-sample comparison). The rules also require consideration of data
patterns (normality, independence, outliers, non-detects, spatial and temporal dependence), but do not
identify specific tests. This document expands the potential statistical procedures to cover these
situations identified in earlier guidance, thus providing a comprehensive single EPA reference on
statistical methods generally recommended for RCRA groundwater monitoring programs. Not every
technique will be appropriate in a given situation, and in many cases more than one statistical approach
can be used. The Unified Guidance is meant to be broad enough in scope to cover a high percentage of
the potential situations a user might encounter.

The Unified Guidance is not designed as a treatise for statisticians; rather it is aimed at the
informed groundwater professional with a limited background in statistics. Most methods discussed are
well-known to statisticians, but not necessarily to regulators, groundwater engineers or scientists. A key
thrust of the Unified Guidance has been to tailor the standard statistical techniques to the RCRA
groundwater arena and its unique constraints. Because of this emphasis, not every variation of each test

% For example, §264.97(g)(2), §264.97(h)(5) and §258.53(g)(5)

® §264.97(g)(1), §264.97(h)(1-4), and §258.53(g)(1-4) respectively
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is discussed in detail. For example, groundwater monitoring in a detection monitoring program is
generally concerned with increases rather than decreases in concentration levels of monitored
parameters. Thus, most detection monitoring tests in the Unified Guidance are presented as one-sided
upper-tailed tests. In the sections covering compliance and corrective action monitoring (Chapters 21
and 22 in Part V), either one-sided lower-tail or upper-tail tests are recommended depending on the
monitoring program. Users requiring two-tailed tests or additional information may need to consult
other guidance or the statistical references listed at the end of the Unified Guidance.

The Unified Guidance is not intended to cover all statistical methods that might be applicable to
groundwater. The technical literature is even more extensive, including other published frameworks for
developing statistical programs at RCRA facilities. Certain statistical methods and general strategies
described in the Unified Guidance are outlined in American Society for Testing and Materials [ASTM]
documents entitled Standard Guide for Developing Appropriate Statistical Approaches for
Groundwater Detection Monitoring Programs (D6312-98[2005]) (ASTM, 2005) and Standard Guide
for Applying Statistical Methods for Assessment and Corrective Action Environmental Monitoring
Programs (D7048-04) (ASTM, 2004).

The first of these ASTM guidelines primarily covers strategies for detection monitoring,
emphasizing the use of prediction limits and control charts. It also contains a series of flow diagrams
aimed at guiding the user to an appropriate statistical approach. The second guideline covers statistical
strategies useful in compliance/assessment monitoring and corrective action. While not identical to
those described in the Unified Guidance, the ASTM guidelines do provide an alternative framework for
developing statistical programs at RCRA facilities and are worthy of careful consideration.

EPA’s primary consideration in developing the Unified Guidance was to select methods both
consistent with the RCRA regulations, as well as straightforward to implement. We believe the methods
in the guidance are not only effective, but also understandable and easy to use.

1.2 APPLICABILITY TO OTHER ENVIRONMENTAL PROGRAMS

The Unified Guidance is tailored to the context of the RCRA groundwater monitoring
regulations. Some of the techniques described are unique to this guidance. Certain regulatory
constraints and the nature of groundwater monitoring limit how statistical procedures are likely to be
applied. These include typically small sample sizes during a given evaluation period, a minimum of
annual monitoring and evaluation and typically at least semi-annual, often a large number of potential
monitoring constituents, background-to-downgradient well comparisons, and a limited set of identified
statistical methods. There are also unique regulatory performance constraints such as §264.97(i)(2),
which requires a minimum single test false positive o level of 0.01 and a minimum 0.05 level for
multiple comparison procedures such as analysis of variance [ANOVA].

There are enough commonalities with other regulatory groundwater monitoring programs (e.g.,
certain distributional features of routinely monitored background groundwater constituents) to allow for
more general use of the tests and methods in the Unified Guidance. Many of these test methods and the
consideration of false positive and negative errors in site design are directly applicable to corrective
action evaluations of solid waste management units under 40 CFR 264.101 and Comprehensive
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Environmental Response, Compensation, and Liability Act [CERCLA] groundwater monitoring
programs.

There are also comparable situations involving other environmental media to which the Unified
Guidance statistical methods might be applied. Groundwater detection monitoring involves either a
comparison between different monitoring stations (i.e., downgradient compliance wells vs. upgradient
wells) or a contrast between past and present data within a given station (i.e., intrawell comparisons).
To the extent that an environmental monitoring station is essentially fixed in location (e.g., air quality
monitors, surface water stations) and measurements are made over time, the same statistical methods
may be applicable.

The Unified Guidance also details methods to compare background data against measurements
from regulatory compliance points. These procedures (e.g., Welch’s t-test, prediction limits with
retesting, etc.) are designed to contrast multiple groups of data. Many environmental problems involve
similar comparisons, even if the groups of data are not collected at fixed monitoring stations (e.g., as in
soil sampling). Furthermore, the guidance describes diagnostic techniques for checking the assumptions
underlying many statistical procedures. Testing of normality is ubiquitous in environmental statistical
analysis. Also common are checks of statistical independence in time series data, the assumption of
equal variances across different populations, and the need to identify outliers. The Unified Guidance
addresses each of these topics, providing useful guidance and worked out examples.

Finally, the Unified Guidance discusses techniques for comparing datasets against fixed
numerical standards (as in compliance monitoring or corrective action). Comparison of data against a
fixed standard is encountered in many regulatory programs. The methods described in Part IV of the
Unified Guidance could therefore have wider applicability, despite being tailored to the groundwater
monitoring data context.

EPA recognizes that many guidance users will make use of either commercially available or
proprietary statistical software in applying these statistical methods. Because of their wide range of
diversity and coverage, the Unified Guidance does not evaluate software usage or applicability. Certain
software is provided with the guidance. The guidance limits itself to describing the basic statistical
principles underlying the application of the recommended tests.
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CHAPTER 2. REGULATORY OVERVIEW
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221 Satigtical Methods Identified Under §264.97(h) and §258.53(0)........coveververeeresrereeresiereeresieseeesre e 2-6
2.22 Performance Standards Under §264.97(i) and 8258.53(h) ......ccccvvevrerreirneinneinneeseeee s 2-7
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2.3.2 Parts 264 and 258 Detection Monitoring Methods............cccccviieiieciercse e 2-14
2.3.3 Parts 264 and 258 Compliance/assessment MONITOr NG .......cccevvreiererieererese e e e seese e 2-15

This chapter generally summarizes the RCRA groundwater monitoring regulations under 40 CFR
Parts 264, 265 and 258 applicable to this guidance. A second section identifies the most critical
regulatory statistical issues and how they are addressed by this guidance. Finally, recommendations
regarding interim status facilities and certain statistical methods in the regulations are presented at the
end of the chapter.

2.1 REGULATORY SUMMARY

Section 3004 of RCRA directs EPA to establish regulations applicable to owners and operators
of facilities that treat, store, or dispose of hazardous waste as may be necessary to protect human health
and the environment. Section 3005 provides for the implementation of these standards under permits
issued to owners and operators by EPA or authorized States. These regulations are codified in 40 CFR
Part 264. Section 3005 also provides that owners and operators of facilities in existence at the time of
the regulatory or statutory requirement for a permit, who apply for and comply with applicable
requirements, may operate until a permit determination is made. These facilities are commonly known
as interim status facilities, which must comply with the standards promulgated in 40 CFR Part 265.

EPA first promulgated the groundwater monitoring regulations under Part 265 for interim status
surface impoundments, landfills and land treatment units (“regulated units”) in 1980.! Intended as a
temporary system for units awaiting full permit requirements, the rules set out a minimal detection and
assessment monitoring system consisting of at least a single upgradient and three downgradient wells.
Following collection of the minimum number of samples prescribed in the rule for four indicator
parameters — pH, specific conductance, total organic carbon (TOC) and total organic halides (TOX) —
and certain constituents defining overall groundwater quality, the owner/operator of a land disposal
facility is required to implement a detection monitoring program. Detection monitoring consists of
upgradient-to-downgradient comparisons using the Student’s t-test of the four indicator parameters at
no less than a .01 level of significance (o). The regulations refer to the use of “replicate” samples for
contaminant indicator comparisons. Upon failure of a single detection-level test, as well as a repeated

' [45 FR 33232ff, May 19, 1980] Interim status regulations; later amended in 1983 and 1985
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Chapter 2. Regulatory Overview Unified Guidance

follow-up test, the facility is required to conduct an assessment program identifying concentrations of
hazardous waste constituents from the unit in groundwater. A facility can return to detection monitoring
if none of the latter constituents are detected. These regulations are still in effect today.

Building on the interim status rules, Subtitle C regulations for Part 264 permitted hazardous
waste facilities followed in 1982, where the basic elements of the present RCRA groundwater
monitoring program are defined. In 8264.91, three monitoring programs — detection monitoring,
compliance monitoring, and corrective action — serve to protect groundwater from releases of
hazardous waste constituents at certain regulated land disposal units (surface impoundments, waste
piles, landfills, and land treatment). In developing permits, the Regional Administrator/State Director
establishes groundwater protection standards [GWPS] under 8264.92 using concentration limits
[8264.94] for certain monitoring constituents [§264.93]. Compliance well monitoring locations are
specified in the permit following the rules in 8264.95 for the required compliance period [8264.96].
General monitoring requirements were established in 8264.97, along with specific detection [8264.98],
compliance [§264.99], and corrective action [8264.100] monitoring requirements. Facility owners and
operators are required to sample groundwater at specified intervals and to use a statistical procedure to
determine whether or not hazardous wastes or constituents from the facility are contaminating the
groundwater.

As found in §8264.91, detection monitoring is the first stage of monitoring when no or minimal
releases have been identified, designed to allow identification of significant changes in the groundwater
when compared to background or established baseline levels. Downgradient well observations are
tested against established background data, including measurements from upgradient wells. These are
known as two- or multiple-sample tests.

If there is statistically significant evidence of a release of hazardous constituents [8264.91(a)(1)
and (2)], the regulated unit must initiate compliance monitoring, with groundwater quality
measurements compared to the groundwater protection standards [GWPS]. The owner/operator is
required to conduct a more extensive Part 261 Appendix VI (later Part 264 Appendix 1X)* evaluation
to determine if additional hazardous constituents must be added to the compliance monitoring list.

Compliance/assessment as well as corrective action monitoring differ from detection monitoring
in that groundwater well data are tested against the groundwater protection standards [GWPS] as
established in the permit. These may be fixed health-based standards such as Safe Drinking Water Act
[SDWA] maximum concentration limits [MCLs], 8264.94 Table 1 values, a value defined from
background, or alternate-concentration limits as provided in 8264.94(a). Statistically, these are
considered single-sample tests against a fixed limit (a background limit can either be a single- or two-
sample test depending on how the limit is defined). An exceedance occurs when a constituent level is
shown to be significantly greater than the GWPS or compliance standard.

If a hazardous monitoring constituent under compliance monitoring statistically exceeds the
GWPS at any compliance well, the facility is subject to corrective action and monitoring under
8264.100. Following remedial action, a return to compliance consists of a statistical demonstration that

2 [47 FR 32274ff, July 26, 1982] Permitting Requirements for Land Disposal Facilities
® [52 FR 25942, July 9, 1987] List (Phase 1) of Hazardous Constituents for Groundwater Monitoring; Final Rule
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Chapter 2. Regulatory Overview Unified Guidance

the concentrations of all relevant hazardous constituents lie below their respective standards. Although
the rules define a three-tiered approach, the Regional Administrator or State Director can assess
available information at the time of permit development to identify which monitoring program is
appropriate [8264.91(b)].

Noteworthy features of the 1982 rule included retaining use of the four Part 265 indicator
parameters, but allowing for additional constituents in detection monitoring. The number of upgradient
and downgradient wells was not specified; rather the requirement is to have a sufficient number of
wells to characterize upgradient and downgradient water quality passing beneath a regulated unit.
Formalizing the “replicate” approach in the 1980 rules and the use of Student’s t-test, rules under
8264.97 required the use of aliquot replicate samples, which involved analysis of at least four physical
splits of a single volume of water. In addition, Cochran’s Approximation to the Behrens-Fisher [CABF]
Student’s t-test was specified for detection monitoring at no less than a .01 level of significance (a).
Background sampling was specified for a one-year period consisting of four quarterly samples (also
using the aliquot approach). The rules allowed use of a repeated, follow-up test subsequent to failure of
a detection monitoring test. A minimum of semi-annual sampling was required.

In response to a number of concerns with these regulations, EPA amended portions of the 40
CFR Part 264 Subpart F regulations including statistical methods and sampling procedures on October
11, 1988.* Modifications to the regulations included requiring (if necessary) that owners and/or
operators more accurately characterize the hydrogeology and potential contaminants at the facility. The
rule also identifies specific performance standards in the regulations that all the statistical methods and
sampling procedures must meet (discussed in a following section). That is, it is intended that the
statistical methods and sampling procedures meeting these performance standards defined in 8264.97
have a low probability both of indicating contamination when it is not present (Type | error), and of
failing to detect contamination that actually is present (Type Il error). A facility owner and/or operator
must demonstrate that a procedure is appropriate for the site-specific conditions at the facility, and
ensure that it meets the performance standards. This demonstration applies to any of the statistical
methods and sampling procedures outlined in the regulation as well as any alternate methods or
procedures proposed by facility owners and/or operators.

In addition, the amendments removed the required use of the CABF Student’s t-test, in favor of
five different statistical methods deemed to be more appropriate for analyzing groundwater monitoring
data (discussed in a following section). The CABF procedure is still retained in Part 264, Appendix 1V,
as an option, but there are no longer specific citations in the regulations for this test. These newer
procedures offer greater flexibility in designing a groundwater statistical program appropriate to site-
specific conditions. A sixth option allows the use of alternative statistical methods, subject to approval
by the Regional Administrator. EPA also instituted new groundwater monitoring sampling
requirements, primarily aimed at ensuring adequate statistical sample sizes for use in analysis of
variance [ANOVA] procedures, but also allowing alternative sampling plans to be approved by the
Regional Administrator. The requirements identify the need for statistically independent samples to be
used during evaluation. The Agency further recognizes that the selection of appropriate hazardous

* [53 FR 39720, October 11, 1988] 40 CFR Part 264: Statistical Methods for Evaluating Groundwater Monitoring From
Hazardous Waste Facilities; Final Rule
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constituent monitoring parameters is an essential part of a reliable statistical evaluation. EPA addressed
this issue in a 1987 Federal Register notice.’

§264.101 requirements for corrective action at non-regulated units were added in 1985 and later.®
The Agency determined that since corrective action at non-regulated units would work under a different
program, these units are not required to follow the detailed steps of Subpart F monitoring.

In 1991, EPA promulgated Subtitle D groundwater monitoring regulations for municipal solid
waste landfills in 40 CFR Part 258." These rules also incorporate a three-tiered groundwater monitoring
strategy (detection monitoring, assessment monitoring, and corrective action), and describe statistical
methods for determining whether background concentrations or the groundwater protection standards
[GWPS] have been exceeded.

The statistical methods and related performance standards in 40 CFR Part 258 essentially mirror
the requirements found as of 1988 at 40 CFR Part 264 Subpart F, with certain differences. Minimum
sampling frequencies are different than in the Subtitle C regulations. The rules also specifically provide
for the GWPS using either current MCLs or standardized risk-based limits as well as background
concentrations. In addition, a specific list of hazardous constituent analytes is identified in 40 CFR Part
258, Appendix | for detection-level monitoring, including the use of unfiltered (total) trace elements.

The 1988 and 1991 rule amendments identify certain statistical methods and sampling
procedures believed appropriate for evaluating groundwater monitoring data under a variety of
situations. Initial guidance to implement these methods was released in 1989 as: Statistical Analysis of
Groundwater Monitoring Data at RCRA Facilities: Interim Final Guidance [IFG]. The IFG covered
basic topics such as checking distributional assumptions, selecting one of the methods and sampling
frequencies. Examples were provided for applying the recommended statistical procedures and
interpreting the results. Two types of compliance tests were provided for comparison to the GWPS —
mean/median confidence intervals and upper limit tolerance intervals.

Given additional interest from users of the comparable regulations adopted for Subtitle D solid
waste facilities in 1991, and with experience gained in implementing various tests, EPA actively sought
to improve existing groundwater statistical guidance. This culminated in a July 1992 publication of:
Statistical Analysis of Groundwater Monitoring Data at RCRA Facilities: Addendum to Interim
Final Guidance [Addendum].

The 1992 Addendum included a chapter devoted to retesting strategies, as well as new guidance
on several non-parametric techniques not covered within the IFG. These included the Wilcoxon rank-
sum test, non-parametric tolerance intervals, and non-parametric prediction intervals. The Addendum
also included a reference approach for evaluating statistical power to ensure that contamination could
be adequately detected. The Addendum did not replace the IFG — the two documents contained
overlapping material but were mostly intended to complement one another based on newer information

® [52 FR 25942, July 9, 1987] op. cit.
® [50 FR 28747, July 15, 1985] Amended in 1987, 1993, and 1998

" [56 FR 50978, October 9, 1991] 40 CFR Parts 257 & 258: Solid Waste Disposal Facility Criteria: Final Rule, especially
Part 258 Subpart E Groundwater Monitoring and Corrective Action
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and comments from statisticians and users of the guidance. However, the Addendum changed several
recommendations within the IFG and replaced certain test methods first published in the IFG. The two
documents provided contradictory guidance on several points, a concern addressed by this guidance.

More recently in April 2006, EPA promulgated further changes to certain 40 CFR Part 264
groundwater monitoring provisions as part of the Burden Reduction Initiative Rule.® A brief summary
of the regulatory changes and the potential effects on existing RCRA groundwater monitoring programs
is provided. Four items of specific interest are:

% Elimination of the requirements to sample four successive times per statistical evaluation
under §8264.98(d) and §264.99(f) in favor of more flexible, site-specific options as identified
in §264.97(9)(1)&(2);

s Removal of the requirements in 8264.98(g) and 8264.99(g) to annually sample all
monitoring wells for Part 264 Appendix IX constituents in favor of a specific subset of
wells;

% Modifications of these provisions to allow for a specific subset of Part 264 Appendix 1X
constituents tailored to site needs; and

% A change in the resampling requirement in §264.98(g)(3) from “within a month” to a site-
specific schedule.

These changes to the groundwater monitoring provisions require coordination between the
regulatory agency and owner/operator with final approval by the agency. Since the regulatory changes
are not issued under the 1984 Hazardous and Solid Waste Amendments [HSWA] to RCRA, authorized
State RCRA program adoption of these rules is discretionary. States may choose to maintain more
stringent requirements, particularly if already codified in existing regulations. Where EPA has direct
implementation authority, the provisions would go into effect following promulgation.

The first provision reaffirms the flexible approach in the Unified Guidance for detection
monitoring sampling frequencies and testing options. State RCRA programs using the four-successive
sampling requirements can still continue to do so under §264.97(g)(1), but the rule now allows for
alternate sampling frequencies under §264.97(g)(2) in both detection and compliance monitoring. The
second and third provisions provide more site- and waste-specific options for Part 264 Appendix IX
compliance monitoring. The final provision provides more flexibility when resampling these Appendix
IX constituents.

Since portions of the earlier and 