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DISCLAIMER

This document is intended to assist Regional and State personnel in
evaluating ground-water monitoring data from RCRA facilities. Conformance
with this guidance is expected to result in statistical methods and sampling
procedures that meet the regulatory standard of protecting human health and
the environment. However, EPA will not in all cases limit its approval of
statistical methods and sampling procedures to those that comport with the
guidance set forth herein. This guidance is not a regulation (i.e., It does
not establish a standard of conduct which has the force of law) and should not
be used as such. Regional and State personnel should exercise their discre-
tion in using this guidance document as well as other relevant information in
choosing a statistical method and sampling procedure that meet the regulatory
requirements for evaluating ground-water monitoring data from RCRA facilities.

This document has been reviewed by the Office of Solid Waste, U.S. Envi-
ronmental Protection Agency, Washington, D.C., and approved for publication.
Approval does not signify that the contents necessarily reflect the views and
policies of the U.S. Environmental Protection Agency, nor does mention of
trade names, commercial products, or publications constitute endorsement or
recommendation for use.
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PREFACE

This guidance document has been developed primarily for evaluating
ground-water monitoring data at RCRA (Resource Conservation and Recovery Act)
facilities. The statistical methodologies described in this document can be
applied to both hazardous (Subtitle C of RCRA) and municipal (Subtitle D of
RCRA) waste land disposal facilities.

The recently amended regulations concerning the statistical analysis of
ground-water monitoring data at RCRA facilities (53 FR 39720, October 11,
1988), provide a wide variety of statistical methods that may be used to
evaluate ground-water quality. To the experienced and inexperienced water
quality professional, the choice of which test to use under a particular set
of conditions may not be apparent. The reader is referred to Section 4 of
this guidance, "Choosing a Statistical Method,” for assistance in choosing an
appropriate statistical test. For relatively new facilities that have only
limited amounts of ground-water monitoring data, it is recommended that a form
of hypothesis test (e.g., parametric analysis of variance) be employed to
evaluate the data. Once sufficient data are available (after 12 to 24 months
or eight background samples), another method of analysis such as the control
chart methodology described in Section 7 of the guidance is recommended. Each
method of analysis and the conditions under which they will be used can be
written in the facility permit. This will eliminate the need for a permit
modification each time more iInformation about the hydrogeochemistry is
collected, and more appropriate methods of data analysis become apparent.

This guidance was written primarily for the statistical analysis of
ground-water monitoring data at RCRA facilities. The guidance has wider
applications however, if one examines the spatial relationships involved
between the monitoring wells and the potential contaminant source. For
example, Section 5 of the guidance describes background well (upgradient) vs.
compliance well (downgradient) comparisons. This scenario can be applied to
other non-RCRA situations involving the same spatial relationships and the
same null hypothesis. The explicit null hypothesis (H,) for testing contrasts
between means, or where appropriate between medians, is that the means between
groups (here monitoring wells) are equal (i.e., no release has been detected),
or that the group means are below a prescribed action level (e.g., the ground-
water protection standard). Statistical methods that can be used to evaluate
these conditions are described in Section 5.2 (Analysis of Variance), 5.3
(Tolerance Intervals), and 5.4 (Prediction Intervals).

A different situation exists when compliance wells (downgradient) are
compared to a fixed standard (e.g., the ground-water protection standard). In
that case, Section 6 of the guidance should be consulted. The value to which
the constituent concentrations at compliance wells are compared can be any



standard established by a Regional Administrator, State or county health
official, or another appropriate official.

A note of caution applies to Section 6. The examples used in Section 6
are used to determine whether ground water has been contaminated as a result
of a release from a facility. When the lower confidence limit lies entirely
above the ACL (alternate concentration limit) or MCL (maximum concentration
limit), Ffurther action or assessment may be warranted. IT one wishes to
determine whether a cleanup standard has been attained for a Superfund site or
a RCRA facility in corrective action, another EPA guidance document entitled,
"Statistical Methods for the Attainment of Superfund Cleanup Standards (Vol-

ume 2: Ground Water--Draft), should be consulted. This draft Superfund
guidance is a multivolume set that addresses questions regarding the success
of air, ground-water, and soil remediation efforts. Information about the

availability of this draft guidance, currently being developed, can be
obtained by calling the RCRA/Superfund Hotline, telephone (800) 424-9346 or
(202) 382-3000.

Those interested in evaluating individual uncontaminated wells or in an
intrawell comparison are referred to Section 7 of the guidance which describes
the use of Shewhart-CUSUM control charts and trend analysis. Municipal water
supply engineers, for example, who wish to monitor water quality parameters in
supply wells, may find this section useful.

Other sections of this guidance have wide applications in the field of
applied statistics, regardless of the intended use or purpose. Section 4.2
and 4.3 provide information on checking distributional assumptions and
equality of variance, while Sections 8.1 and 8.2 cover limit of detection
problems and outliers. Helpful advice and references for many experiments
involving the use of statistics can be found in these sections.

Finally, it should be noted that this guidance is not intended to be the
final chapter on the statistical analysis of ground-water monitoring data, nor
should i1t be used as such. 40 CFR Part 264 Subpart F offers an alternative
85264.97(h)(5)] to the methods suggested and described in this guidance
document. In fact, the guidance recommends a procedure (confidence intervals)
for comparing monitoring data to a fixed standard that is not mentioned in the
Subpart F regulations. This is neither contradictory nor inconsistent, but
rather epitomizes the complexities of the subject matter and exemplifies the
need for flexibility due to the-site-specific monitoring requirements of the
RCRA program.
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EXECUTIVE SUMMARY

The hazardous waste regulations under the Resource Conservation and
Recovery Act (RCRA) require owners and operators of hazardous waste facilities
to utilize design features and control measures that prevent the release of
hazardous waste into ground. water. Further, regulated units (i.e., all sur-
face Impoundments, waste piles, land treatment units, and landfills that
receive hazardous waste after July 26, 1982) are also subject to the ground-
water monitoring and corrective action standards of 40 CFR Part 264, Sub-
part F. These regulations require that a statistical method and sampling pro-
cedure approved by EPA be used to determine whether there are releases from
regulated units into ground water.

This document provides guidance to RCRA facility permit applicants and
writers concerning the statistical analysis of ground-water monitoring data at
RCRA facilities. Section 1 is an introduction to the guidance; it describes
the purpose and intent of the document and emphasizes the need for site-
specific considerations in implementing the Subpart F regulations of 40 CFR
Part 264.

Section 2 provides the reader with an overview of the recently promul-
gated regulations concerning the statistical analysis of ground-water moni-
toring data (563 FR 39720, October 11, 1988). The requirements of the
regulation are reviewed, and the need to consider site-specific factors in
evaluating data at a hazardous waste facility is emphasized.

Section 3 discusses the important hydrogeologic parameters to consider
when choosing a sampling interval. The Darcy equation is used to determine
the horizontal component of the average linear velocity of ground water. This
parameter provides a good estimate of time of travel for most soluble con-
stituents in ground water and may be used to determine a sampling interval.
In karst, cavernous volcanics, and fractured geologic environments, alterna-
tive methods are needed to determine an appropriate sampling interval. Exam-
ple calculations are provided at the end of the section to further assist the
reader.

Section 4 provides guidance on choosing an appropriate statistical
method. A Fflow chart to guide the reader through this section, as well as
procedures to test the distributional assumptions of data, are presented.
Finally, this section outlines procedures to test specifically for equality of
variance.

Section 5 covers statistical methods that may be used to evaluate ground-

water monitoring data when background wells have been sited hydraulically
upgradient from the regulated unit, and a second set of wells are sited
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hydraulically downgradient from the regulated unit at the point of compli-
ance. The data from these compliance wells are compared to data from the
background wells to determine whether a release from a facility has
occurred. Parametric and nonparametric analysis of variance, tolerance inter-
vals, and prediction intervals are suggested methods for this type of compari-
son. Flow charts, procedures, and example calculations are given for each
testing method.

Section 6 includes statistical procedures that are appropriate when
comparing ground-water constituent concentrations to Tfixed concentration
limits (e.g., alternate concentration limits or maximum concentration lim-
its). The methods applicable to this type of comparison are confidence inter-
vals and tolerance intervals. As in Section 5, flow charts, procedures, and
examples explain the calculations necessary for each testing method.

Section 7 presents the case where the level of each constituent within a
single, uncontaminated well is being compared to its historic background con-
centrations. This is known as an intra-well comparison. In essence, the data
for each constituent in each well are plotted on a time scale and inspected
for obvious features such as trends or sudden changes in concentration
levels. The method suggested in this section is a combined Shewhart-CUSUM
control chart.

Section 8 contains a variety of special topics that are relatively short
and self-contained. These topics include methods to deal with data that is
below the limit of analytical detection and methods to test for outliers or
extreme values in the data.

Finally, the guidance presents appendices that cover general statistical
considerations, a glossary of statistical terms, statistical tables, and a
listing of references. These appendices provide necessary and ancillary
information to aid the user in evaluating ground-water monitoring data.
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SECTION 1
INTRODUCTION

The U.S. Environmental Protection Agency (EPA) promulgated regulations
for detecting contamination of ground water at hazardous waste land disposal
facilities under the Resource Conservation and Recovery Act (RCRA) of 1976.
The statistical procedures specified for use to evaluate the presence of con-
tamination have been criticized and require improvement. Therefore, EPA has
revised those statistical procedures in 40 CFR Part 264, '"Statistical Methods
for Evaluating Ground-Water Monitoring Data From Hazardous Waste Facilities."

In 40 CFR Part 264, EPA has recently amended the Subpart F regulations
with statistical methods and sampling procedures that are appropriate for
evaluating ground-water monitoring data under a variety of situations (53 FR
39720, October 11, 1988). The purpose of this document is to provide guidance
in determining which situation applies and consequently which statistical
procedure may be used. In addition to providing guidance on selection of an
appropriate statistica. procedure, this document provides instructions on
carrying out the procedure and interpreting the results.

The regulations provide three levels of monitoring for a regulated
unit: detection monitoring; compliance monitoring; and corrective action.
The regulations define conditions for a regulated unit to be changed from one
level of monitoring to a more stringent level of monitoring (e.g., from detec-
tion monitoring to compliance monitoring). These conditions are that there is
statistically significant evidence of contamination [40 CFR 8264.91(a)(l) and

1.

The regulations allow the benefit of the doubt to reside with the current
stage of monitoring. That is, a unit will remain in its current monitoring
stage unless there is convincing evidence to change it. This means that a
unit will not be changed from detection monitoring to compliance monitoring
(or from compliance monitoring to corrective action) unless there is statisti-
cally significant evidence of contamination (or contamination above the com-
pliance limit).

The main purpose of this document is to guide owners, operators, Regional
Administrators, State Directors, and other iInterested parties in the selec-
tion, use, and interpretation of appropriate statistical methods for monitor-
ing the ground water at each specific regulated unit. Topics to be covered
include sampling needed, sample sizes, selection of appropriate statistical
design, matching analysis of data to design, and interpretation of results.
Specific recommended methods are detailed and a general discussion of evalu-
ation of alternate methods is provided. Statistical concepts are discussed in



Appendix A. References for suggested procedures are provided as well as
references to alternate procedures and general statistics texts. Situations
calling for external consultation are mentioned as well as sources for obtain-
ing expert assistance when needed.

EPA would like to emphasize the need for site-specific considerations in
implementing the Subpart F regulations of 40 CFR Part 264 (especially as
amended, 53 FR 39720, October 11, 1988). It has been an ongoing strategy to
promulgate regulations that are specific enough to implement, yet flexible
enough to accommodate a wide variety of site-specific environmental factors.
This is usually achieved by specifying criteria that are appropriate for the
majority of monitoring situations, while at the same-time allowing alterna-
tives that are also protective of human health and the environment. This
philosophy 1s maintained in the recently promulgated amendments entitled,
"Statistical Methods for Evaluating Ground-Water Monitoring Data From Haz-
ardous Waste Facilities” (53 FR 39720, October 11, 1988). The sections that
allow for the use of an alternate sampling procedure and statistical method
[8264.97(g)(2) and 8264.97(h)(5), respectively] are as viable as those that
are explicitly referenced [8264.97(g)(1) and 8§264.97(h)(1-4)], provided they
meet the performance standards of 8264.97(1). Due consideration to this
should be given when preparing and reviewing Part B permits and permit
applications.
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SECTION 2
REGULATORY OVERVIEW

In 1982, EPA promulgated ground-water monitoring and response standards
for permitted facilities in Subpart F of 40 CFR Part 264, for detecting
releases of hazardous wastes into ground water from storage, treatment, and
disposal units, at permitted facilities (47 FR 32274, July 26, 1982).

The Subpart F regulations required ground-water data to be examined by
Cochran®s Approximation to the Behrens-Fisher Student"s t-test (CABF) to
determine whether there was a significant exceedance of background levels, or
other allowable levels, of specified chemical parameters and hazardous waste
constituents. One concern was that this procedure could result in a high rate
of "false positives” (Type | error), thus requiring an owner or operator
unnecessarily to advance into a more comprehensive and expensive phase of
monitoring. More importantly, another concern was that the procedure could
result in a high rate of "false negatives” (Type Il error), i.e., instances
where actual contamination would go undetected.

As a result of these concerns, EPA amended the CABF procedure with five
different statistical methods that are more appropriate for ground-water moni-
toring (63 FR 39720, October 11, 1988). These amendments also outline sam-
pling procedures and performance standards that are designed to help minimize
the event that a statistical method will indicate contamination when it is not
present (Type | error), and fail to detect contamination when it is present
(Type 11 error).

2.1 BACKGROUND

Subtitle C of the Resource Conservation Recovery Act of 1976 (RCRA) cre-
ates a comprehensive program for the safe management of hazardous waste. Sec-
tion 3004 of RCRA requires owners and operators of facilities that treat,
store, or dispose of hazardous waste to comply with standards established by
EPA that are '"necessary to protect human health and the environment."  Sec-
tion 3005 provides for implementation of these standards under permits issued
to owners and operators by EPA or authorized States. Section 3005 also pro-
vides that owners and operators of existing facilities that apply for a permit
and comply with applicable notice requirements may operate until a permit
determination is made. These facilities are commonly known as "interim
status" facilities. Owners and operators of interim status facilities also
must comply with standards set under Section 3004.

EPA promulgated ground-water monitoring and response standards for per-
mitted facilities in 1982 (47 ER 32274, July 26, 1982), codified in 40 CFR
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Part 264, Subpart F. These standards establish programs for protecting ground
water from releases of hazardous wastes from treatment, storage, and disposal
units. Facility owners and operators were required to sample ground water at
specified intervals and to use a statistical procedure to determine whether or
not hazardous wastes or constituents from the facility are contaminating
ground water. As explained in more detail below, the Subpart F regulations
regarding statistical methods used in evaluating ground-water monitoring data
that EPA promulgated in 1982 have generated criticism.

The Part 264 regulations prior to the October 11, 1988 amendments pro-
vided that the Cochran®s Approximation to the Behrens-Fisher Student®s t-test
(CABF) or an alternate statistical procedure approved by EPA be used to deter-
mine whether there is a statistically significant exceedance of background
levels, or other allowable levels, of specified chemical parameters and haz-
ardous waste constituents. Although the regulations have always provided
latitude for the use of an alternate statistical procedure, concerns were
raised that the CABF statistical procedure in the regulations was not appro-
priate. It was pointed out that: (1) the replicate sampling method is not
appropriate for the CABF procedure, (2) the CABF procedure does not adequately
consider the number of comparisons that must be made, and (3) the CABF does
not control for seasonal variation. Specifically, the concerns were that the
CABF procedure could result in "false positives" (Type | error), thus requir-
ing an owner or operator unnecessarily to collect additional ground-water
samples, to further characterize ground-water quality, and to apply for a

permit modification, which is then subject to EPA review. In addition, there
was concern that CABF may result in "false negatives" (Type Il error), i.e.,
instances where actual contamination goes undetected. This could occur

because the background data, which are often used as the basis of the
statistical comparisons, are highly variable due to temporal, spatial,
analytical, and sampling effects.

As a result of these concerns, on October 11, 1988 EPA amended both the
statistical methods and the sampling procedures of the regulations, by requir-
ing (if necessary) that owners or operators more accurately characterize the
hydrogeology and potential contaminants at the facility, and by including in
the regulations performance standards that all the statistical methods and
sampling procedures must meet. Statistical methods and sampling procedures
meeting these performance standards would have a low probability of indicating
contamination when it is not present, and of failing to detect contamination
that actually is present. The facility owner or operator would have to demon-
strate that a procedure is appropriate for the site-specific conditions at the
facility, and to ensure that it meets the performance standards outlined
below. This demonstration holds for any of the statistical methods and sam-
pling procedures outlined in this regulation as well as any alternate methods
or procedures proposed by facility owners and operators.

EPA recognizes that the selection of appropriate monitoring parameters is
also an essential part of a reliable statistical evaluation. The Agency
addressed this issue in a previous Federal Register notice (52 EFR 25942,

July 9, 1987).
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2.2 OVERVIEW OF METHOOOLOGY

EPA has elected to retain the idea of general performance requirements
that the regulated community must meet. This approach allows for flexibility
in designing statistical methods and sampling procedures to site-specific
considerations.

EPA has tried to bring a measure of certainty to these methods, while
accommodating the unique nature of many of the regulated units in question.
Consistent with this general strategy, the Agency is establishing several
options for the sampling procedures and statistical methods to be used in
detection monitoring and, where appropriate, in compliance monitoring.

The owner or operator shall submit, for each of the chemical parameters
and hazardous constituents listed in the facility permit, one or more of the
statistical methods and sampling procedures described in the regulations
promulgated on October -11, 1988. In deciding which statistical test is
appropriate, he or she will consider the theoretical properties of the test,
the data available, the site hydrogeology, and the fate and transport charac-
teristics of potential contaminants at the facility. The Regional Administra-
tor will review, and if appropriate, approve the proposed statistical methods
and sampling procedures when issuing the facility permit.

The Agency recognizes that there may be situations where any one statis-
tical test may not be appropriate. This is true of new facilities with little
or no ground-water monitoring data. If insufficient data prohibit the owner
or operator from specifying a statistical method of analysis, then contingency
plans containing several methods of data analysis and the conditions under
which the method can be used will be specified by the Regional Administrator
in the permit. Inmany cases, the parametric ANOVA can be performed after six
months of data have been collected. This will eliminate the need for a permit
modification in the event that data collected during future sampling and
analysis events indicate the need to change to a more appropriate statistical
method of analysis. In the event that a permit modification is necessary to
change a sampling procedure or a statistical method, the reader is referred to
53 FR 37912, September 28, 1988. These are considered Class 1 changes requir-
ing Director approval and should follow minor modification procedures.

2.3 GENERAL PERFORMANCE STANDARDS

EPA"s basic concern in establishing these performance standards for sta-
tistical methods is to achieve a proper balance between the risk that the pro-
cedures will falsely indicate that a regulated unit is causing background
values or concentration limits to be exceeded (false positives) and the risk
that the procedures will fail to indicate that background values or concen-
tration limits are being exceeded (false negatives). EPA"s approach is
designed to address that concern directly. Thus any statistical method or
sampling procedure, whether specified here or as an alternative to those
specified, should meet the Tfollowing performance standards contained 1in
40 CFR 8264.97(1):
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1. The statistical method used to evaluate ground-water monitoring data
shall be appropriate for the distribution of chemical parameters or
hazardous constituents. IT the distribution of the chemical
parameters or hazardous constituents is shown by the owner or
operator to be inappropriate for a normal theory test, then the data
should be transformed or a distribution-free theory test should be
used. If the distributions for the constituents differ, more than
one statistical method may be needed.

2. IT an individual well comparison procedure is used to compare an
individual compliance well constituent concentration with background
constituent concentrations or a ground-water protection standard,
the test shall be done at a Type | error level of no less than 0.01
for each testing period. IT a multiple comparisons procedure is
used, the Type 1 experimentwise error rate shall be no less than
0.05 for each testing period; however, the Type I error of no less
than 0.01 for individual well comparisons must be maintained. This
performance standard does not apply to control charts, tolerance
intervals, or prediction intervals.

3. IT a control chart approach is used to evaluate ground-water moni-
toring data, the specific type of control chart and its associated
parameters shall be proposed by the owner or operator and approved
by the Regional Administrator if he or she finds it to be protective
of human health and the environment.

4. IT a tolerance interval or a prediction interval is used to evaluate
ground-water monitoring data, then the levels of confidence shall be
proposed: In addition, for tolerance intervals, the proportion of
the population that the interval must contain (with the proposed
confidence) shall be proposed by the owner or operator and approved
by the Regional Administrator if he or she finds these parameters to
be protective of human health and the environment. These parameters
will be determined after considering the number of samples in the
background data base, the distribution of the data, and the range of
the concentration values for each constituent of concern.

5. The statistical method will include procedures for handling data
below the limit of detection with one or more procedures that are
protective of human health and the environment. Any practical quan-
titation limit (PQL) approved by the Regional Administrator under
8264.97(h) that is used in the statistical method shall be the low-
est concentration level that can be reliably achieved within speci-
fied limits of precision and accuracy during routine laboratory
operating conditions available to the facility.

6. IT necessary, the statistical method shall include procedures to
control or correct for seasonal and spatial variability as well as
temporal correlation in the data.

In referring to "statistical methods,” EPA means to emphasize that the
concept of "statistical significance” must be reflected in several aspects of
the monitoring program.  This involves not only the choice of a level of
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significance, but also the choice of a statistical test, the sampling require-
ments, the number of samples, and the frequency of sampling. Since all of
these parameters interact to determine the ability of the procedure to detect
contamination, the statistical methods, Ulike a comprehensive ground-water
monitoring program, must be evaluated in their entirety, not by individual
components. Thus a systems approach to ground-water monitoring is endorsed.

The second performance standard requires further comment. For individual
well comparisons in which an individual compliance well is compared to back-
ground, the Type I error level shall be no less than 1% (0.01) for each test-
ing period. In other words, the probability of the test resulting in a false
positive is no less than 1 in 100. EPA believes that this significance level
is sufficient in limiting the false positive rate while at the same time con-
trolling the false negative (missed detection) rate.

Owners and operators of facilities that have an extensive network of
ground-water monitoring wells may find it more practical to use a multiple

well comparisons procedure. Multiple comparisons procedures control the
experimentwise error rate for comparisons involving multiple upgradient and
downgradient wells. IT this method is used, the Type 1 experimentwise error

rate for each constituent shall be no less than 5% (0.05) for each testing
period.

In using a multiple well comparisons procedure, if the owner or operator
chooses to use a t-statistic rather than an F-statistic, the individual well
Type 1 error level must be maintained at no less than 1% (0.01). This
provision should be considered if a facility owner or operator wishes to use a
procedure that distributes the risk of a false positive evenly throughout all
monitoring wells (e.g., Bonferroni t-test).

Setting these levels of significance at 1% and 5%, respectively, raises
an important question in how the false positive rate will be controlled at
facilities with a large number of ground-water monitoring wells and monitoring
constituents. The Agency set these levels of significance on the basis of a
single testing period and not on the entire operating life of the facility.
Further, large facilities can reduce the false positive rate by implementing a
unit-specific monitoring approach. Data from uncontaminated upgradient wells
can be pooled and treated as one group. This will not only reduce the number
of comparisons in a multiple well comparisons procedure but will also take
into account spatial heterogeneities that may affect background ground-water
quality. If the overall F-test is significant, then testing of the contrasts
between the mean of each compliance well concentration and the mean background
concentration must be performed for each constituent. This will identify the
monitoring wells that are out of compliance. The Type 1 error level for the
individual comparisons shall be no less than 0.01. Nonetheless, it is evident
that facilities with an extensive number of ground-water monitoring wells
which are monitored for many constituents may still generate a large number of
comparisons during each testing period.

In these particular situations, a determination of whether a release from
a facility has occurred may require the Regional Administrator to evaluate the
site hydrogeology, geochemistry, climatic factors, and other environmental
parameters to determine if a statistically significant result is indicative of
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an actual release from the facility. In making this determination, the
Regional Administrator may note the relative magnitude of the concentration of
the constituent(s). If the exceedance is based on an observed compliance well
value that is the same relative magnitude as the PQL (practical quantitation
limit) or the background concentration level, then a false positive may have
occurred, and further sampling and testing may be appropriate. If, however,
the background concentration level or an action level is substantially
exceeded, then the exceedance is more likely to be indicative of a release
from the facility.

2.4 BASIC STATISTICAL METHODS AND SAMPLING PROCEDURES

The October 11, 1988 rule specifies five types of statistical methods to
detect contamination in ground water. EPA believes that at least one of these
types of procedures will be appropriate for virtually all facilities. To
address situations where these methods may not be appropriate, EPA has
included a provision for the owner or operator to select an alternate method
which is subject to approval by the Regional Administrator.

2.4.1 The Five Statistical Methods Outlined in the October 11, 1988 Final
Rule

1. A parametric analysis of variance (ANOVA) followed by multiple com-
parison procedures to identify specific sources of difference. The
procedures will include estimation and testing of the contrasts
between the mean of each compliance well and the background mean for
each constituent.

2. An analysis of variance (ANOVA) based on ranks followed by multiple
comparison procedures to identify specific sources of difference.
The procedure will include estimation and testing of the contrasts
between the median of each compliance well and the median background
levels for each constituent.

3. A procedure in which a tolerance interval or a prediction interval
for each constituent is established from the background data, and
the level of each constituent in each compliance well is compared to
its upper tolerance or prediction limit.

4., A control chart approach which will give control limits for each
constituent. IT any compliance well has a value or a sequence of
values that lie outside the control limits for that constituent, it
may constitute statistically significant evidence of contamination.

5. Another statistical method submitted by the owner or operator and
approved by the Regional Administrator.

A summary of these statistical methods and their applicability is pre-
sented in Table 2-1. The table lists types of comparisons and the recommended
procedure and refers the reader to the appropriate sections where a discussion
and example can be found.
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TABLE 2-1.

SUMMARY OF STATISTICAL METHODS

SUMMARY OF STATISTICAL METHODS

SECTION OF
COMPOUND | TYPE OF COMPARISON | RECOMMENDED METHOD | GUIDANCE
| DOCUMENT
ANOVA 5.2
COMAPNOYUND BACKGROUND VS TOLERANCE LIMITS 5.3
N COMPLIANCE  WELL PREDICTION INTERVALS 5.4
BACKGROUND
INTRA-WELL CONTROL CHARTS 7
ACL/MCL CONFIDENCE INTERVALS 6.2.1
SPECIFIC FIXED STANDARD TOLERANCE LIMITS 6.2.2
MANY NONDETECTS SEE BELOW DETECTION
SYNTHETIC IN DATA SET LIMIT TABLE 8-l 8.1
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EPA is specifying multiple statistical methods and sampling procedures
and has allowed for alternatives because no one method or procedure is appro-
priate for all circumstances. EPA believes that the suggested methods and
procedures are appropriate for the site-specific design and analysis of data
from ground-water monitoring systems and that they can account for more of the
site-specific factors that Cochran®s Approximation to the Behrens-Fisher
Student®s t-test (CABF) and the accompanying sampling procedures in the past
regulations. The statistical methods specified here address the multiple
comparison problems and provide for documenting and accounting for sources of
natural variation. EPA believes that the specified statistical methods and
procedures consider and control for natural temporal and spatial variation.

2.4.2 Site-Specific Considerations for Sampling

The decision on the number of wells needed in a monitoring system will be
made on a site-specific basis by the Regional Administrator and will consider
the statistical method being used, the site hydrogeology, the fate and trans-
port characteristics of potential contaminants, and the sampling procedure.
The number of wells must be sufficient to ensure a high probability of detect-
ing contamination when it is present. To determine which sampling procedure
should be used, the owner or operator shall consider existing data and site
characteristics, including the possibility of trends and seasonality. These
sampling procedures are:

1. Obtain a sequence of at least four samples taken at an interval that
ensures, to the greatest extent technically feasible, that an inde-
pendent sample is obtained, by reference to the uppermost aquifer”s
effective porosity, hydraulic conductivity, and hydraulic gradient,
and the fate and transport characteristics of potential contami-
nants. The sampling interval that is proposed must be approved by
the Regional Administrator.

2. An alternate sampling procedure proposed by the owner or operator
and approved by the Regional Administrator if he or she finds it to
be protective of human health and the environment.

EPA believes that the above sampling procedures will allow the use of
statistical methods that will accurately detect contamination. These sampling
procedures may be used to replace the sampling method present in the former
Subpart F regulations. Rather than taking a single ground-water sample and
dividing it into four replicate samples, a sequence of at least four samples
taken at intervals far enough apart in time (daily, weekly, or monthly,
depending on rates of ground-water flow and contaminant fate and transport
characteristics) will help ensure the sampling of a discrete portion (i.e., an
independent sample) of ground water. In hydrogeologic environments where the
ground-water velocity prohibits one from obtaining four independent samples on
a semiannual basis, an alternate sampling procedure approved by the Regional
Administrator may be utilized 140 CFR 8264.97(g)(1) and (2)]-

The Regional Administrator shall approve an appropriate sampling proce-
dure and interval submitted by the owner or operator after considering the
effective porosity, hydraulic conductivity, and hydraulic gradient in the
uppermost aquifer under the waste management area, and the fate and transport
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characteristics of potential contaminants. Most of this information 1is
already required to be submitted in the facility"s Part B permit application
under 8270.14(c) and may be used by the owner or operator to make this deter-
mination. Further, the number and kinds of samples collected to establish
background concentration levels should be appropriate to the form of statisti-
cal test employed, following generally accepted statistical principles
[40 CFR 8264.97(g)]- For example, the use of control charts presumes a well-
defined background of at least eight samples per well. By contrast, ANOVA
alternatives might require only four samples per well.

It seems likely that most facilities will be sampling monthly over four
consecutive months, twice a year. In order to maintain a complete annual
record of ground-water data, the facility owner or operator may find it
desirable to obtain a sample each month of the year. This will help identify
seasonal trends in the data and permit evaluation of the effects of auto-
correlation and seasonal variation if present in the samples.

The concentrations of a consistent determined in these samples are
intended to be used in one-point-in-time comparisons between background and
compliance wells. This approach will help reduce the components of seasonal
variation by providing for simultaneous comparisons between background and
compliance well information.

The flexibility for establishing sampling intervals was chosen to allow
for the unique nature of the hydrogeologic systems beneath hazardous waste
sites. This sampling scheme will give proper consideration to the temporal
variation of and autocorrelation among the ground-water constituents. The
specified procedure requires sampling data from background wells, at the
compliance point, and according to a specific test protocol. The owner or
operator should use a background value determined from data collected under
this scenario if a test approved by the Regional Administrator requires it or
if a concentration limit in compliance monitoring is to be based upon
background data.

EPA recognizes that there may be situations where the owner or operator
can devise alternate statistical methods and sampling procedures that are more
appropriate to the facility and that will provide reliable results. There-
fore, today"s regulations allow the Regional Administrator to approve such
procedures if he or she finds that the procedures balance the risk of false
positives and false negatives in a manner comparable to that provided by the
above specified tests and that they meet specified performance standards
[40 CFR 8§264.97(g)l. In examining the comparability of the procedure to
provide a reasonable balance between the risk of false positives and false
negatives, the owner or operator will specify in the alternate plan such
parameters as sampling frequency and sample size.

2.4.3 The "Reasonable Confidence' Requirement

The methods indicate that the procedure must provide reasonable confi-
dence that the migration of hazardous constituents from a regulated unit into
and through the aquifer will be detected. (The reference to hazardous
constituents does not mean that this option applies only to compliance
monitoring; the procedure also applies to monitoring parameters and
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constituents in the detection monitoring program since they are surrogates
indicating the presence of hazardous constituents.) The protocols for the
specific tests, however, will be used as general benchmark to define
"reasonable confidence” in the proposed procedure. IT the owner or operator
shows that his or her suggested test is comparable in its results to one of
the specified tests, then it is likely to be acceptable under the “reasonable
confidence" test. There may be situations, however, where it will be
difficult to directly compare the performance of an alternate test to the
protocols for the specified tests. In such cases the alternate test will have
to be evaluated on its own merits.

2.4.4 Implementation

Owners and operators currently operating under a RCRA permit and
employing the CABF procedure may change this procedure to a more appropriate
procedure at the time of State or Regional permit review and update. Of
course, these owners and operators may also apply for a permit modification
under § 270.41(a)(3). This change is considered a Class 1 permit modifica-
tion. Class 1 permit modifications are technical in nature and generally of
limited interest to the public. Class 1 modifications may be made with prior
approval from the Director. The reader is referred to 53 FR 37912,
September 28, 1988 for more details about the permit modification process.

Under appropriate circumstances, the owner or operator may wish to
continue using the CABF procedure. This would involve a facility that has
comparably few monitoring wells (e.g., fewer than five) and monitors for only
a limited number of chemical parameters and hazardous constituents (e.g.,
fewer than four). In this case, fewer than 20 comparisons would be made each
testing period, and performing the CABF procedure at the 0.05 level of sig-
nificance may result in no more than one false positive each testing period.
The owner or operator should consider a similar evaluation when deciding the
adequacy of the CABF procedure for his or her facility. Likewise, the owner
or operator should also continually update the background concentrations in
upgradient monitoring wells and simultaneously compare aggregate upgradient
well data (background wells) to downgradient well data (compliance wells).
This practice will help reduce the component of temporal variability associ-
ated with the CABF procedure. Further, efforts should be made to obtain

independent samples from the monitoring wells. Section 3 of the guidance
addresses how one might accomplish this task. IT situations permit, the
replicate sampling procedure should be avoided. Replicate samples provide

information about analytical variability and accuracy. The goal of all RCRA
ground-water sampling programs should be to provide data about the hydro-
geochemical variability in the aquifers below the hazardous waste facility.
Obtaining independent samples when possible will help reduce the effects of
autocorrelation.

In all cases any statistical method or sampling procedure must be
approved by the Regional Administrator or State Director. Changing from one
statistical method or sampling procedure to another may be done at the time of
Regional or State permit review and update, or at any time a Class 1 permit
modification is approved (see 53 RE 37912, September 28, 1988).
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SECTION 3

CHOOSING A SAMPLING INTERVAL

This section discusses the important hydrogeologic parameters to consider
when choosing a sampling interval. The Darcy equation is used to determine
the horizontal component of the average linear velocity of ground water for
confined, semiconfined, and unconfined aquifers. This value provides a good
estimate of time of travel for most soluble constituents in ground water, and
can be used to determine a sampling interval. Example calculations are pro-
vided at the end of the section to further assist the reader. Alternative
methods must be employed to determine a sampling interval in hydrogeologic
environments where Darcy"s law is invalid. Karst, cavernous basalt, fractured
rocks, and other "pseudo karst"™ terranes usually require specialized monitor-
ing approaches.

Section 264.97(g) of 40 CFR Part 264 Subpart F provides the owner or
operator of a RCRA facility with a flexible sampling schedule that will allow
him or her to choose a sampling procedure that will reflect site-specific con-
cerns. This section specifies that the owner or operator shall, on a semi-
annual basis, obtain a sequence of at least four samples from each well, based
on an interval that is determined after evaluating the uppermost aquifer®s
effective porosity, hydraulic conductivity, and hydraulic gradient, and the
fate and transport characteristics of potential contaminants. The intent of
this provision is to set a sampling frequency that allows sufficient time to
pass between sampling events to ensure, to the greatest extent technically
feasible, that an independent ground-water sample is taken from each well.
For further information on ground-water sampling, refer to the EPA "Practical
Guide for Ground-Water Sampling," Barcelona et al., 1985.

The sampling frequency of the four semiannual sampling events required in
Part 264 Subpart F can be based on estimates using the average linear velocity
of ground water. Two forms of the Darcy equation stated below relate ground-
water velocity (V) to effective porosity (Ne), hydraulic gradient (i), and
hydraulic conductivity (K):

Vi=(K,*i)/Ne and V,,=(K,, *i)/Ne

where V, and V, are the horizontal and vertical components of the average
linear velocity of ground water, respectively; K, and K, are the horizontal

and vertical components of hydraulic conductivity; i is the head gradient; and
Ne is the effective porosity. In applying these equations to ground-water
monitoring, the horizontal Component of the average linear Velocity (V,) can
be used to determine an appropriate sampling interval. Usually, field
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investigations will yield bulk vaues for hydraulic conductivity. In most
cases, the bulk hydraulic conductivity determined by a pump test, tracer test,
or a slug test will be sufficient for these calculations. The vertical com-
ponent of the average linear velocity of ground water (V,,) may be considered
in estimating flow velocities iIn areas with significant components of vertical
velocity such as recharge and discharge zones.

To apply the Darcy equation to ground-water monitoring, one needs to
determine the parameters K, i, and Ne. The hydraulic conductivity, K, is the
volume of water at the existing kinematic viscosity that will move iIn unit
time under a unit hydraulic gradient through a unit area measured at right
angles to the direction of flow. The reference to "existing kinematic vis-
cosity" relates to the fact that hydraulic conductivity is not only determined
by the media (aquifer), but also by fluid properties (ground water or poten-
tial contaminants). Thus, 1t is possible to have several hydraulic conduc-
tivity values for many different chemical substances that are present in the
same aquifer. In either case it is advisable to use the greatest value for
velocity that is calculated using the Oarcy equation to determine sampling
intervals. This will provide for the earliest detection of a leak from a
hazardous waste facility and expeditious remedial action procedures. A range
of hydraulic conductivities (the transmitted fluid is water) for various aqui-
fer materials is given in Figures 3-1 and 3-2. The conductivities are given
in several units. Figure 3-3 lists conversion factors to change between vari-
ous permeability and hydraulic conductivity units.

The hydraulic gradient, i, is the change in hydraulic head per unit of
distance in a given direction. Itcan be determined by dividing the differ-
ence In head between two points on a potentiometric surface map by the
orthogonal distance between those two points (see example calculation). Water
level measurements are normally used to determine the natural hydraulic gradi-
ent at a facility. However, the effects of mounding in the event of a leak
from a waste disposal facility may produce a steeper local hydraulic gradient
in the vicinity of the monitoring well. These local changes in hydraulic
gradient should be accounted for in the velocity calculations.

The effective porosity, Ne, is the ratio, usually expressed as a per-
centage, of the total volume of voids available for fluid transmission to the
total volume of the porous medium dewatered. It can be estimated during a
pump test by dividing the volume of water removed from an aquifer by the total
volume of aquifer dewatered (see example calculation). Table 3-1 presents
approximate effective porosity values for a variety of aquifer material-s. In
cases where the effective porosity is unknown, specific yield may be substi-
tuted into the equation. Specific yields of selected rock units are given in
Table 3-2. In the absence of measured values, drainable porosity is often
used to approximate effective porosity. Figure 3-4 illustrates representative
values of drainable porosity and total porosity as a function of aquifer
particle size. IT available, field measurements of effective porosity are
preferred.
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IGNEOUS AND METAMORPHIC ROCKS
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Source: Heath, R. C. 1983. Basic Ground-Water Hydrology. U.S. Geological

Survey Water Supply Paper, 2220, 84 pp.

Figure 3-1. Hydraulic conductivity of selected rocks.
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Source: Freeze, R. A., and J. A. Cherry. 1979. Ground Water. Prentice
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Figure 3-2. Range of values of hydraulic conductivity
and permeability.
Permeability, £* Hydraulic conductivity, X
cm2 ft2 darcy m/s ft/s gal/day/ft2
cm? 1 1.08 x 10~3  1.01 x 108 9.80 x 102 3.22 x 103 1.85 x 109
fr2 9.29 x 102 1 9.42 % 1010 9,11 x 103 2.9 x 106 1.71 x 10!2
darcy 9.87 x 107 1.06 x 10!t 1 9.66 x 10-6 3,17 x 10~%  1.82 x 10!
m/s 1.02 x 10~3 110 x 105  1.04 x 103 1 3.28 2.12 x 108
ft/s 311 X 10~ 3.35x 1077 3.15 x 104 3.05 x 107! 1 5.74 x 103
gal/day/ftz2 542 x 10-10 583 x 10~'3 549 x 1072 472 x 10°7  1.74 x 1076 1
*To obtain k in ftz, multiply k in cm® by 1.08 x 10-3.
Source: Freeze, R. A., and J. A. Cherry. 1979. Ground Water. Prentice
Hall, Inc., Englewood Cliffs, New Jersey. p. 29.

Figure 3-3.

Conversion factors for permeability and

hydraulic conductivity units.
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TABLE 3-1. DEFAULT VALUES FOR EFFECTIVE POROSITY (Ne) FOR USE
IN TIME OF TRAVEL (TOT) ANALYSES

Effective porosity
Soil textural classes of saturation®

Unified soil classification system

GS, GP, GM, GC, SW, SP, SM, SC 0.20
(20%)

ML, MH 0.15
(15%)

CL, OL, CH, OH, PT 0.01
(1%)°

USDA soil textural classes

Clays, silty clays, sandy clays 0.01
(1%)°
Silts, silt loams, silty clay loams 0.10
(10%)
All others 0.20
(20%)

Rock units (all)

Porous media (nonfractured rocks 0.15
such as sandstone and some carbonates) (15%)
Fractured rocks (most carbonates, 0.0001
shales, granites, etc.) (0.01%)

Source: Barari, A., and L. S. Hedges. 1985. Movement of Water
in Glacial Till. Proceedings of the 17th International Congress of the
International Association of Hydrogeologists, pp. 129-134.

% These values are estimates and there may be differences between
similar units. For example, recent studies indicate that
weathered and unweathered glacial till may have markedly dif-
ferent effective porosities (Barari and Hedges, 1985; Bradbury
et al., 1985).

® Assumes de minimus secondary porosity. If fractures or soil
structure are present, effective porosity should be 0.001
(0.1%).
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TABLE 3-2. SPECIFIC YIELD VALUES FOR
SELECTED ROCK TYPES

Rock type Specific yield (%)

Clay

Sand 22

Gravel 19

Limestone 18

Sandstone (semiconsolidated) 6

Granite 0.09

Basalt (young) 8

Source: Heath, R. C. 1983. Basic Ground-Water

Hydrology. U.S. Geological Survey, Water Supply
Paper 2220, 84 pp.
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Once the values for K, i, and Ne are determined, the horizontal component
of the average linear velocity of ground water can be calculated. Using the
Darcy equation, we can determine the time required for ground water to pass
through the complete monitoring well diameter by dividing the monitoring well
diameter by the horizontal component of the average linear velocity of ground
water. (IT considerable exchange of water occurs during well purging, the
diameter of the filter pack may be used rather than the monitoring well diam-
eter.) This value will represent the minimum time interval required between
sampling events that will yield an independent ground-water sample. (Three-
dimensional mixing of ground water in the vicinity of the monitoring well will
occur when the well is purged before sampling, which is one reason why this
method only provides an estimation of travel time).

In determining these sampling intervals, one should note that many chemi-
cal compounds will not travel at the same velocity as ground water. Chemical
characteristics such as adsorptive potential, specific gravity, and molecular
size will influence the way chemicals travel in the subsurface. Large mole-
cules, for example, will tend to travel slower than the average linear veloc-
ity of ground water because of matrix interactions. Compounds that exhibit a
strong adsorptive potential will undergo a similar fate that will dramatically
change time of travel predictions using the Darcy equation. In some cases
chemical interaction with the matrix material will alter the matrix structure
and its associated hydraulic conductivity that may result in an increase in
contaminant mobility. This effect has been observed with certain organic
solvents in clay units (see Brown and Andersen, 1981). Contaminant fate and
transport models may be useful in determining the influence of these effects
on movement in the subsurface. A variety of these models are available on the
commercial market for private use.

3.1 EXAMPLE CALCULATIONS
EXAMPLE CALCULATION NO. 1: DETERMINING THE EFFECTIVE POROSITY (He)

The effective porosity, Ne, expressed in %, can be determined during a
pump test using the following method:

Ne = 100% x volume of water removed/volume of aquifer dewatered

Based on a pumping rate of the pump of 50 gal/min and a pumping
duration of 30 min, compute the volume of water removed as:

50 gal/min x 30 min = 1,500 gal
To calculate the volume of aquifer dewatered, use the formula:
V = (1/3)ar2h

where r is the radius (ft) of area affected by pumping and h (ft) is the drop
in the water level. |If, for example, h = 3 ft and r = 18 ft, then:

V = (1/3)*3.14*18°*3 = 1,018 ft°
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Next, converting ft3 of water to gallons of water,
V = (1,018 ft%)(7.48 gal/ft®) = 7,615 gal

Substituting the two volumes in the equation for the effective
porosity, obtain

Ne = 100% x 1,500/ 7,615 = 19.7%
EXAMPLE CALCULATION NO. 2: DETERM NI NG THE HYDRAULI C GRADI ENT (i)
The hydraulic gradient, i, can be determined from a potentiometric
surface map (Figure 3-5 below) as i = aAh/e, where Ah 1is the difference

measured in the gradient at Pz, and Pz,, and & is the orthogonal distance
between the two piezometers.

Using the values given in Figure 3-3, obtain

i = ah/e = (29.2 ft - 29.1 ft)/100 ft = 0.001 ft/ft

Figure 3-5. Potentiometric surface map for computation
of hydraulic gradient.

This method provides only a very general estimate of the natural
hydraulic gradient that exists in the vicinity of the two piezometers.
Chemical gradients are known to exist and may override the effects of the
hydraulic gradient. A detailed study of the effects of multiple chemical
contaminants may be necessary to determine the actual average linear velocity
(horizontal component) of ground water in the vicinity of the monitoring

wells.
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EXAMPLE CALCULATION NO. 3: DETERMINING THE HORIZONTAL COMPONENT OF THE
AVERAGE LINEAR VELOCITY OF GROUND MATER (V)

A land disposal facility has ground-water monitoring wells that are
screened in an unconfined silty sand aquifer. Slug tests, pump tests, and
tracer tests conducted during a hydrogeologic site investigation have revealed
that the aquifer has a horizontal hydraulic conductivity (K,) of 15 ft/day and
an effective porosity (Ne) of 15%. Using a potentiometric map (as in
example 2), the hydraulic gradient (i) has been determined to be 0.003 ft/ft.

To estimate the minimum time interval between sampling events that will
allow one to obtain an independent sample of ground water proceed as follows.

Calculate the horizontal component of the average linear velocity of
ground water (V,) using the Darcy equation, V, = (K,*1)/Ne.

With K,

Ne

[

15 ft/day,
15%, and
0.003 ft/ft, calculate

V, = (15)(0.003)/(15%) = 0.3 ft/day, or equivalently
Vv, = (0.3 ft/day) (12 in/ft) = 3.6 in/day

Discussion:  The horizontal component of the average linear velocity of
ground water, V,, has been calculated and is equal to 3.6 in/day. Monitoring
well diameters at this particular facility are 4 in. We can determine the
minimum time interval between sampling events that will allow one to obtain an
independent sample of ground water by dividing the monitoring well diameter by
the horizontal component of the average linear velocity of ground water:

Minimum time interval = (4 in)/(3.6 in/day) = 1.1days
Based on the above calculations, the owner or operator could sample every
other day. However, because the velocity can vary with recharge rates sea-
sonally, a weekly sampling interval would be advised.

Suggested Sampling Interval

Date Obtain Sample No.
June 1 1
June 8 2
June 15 3
June 22 4

Table 3-3 gives some results for common situations.
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TABLE 3-3. DETERMINING A SAMPLING INTERVAL

DETERMINING A SAMPLING INTERVAL

UNIT K, (ftday) Ne (%) vy, (in/mo SAMPLING INTERVAL
GRAVEL 10° 19 9.6x10"* DAILY
SAND 10° 22 8.3x10°? DAILY
SILTY SAND 10 14 1.3x 102 WEEKLY
TILL 1072 2 9.1 x 10° MONTHLY *
SS (SEMICON) 1 6 30 WEEKLY
BASALT 10 8 2.28 MONTHLY *

The horizontal component of the average linear velocities is based on
a hydraulic gradient, i, of 0.005 ft/ft.

.. Use a Monthly sampling interval or an alternate sampling procedure.

3.2 FLOW THROUGH KARST AND ‘PSEUDO-KARST” TERRANES

The Darcy equation is not valid in turbulent and nonlinear laminar flow
regimes. Examples of these particular hydrogeological environments include
karst and 'pseudo-karst" (e.g., cavernous basalts and extensively fractured
rocks) terranes. Specialized methods have been investigated by Quinlan (1989)
for developing alternative monitoring procedures for karst and 'pseudo-karst"
terranes. Dye tracing as described by Quinlan (1989) and Mull et al. (1988)
is useful for identifying flow paths and travel times in karst and "pseudo-
karst"  terranes. Conventional ground-water monitoring wells iIn these
environments are often of little value in designing an effective monitoring
system. Field investigations are necessary to locate seeps and springs, which
may serve as better "monitoring wells" for identifying releases of hazardous
constituents into ground water and surface water.
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SECTION 4

CHOOSING A STATISTICAL METHOD

This section discusses the choice of an appropriate statistical method.
Section 4.1 includes a flowchart to guide this selection. Section 4.2 contains
procedures to test the distributional assumptions of statistical methods and
Section 4.3 has procedures to test specifically for equality of variances.

The choice of an appropriate statistical test depends on the type of mon-
itoring and the nature of the data. The proportion of values in the data set
that are below detection is one important consideration. IT most of the
values are below detection, a test of proportions is suggested.

One set of statistical procedures is suggested when the monitoring con-
sists of comparisons of water sample data from the background (hydraulically
upgradient) well with the sample data from compliance (hydraulically down-
gradient) wells. The recommended approach is analysis of variance (ANOVA).
Also, for a facility with limited amounts of data, it is advisable to ini-
tially use the ANOVA method of data evaluation, and later, when sufficient
amounts of data are collected, to change to a tolerance interval or a control

chart approach for each compliance well. However, alternate approaches are
al lowed. These include adjustments for seasonality, use of tolerance inter-
vals, and use of prediction intervals. These methods are discussed in Sec-
tion 5.

When the monitoring objective is to compare the concentration of a haz-
ardous constituent to a fixed level such as a maximum concentration limit
(MCL), a different type of approach is needed. This type of comparison com-
monly serves as a basis of compliance monitoring. Control charts may be used,
as may tolerance or confidence intervals. Methods for comparison with a fixed
level are presented in Section 6.

When a long history of data from each well is available, intra-well com-
parisons are appropriate. That is, the data from a single uncontaminated well
are compared over time to detect shifts in concentration, or gradual trends in
concentration that may indicate contamination. Methods for this situation are
presented in Section 7.

4.1 FLOWCHARTS--OVERVIEW AND USE

The selection and use of a statistical procedure for ground-water moni-
toring is a detailed process. Because a single flowchart would become too
complicated for easy use, a series of flowcharts has been developed. These
flowcharts are found at the beginning of each section and are intended to
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guide the user in the selection and use of procedures in that section. The
more detailed flowcharts can be thought of as attaching to the general flow-
charts at the indicated points.

Three general types of statistical procedures are presented in the flow-
chart overview (Figure 4-1): (1) background well to compliance well data
comparisons; (2) comparison of compliance well data with a constant limit such
as an alternate concentration limit (ACL) or a maximum concentration limit
(MCL); and (3) intra-well comparisons. The first question to be asked in
determining the appropriate statistical procedure is the type of monitoring
program specified in facility permit. The type of monitoring program may
determine if the appropriate comparison is among wells, comparison of down-
gradient well data to a constant, intra-well comparisons, or a special case.

IT the facility is in detection monitoring, the appropriate comparison 1is
between wells that are hydraulically upgradient from the facility and those
that are hydraulically downgradient. The statistical procedures for this type
of monitoring are presented in Section 5. In detection monitoring, it is
likely that many of the monitored constituents may result in few quantified
results (i.e., much of the data are below the limit of analytical detection).
IT this is the case, then the test of proportions (Section 8.1.3) may be rec-
ommended. IT the constituent occurs in measurable concentrations in back-
ground, then analysis of variance (Section 5.2) is recommended. This method
of analysis is preferred when the data lack sufficient quantity to allow for
the use of tolerance intervals or control charts.

IT the facility is in compliance monitoring, the permit will specify the
type of compliance limit. IT the compliance limit is determined from the
background, the statistical method is chosen from those that compare back-
ground well to compliance well data. Statistical methods for this case are
presented in Section 5. The preferred method is the appropriate analysis of
variance method in Section 5.2, or if sufficient data permit, tolerance inter-
vals or control charts. The flow chart in Section 5 aids in determining which
method i1s applicable.

IT a facility in compliance monitoring has a constant maximum concentra-
tion limit (MCL) or alternate concentration limit (ACL) specified, then the
appropriate comparison is with a constant. Methods for comparison with MCLs
or ACLs are presented in Section 6, which contains a flow chart to aid in
determining which method to use.

Finally, when more than one year of data have been collected from each
well, the facility owner or operator may find it useful to perform intra-well
comparisons over time to supplement the other methods. This is not a regula-
tory requirement, but it could provide the facility owner or operator with
information about the site hydrogeology. This method of analysis may be used
when sufficient data from an individual uncontaminated well exist and the data
allow for the identification of trends. A recommended control chart procedure
(Starks, 1988) suggests that a minimum background sample of eight observations
is needed. Thus an intra-well control chart approach could begin after the
first complete year of data collection. These methods are presented in
Section 7.
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Figure 4-1. Flowchart overview.
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4.2 CHECKING DISTRIBUTIONAL ASSUMPTIONS

The purpose of this section is to provide users with methods to check the
distributional assumptions of the statistical procedures recommended for
ground-water monitoring. It is emphasized that one need not do an extensive
study of the distribution of the data unless a nonparametric method of analy-
sis is used to evaluate the data. |If the owner or operator wishes to trans-
form the data in lieu of using a nonparametric method, it must first be shown
that the untransformed data are inappropriate for a normal theory test.
Similarly, if the owner or operator wishes to use nonparametric methods, he or
she must demonstrate that the data do violate normality assumptions.

EPA has adopted this approach because most of the statistical procedures
that meet the criteria set forth in the regulations are robust with respect to
departures from many of the normal distributional assumptions. That is, only
extreme violations of assumptions will result in an incorrect outcome of a
statistical test. Moreover, it is only in situations where it is unclear
whether contamination is present that departures from assumptions will alter
the outcome of a statistical test. EPA therefore believes that it is protec-
tive of the environment to adopt the approach of not requiring testing of
assumptions of a normal distribution on a wide scale.

It should be noted that the normal distributional assumptions for
statistical procedures apply to the errors of the observations. Application
of the distributional tests to the observations themselves may lead to the
conclusion that the distribution does not fit the observations. In some cases
this lack of fit may be due to differences in means for the different wells or
some other cause. The tests far distributional assumptions are best applied
to the residuals from a statistical analysis. A residual is the difference
between the original observation and the value predicted by a model. For
example, in analysis of variance, the predicted values are the group means and
the residual is the difference between each observation and its group mean.

IT the conclusion from testing the assumptions is that the assumptions
are not adequately met, then a transformation of the data may be used or a
nonparametric statistical procedure selected. Many types of concentration
data have been reported in the literature to be adequately described by a log-
normal distribution. That is, the natural logarithm of the original observa-
tions has been found to follow the normal distribution. Consequently, if the
normal distributional assumptions are found to be violated for the original
data, a transformation by taking the natural logarithm of each observation is
suggested.  This assumes that the data are all positive. If the log trans-
formation does not adequately normalize the data or stabilize the variance,
one should use a nonparametric procedure or seek the consultation of a profes-
sional statistician to determine an appropriate statistical procedure.

The following sections present four selected approaches to check for
normality. The first option refers to literature citation, the other three
are statistical procedures. The choice is left to the user. The availability
of statistical software and the user"s familiarity with it will be a factor in
the choice of a method. The coefficient of variation method, for example,
requires only the computation of the mean and standard deviation of the data.
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Plotting on probability paper can be done by hand but becomes tedious with
many data sets. However, the commercial Statistical Analysis System (SAS)
software package provides a computerized version of a probability plot in its
PROC UNIVARIATE procedure. SYSTAT, a package for PCs also has a probability
plot procedure. The chi-squared test is not readily available through commer-
cial software but can be programmed on a PC (for example in LOTUS 1-2-3) or in
any other (statistical) software language with which the user is familiar.
The amount of data available will also influence the choice. All tests of
distributional assumptions require a fairly large sample size to detect
moderate to small deviations from normality. The chi-squared test requires a
minimum of 20 samples for a reasonable test.

Other statistical procedures are available for checking distributional
assumptions. The more advanced user is referred to the Kolmogorov-Smirnov
test (see, for example, Lindgren, 1976) which is used to test the hypothesis
that data come from a specific (that is, completely specified) distribution.
The normal distribution assumption can thus be tested for. A minimum sample
size of 50 is recommended for using this test.

A modification to the Kolmogorov-Smirnov test has been developed by
Lilliefors who uses the sample mean and standard deviation from the data as
the parameters of the distribution (Lilliefors, 1967). Again, a sample size
of at least 50 i1s recommended.

Another alternative to testing for normality is provided by the rather
involved Shapiro-Wilk"s test. The interested user is referred to the relevant
article in Biometrika by Shapiro and Wilk (1965).

4.2.1 Literature Citation

PURPOSE

An owner or operator may wish to consult literature to determine what
type of distribution the ground-water monitoring data for a specific con-
stituent are likely to follow. In cases where insufficient data prevents the
use of a quantitative method for checking distributional assumptions, this
approach may be necessary and make it easier to determine whether there is
statistically significant evidence of contamination.

PROCEDURE

One simple way to select a procedure based on a specific statistical dis-
tribution, is by citing a relevant published reference. The owner or operator
may find papers that discuss data resulting from sampling ground water and
conclude that such data for a particular constituent follow a specified dis-
tribution. Citing such a reference may be sufficient justification for using
a method based on that distribution, provided that the data do not show evi-
dence that the assumptions are violated.

To justify the use of a literature citation, the owner or operator needs

to make sure that the reference cited considers the distribution of data for
the specific compound being monitored. In addition, he or she MUSt evaluate
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the similarity of their site to the site that was discussed in the literature,
especially similar hydrogeologic and potential contaminant characteristics.
However, because many of the compounds may not be studied in the literature,
extrapolations to compounds with similar chemical characteristics and to sites
with similar hydrogeologic conditions are also acceptable. Basically, the
owner or operator needs to provide some reason or justification for choosing a
particular distribution.

4.2.2 Coefficient-of-Variation Test

Many statistical procedures assume that the data are normally distrib-
uted. The concentration of a hazardous constituent in ground water is inher-
ently nonnegative, while the normal distribution allows for negative values.
However, 1f the mean of the normal distribution is sufficiently above zero,
the distribution places very little probability on negative observations and
is still a valid approximation.

One simple check that can rule out use of the normal distribution is to
calculate the coefficient of variation of the data. The use of this method
was required by the former Part 264 Subpart F regulations pursuant to Sec-
tion 264.97(h)(l). Because most owners and operators as well as Regional
personnel are already familiar with this procedure, it will probably be used
frequently. The coefficient of variation, CV, is the standard deviation of
the observations, divided by their mean. If the normal distribution is to be
a valid model, there should be very little probability of negative values.
The number of standard deviations by which the mean exceeds zero determines
the probability of negative values. For example, 1f the mean exceeds zero by
one standard deviation, the normal distribution will have less than 0.159
probability of a negative observation.

Consequently, one can calculate the standard deviation of the observa-
tions, calculate the mean, and form the ratio of the standard deviation di-
vided by the mean. IT this ratio exceeds 1.00, there is evidence that the
data are not normal and the normal distribution should not be used for those
data. (There are other possibilities for nonnormality, but this is a simple
check that can rule out obviously nonnormal data.)

PURPOSE

This test is a simple check for evidence of gross nonnormality in the
ground-water monitoring data.

PROCEDURE

To apply the coefficient-of-variation check for normality proceed as fol-
lows.

Step 1. Calculate the sample mean, i, of n observations Xi’ i=l, ...,n.

_ n
X=(z Xi)/"
i=1
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Step 2. Calculate the sample standard deviation, S.*

S =
i=1

Step 3. Divide the sample standard deviation by the sample mean. This
ratio is the CV.

3

Xy - %)2/(n - 1)] Hz

cvV = S/X.

Step 4. Determine if the result of Step 3 exceeds 1.00. If so, this is
evidence that the normal distribution does not fit the data adequately.

EXAMPLE

Table 4-1 is an example data set of chlordane concentrations in 24 water
samples from a fictitious site. The data are presented in order from least to
greatest.

Applying the procedure steps to the data of Table 4-1, we have:

Step 1. X = 1.52

Step 2. S

1.56

Step 3. Cv

1.56/1.52 = 1.03

Step 4. Because the result of Step 3 was 1.03, which exceeds 1.00, we
conclude that there is evidence that the data do not adequately follow the
normal distribution. As will be discussed in other sections one would then

either transform the data, use a nonparametric procedure, or seek professional
guidance.

Throughout this document we use S? to denote the unbiased estimate of the
population variance 6°. We refer to this unbiased estimate of the popu-
lation variance as the sample variance. The formula given in Step 2
above for S, the square root of the unbiased estimate of the population
variance, 1is used as the sample estimate of the standard deviation and is
referred to as the "sample standard deviation.® Any computation of the
sample standard deviation or the sample variance, unless explicitly noted
otherwise, refers to these formulas. It should be noted that this esti-
mate of the standard deviation is not unbiased in that its expected value
is not equal to the population standard deviation. However, all of the
statistical procedures have been developed using the formulas as we
define them here.
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TABLE 4-1. EXAMPLE DATA FOR COEFFICIENT-
OF-VARIATION TEST

Chlordane concentration (ppm)

Dissolved phase

——— o —— - ——— i —

Immiscible phase

ANAHBWNINN~———RO0000000000
L]

ANWOINLHBBWWN~OONINWNIN O
QOWOWVWRNNONONONWOOOWUNNOONS

NOTE. The owner or operator may choose to use parametric tests since
1.03 is so close to the limit but should use a transformation or a
nonparametric test if he or she believes that the parametric test results
would be incorrect due to the departure from normality.

4_.2.3 Plotting on Probability Paper

PURPOSE

Probability paper is a visual aid and diagnostic tool in determining”
whether a small set of data follows a normal distribution. Also, approximate
estimates of the mean and standard deviation of the distribution can be read
from the plot.
PROCEDURE

Let X be the variable; X;, X5,--..,%X;,,--,X, the set of n observations.
The values of X can be raw data, residuals, or transformed data.
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Step 1. Rearrange the observations in ascending order:

X(1), X(2),--,X().

Step 2. Compute the cumulative frequency for each distinct value X(i)
as (i/(n+1)) x 100%. The divisor of (n+l) is a plotting convention to avoid
cumulative frequencies of 100% which would be at infinity on the probability
paper .

If a value of X occurs more than once, then the corresponding value of i
increases appropriately. For example, if X(2) = X(3), then the cumulative
frequency for X(1) is 100*1/(n+1), but the cumulative frequency for X(2) or
X(3) is 100*(1+2)/(n+1).

Step 3.  Plot the distinct pairs [X(i), (i/n+l)) x 100] values on prob-
ability paper (this paper is commercially available) using an appropriate
scale for X on the horizontal axis. The vertical axis for the cumulative
frequencies is already scaled from 0.01 to 99.99%.

If the points fall roughly on a straight line (the line can be drawn with
a ruler), then one can conclude that the underlying distribution iIs approxi-
mately normal. Also, an estimate of the mean and standard deviation can be
made from the plot. The horizontal line drawn through 50% cuts the plotted
line at the mean of the X values. The horizontal line going through 84% cuts
the line at a value corresponding to the mean plus one standard deviation. By
subtraction, one obtains the standard deviation.

REFERENCE

Dixon, W. J., and F. J. Massey, Jr. Introduction to Statistical Analysis.
McGraw-Hill, Fourth Edition, 1983.

EXAMPLE

Table 4-2 lists 22 distinct chlordane concentration values (X) along with
their frequencies. These are the same values as those listed in Table 4-1.
There is a total of n=24 observations.

Step 1. Sort the values of X in ascending order (column 1).

Step 2. Compute (100 x (i/25)], column 4, for each distinct value of X,
based on the values of i (column 2).

Step 3. Plot the pairs [Xi, 100x(i/25)] on probability paper (Fig-
ure 4-2).

INTERPRETATION

The points in Figure 4-2 do not fall on a straight line; therefore, the
hypothesis of an underlying normal distribution iIs rejected. However, the
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TABLE 4-2. EXAMPLE DATA COMPUTATIONS FOR
PROBABILITY PLOTTING

Concentration Absolute

X frequency i 100X (i/(n+l)) 1n(X)

0.04 1 1 4 -3.22

0.18 2 3 12 -1.71

0.25 1 4 16 -1.39

0.29 1 5 20 -1.24

0.38 1 6 24 -0.97

0.50 2 8 32 -0.69

0.60 1 9 36 -0.51

Dissolved phase 0.93 1 10 40 -0.07
0.97 1 11 44 -0.03

1.10 1 12 48 0.10

1.16 1 13 52 0.15

1.29 1 14 56 0.25

1.37 1 15 60 0.31

1.38 1 16 64 0.32

1.45 1 17 68 0.37

_______________________ 1.46 1 18 72 0.38
2.58 1 19 76 0.95

2.69 1 20 80 0.99

Immiscible phase 2.80 1 21 84 1.03
3.33 1 22 88 1.20

4.50 1 23 92 1.50

6.60 1 24 96 1.89
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shape of the curve indicates a lognormal distribution. This is checked in the
next step.

Also, information about the solubility of chlordane in this example is
helpful. Chlordane has a solubility (in water) that ranges between 0.0156 and
1.85 mg/L. Because the last six measurements exceed this solubility range,
contamination is suspected.

Next, take the natural logarithm of the X-values (In(X)) (column 5 in
Table 4-2). Repeat Step 3 above using the pairs [1in(X), 100x(i/25)]. The re-
sulting plot is shown in Figure 4-3. The points fall approximately on a
straight line (hand-drawn) and the hypothesis of lognormality of X, i1.e.,
In(X) is normally distributed, can be accepted. The mean can be estimated at
slightly below 0 and the standard deviation at about 1.2 on the log scale.

CAUTIONARY NOTE

The probability plot is not a formal test of whether the data follow a
normal distribution. It is designed as a quick, graphical procedure to
identify cases of obvious nonnormality. Figure 4-3 is an example of a
probability plot of normal data, illustrating how a probability plot of normal
data looks. Figure 4-2 is an example of how nonnormal data look on a prob-
ability plot. Data that are sufficiently nonnormal to require use of a pro-
cedure not based on the normal distribution will show a definite curve. A
single point that does not fall on the straight line does not indicate non-
normality, but may be an outlier.

4.2.4 The Chi-Squared Test

The chi-squared test can be used to test whether a set of data properly
fits a specified distribution within a specified probability. Most introduc-
tory courses in statistics explain the chi-squared test, and its familiarity
among owners and operators as well as Regional personnel may make it a
frequently used method of analysis. In this application the assumed distribu-
tion is the normal distribution, but other distributions could also be used.
The test consists of defining cells or ranges of values and determining the
expected number of observations that would fall in each cell according to the
hypothesized distribution. The actual number of data points in each cell is
compared with that predicted by the distribution to judge the adequacy of the
fit.

PURPOSE

The chi-squared test is used to test the adequacy of the assumption of
normality of the data.

PROCEDURE

Step 1. Determine the appropriate number of cells, K. This number
usually ranges from 5 to 10. Divide the number of observations, N, by 4.
Dividing the total number of observations by 4 will guarantee a minimum of
four observations necessary for each of the K = N/4 cells. Use the largest
whole number of this result, using 10 if the result exceeds 10.
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Step 2. Standardize the data by subtracting the sample mean and divid-
ing by the sample standard deviation:

Z, = (X5 - X)/S

Step 3. Determine the number of observations that fall in each of the
cells defined according to Table 4-3. The expected number of observations for
each cell i1s N/K, where N is the total number of observations and K is the
number of cells. Let N; denote the observed number in cell 1 (for i1 taking
values from 1 to K) and let E; denote the expected number of observations in
cell i. Note that in this case the cells are chosen to make the E;’s equal.

TABLE 4-3. CELL BOUNDARIES FOR THE CHI-SQUARED TEST

Number of cells (K)

5 6 7 8 9 10

Cell boundaries -0.84 -0.97 -1.07 -1.15 -1.22 -1.28
for equal ex- -0.25 -0.43 -0.57 -0.67 -1.08 -0.84
pected cell 0.25 0.00 -0.18 -0.32 -0.43 -0.52
sizes with the 0.84 0.43 0.18 0.00 -0.14 -0.25
normal distri- 0.97 0.57 0.32 0.14 0.00
bution 1.07 0.67 0.43 0.25
1.15 1.08 0.52

1.22 0.84

1.28

Step 4. Calculate the chi-squared statistic by the formula below:

K (N, - E,)2
xz = .:l—l_E_]——

i i

Step 5. Compare the calculated result to the table of the chi-squared
distribution with K-3 degrees of freedom (Table 1, Appendix B). Reject the
hypothesis of normality if the calculated value exceeds the tabulated value.

REFERENCE

Remington, R. D., and M. A. Schork. Statistics with Applications to the
Biological and Health Sciences. Prentice-Hall, 1970. 235-236.

EXAMPLE

The data in Table 4-4 are N = 21 residuals from an analysis of variance
on dioxin concentrations. The analysis of variance assumes that the errors
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EXAMPLE DATA FOR CHI-SQUARED
TEST

TABLE 4-4.

Standardize