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I ntroduction

Statistical analysis methods are applicable texd#ting units, new units, and lateral expansions
of existing units that are required to conduct gisbwater monitoring. The use of statistical
methods to evaluate monitoring data is necessapéduration of the monitoring program
inclusive of the postclosure period.

The owner or operator must indicate in groundwatenitoring strategies or plans the statistical
method that will be used in the analysis of grouatdwvmonitoring results (NDAC 33-20-13-02).
The number of samples collected, and the frequehcygllection, must be consistent with the
statistical method selected.

Several options for analysis of groundwater daggpaovided. Other methods are not excluded if
they can be shown to meet statistical performatasedards. The recommended methods include
both parametric and non-parametric procedures wdiféér primarily in constraints placed by

the statistical distribution of the data. Contbért, tolerance interval, and prediction interval
approaches may also be applied.

The owner or operator must conduct the statisticedparisons between upgradient and
downgradient wells after completion of each sangpément and receipt of validated data (NDAC
33-20-13-02). The Department recommends thattttistcal procedure conforms to the
performance standard of a Type | error level ofass than 0.10 for inter-well comparisons.
Control chart, tolerance interval and predictioteimal approaches must incorporate decision
values which are protective of human health ancetheronment. Generally, this is meant to
include a significance level of at least 0.10. dedures to treat data below analytical method
detection levels and seasonality effects are napgegsior to statistical analysis.

This document has been prepared by the Departroetitd purpose of assisting owners and
operators who conduct groundwater monitoring téilfuegulatory and permit requirements.
Questions and comments are welcome, and can bessddrto the Division of Waste
Management.

Technical Considerations

In most cases, the Department recommends onee$fatistical methods for evaluating
groundwater monitoring data. Different methods rbayselected for each groundwater quality
constituent. The appropriateness of a method bristibstantiated by demonstrating that the
distribution of the data for that constituent ipegpriate for the method. Selection of a specific
method is described in the USEPA "Statistical Aselyf Groundwater Monitoring Data at
RCRA Facilities - Interim Final Guidance" (USEPA8DB) and is also discussed in "Statistical
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Analysis of Groundwater Monitoring Data at RCRA #hties - Addendum to Interim Final
Guidance" (USEPA, 1992). The methods include tiiewing:

Parametric analysis of variance (ANOVA);

Rank based (non-parametric) ANOVA with multipexgparisons;
Tolerance prediction interval;

Control chart; and

An alternative statistical method.

arwnNE

These statistical analysis methods are necessasteéomine whether a significant increase over
background has occurred. The statistical anabfsisonitoring data occurs after receiving
validated results from each sampling and analyaste If an alternative method is used, then
the Department must be notified and a justificafmmits use must be provided.

Performance standards are necessary for a staligtialysis method to provide reliable and valid
conclusions. These standards are:

1. Applicability to actual distribution of the data;

2. Individual well comparisons to background grouatkv quality or a groundwater
protection standard shall be done at a Type | éexal no less than 0.10 or, if the
multiple comparisons procedure is used, the exparirwise error rate shall be no less
than 0.10;

3. If a control chart is used, the type of chart asgiociated parameter values shall be
protective of human health and the environment;

4, The level of confidence and percentage of thaifadion contained in an interval shall be
protective of human health and the environment;

5. Account for data below the limit of detections@ehan PQL) in a manner that is
protective of human health and the environment; dnbcessary,

6. Account for seasonal and spatial variability samdporal correlation of the data.

The statistical performance standards provide anmgalimit the possibility of making
false conclusions from the monitoring data. Thecs#ped error level of 0.10 for
individual well comparisons for probability of Typerror (indication of contamination
when it is not present, or false positive) esséptiaeans that the analysis is predicting
with 90 percent confidence that no significant @age in contaminant levels is evident.
The corollary is that there is only a 10 perceratrate that a Type Il error (failure to
detect a significant increase in constituent cotration, or false negative) has occurred.

Nondetected results must be treated in an appteprianner or their influence on the
statistical method may invalidate the statistical@usion. Further discussion of
nondetected results is found later in this sectimnaddition to the statistical guidance
provided by USEPA (1989), the following referenoesy be useful for selecting other
methods (Dixon and Massey, 1969; Gibbons, 197&hsbn and Brown, 1957; and
Gilbert, 1987).
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Multiple Well Comparisons

The goal of monitoring well placement is to provigpresentative samples of water quality both
upgradient and downgradient of the waste manageumétt In this manner, changes in the
guality of groundwater can be determined. If miian two wells (upgradient and downgradient
combined) are screened in the same stratigraplitithem the appropriate comparison method is
a multiple well comparison using analysis of vacewor ANOVA. The analysis of variance test
compares the average concentration among wellsteordine if they are from the same
continuous distribution. The ANOVA test includesthy parametric and non-parametric
procedures. Chemical data from groundwater temdisliow a log normal distribution (USEPA,
1989) and data usually needs to be transformed foriapplying a parametric ANOVA
procedure.

By making a log transformation, data will generddly converted to a normal distribution. By
applying a chi-squared procedure, probability ptotsther normality tests on the residuals
(errors) from the ANOVA procedure, the normalitytbé transformed data can be determined.
In addition, the variance of data from each wethia comparison must be approximately
equivalent; this condition can be checked usingl8its test. Both Bartlett's test and four
normality tests are presented in USEPA (1989).

If the transformed test data does not conform ¢éontbrmality assumption, a non-parametric
ANOVA procedure should be used. The non-paramstaitistical procedures are not dependent
on the mathematical properties of a specified ithistion. The non-parametric equivalent to the
parametric ANOVA is called the Kruskall-Wallis Teghich uses ranking methods to compare
the data.

If the data displays seasonality (consistent tiggethdent increases or decreases in parameter
values), a two-way ANOVA procedure should be usédhe seasonality can be corrected, a one-
way ANOVA procedure may still be appropriate. Madh to treat seasonality are described in
USEPA (1989).

ANOVA procedures determine whether different whlise significantly different concentrations
of constituents. ANOVA procedures are followednbyltiple comparisons procedures that are
used to discriminate between wells showing sigaiftdifferences. The multiple comparison
procedures test the contrast between the mean ebkaech monitoring parameter for the
background to the compliance boundary well. FoitAtions on multiple comparison tests when
more than five wells are used, refer to USEPA (1989

If data lacks variability between upgradient andvdgradient wells, other methods, including
tolerance intervals and prediction intervals, mayubed in place of analysis of variance. These
methods may be especially appropriate where thegsiblogy is very homogeneous. Both
methods are similar and consist of constructindidence intervals about the mean of the
background well data. The confidence interval $dhde one-sided since the objective of
monitoring is to detect significant changes thatgneater than the background mean. The
confidence level should set to 90 percent. Thesthods are discussed also in USEPA (1989).

Individual Well Comparisons
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VI.

Sites with complex geology may have stratigraplmitsiwhich are monitored by only one
background and one downgradient well. Under tleeselitions the ANOVA procedure, which
requires a minimum of three wells, may not be udadhese instances, other statistical methods
would be required to compare background and comgdidoundary data.

A number of statistical procedures can be founstatistic references, for the comparison of
means where variances are equal or where varianeasiequal. The distribution assumptions of
the method selected must be satisfied by the lligton of the data, and the confidence level
should be no less than 90 percent for a Type F.erro

Intra-Well Comparisons

Intra-well comparisons, where data of one wellaraluated over time, are useful in evaluating
trends in individual wells and for identifying seaal effects in the data. During initial rounds of
groundwater monitoring, seasonal effects shouldoranisconstrued for either positive or
negative trends. The intra-well comparison methdmaot provide evaluations of background
data and compliance boundary data.

Some existing facilities may not have valid backoyd data. Intra-well comparisons may
represent the only valid comparison available. é&s@mple, a facility constructed on a hilltop
with radial groundwater flow around the facilityagnnot have an upgradient well. If the geology
is not similar nearby, it may not be able to cleadtablish background groundwater quality from
adjacent wells.

A significant positive trend in the data from a dmkadient monitoring well may provide
sufficient evidence to conclude that the landfilitus affecting the well. Such trends should be
evident in several parameters since contaminamatiggy from a landfill will result in an influx
of multiple constituents into the groundwater fleystem.

Control charts may be used for intra-well companrssbut are only appropriate for
uncontaminated wells. If a well is interceptingeiease, then it is already in an out-of-control
state which violates the principal assumption ulyiteg control chart procedures.

Time series analysis (plotting concentrations divee) is extremely useful for identifying trends
in monitoring data. Such data may be adjusteddasonality effects to aid in assessing the
degree of change over time. Guidance for intrd-ea@hparison techniques and limitations of the
technigues are provided in USEPA (1989).

Treatment of Nondetections

The treatment of data below the detection limithaf laboratory's analytical method is dependent
upon the number or percentage of nondetections Yl the statistical method employed. If a
large proportion (greater than 50 percent) aregmtes professional statistician should be
consulted. USEPA (1989) provides general guidamcthis topic which is briefly summarized
here.

If the amount of data below detection is less thampercent, this data may be substituted with
values of one half of the reported method detedtioit (MDL/2) or one half the method's
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VII.

VIII.

practical quantitation limit (PQL/2). If more thd® percent of the data are NDs then non-
parametric test procedures are recommended fonauad the monitoring data. The non-
parametric methods will treat the NDs values & thais procedure is less sensitive to error than
parametric methods.

For NDs which represent greater than 50 percetiteofiata set, the test of proportions should be
used. The test of proportions identifies the nunabeletections in a compliance well, relative to
the background well, which is an indication of atistically significant increase. These and other
methods of handling nondetection data are discussd®EPA (1989).

Comparisonsto Regulatory Limits

If groundwater data must be evaluated to determimether a constituent has exceeded a
regulatory limit (e.g., an MCL), a confidence intarapproach based on the distribution of the
data should be used. The confidence intervalsgded to contain the true mean of the data with
a specified level of confidence (generally 90 peted the lower limit). The lower limit is then
compared to the regulatory value and if the lowmitlis larger, it is considered evidence that the
regulatory level has been exceeded.

The data or log transformations of the raw datatrmeet normality assumptions when the
student t-distribution is used. When nonparameteéthods are employed, a minimum of seven
independent data values must be available fronmpléag event that is not affected by
seasonality. Other distributions may be usedéaterthe confidence interval so long as the data
follows the assumed distribution. For further guide, refer to USEPA (1989).

Statistical Analysis of Municipal Waste Landfills

Federal regulations, 40 CFR Parts 257 and 258jreeqwners or operators of municipal waste
landfills to evaluate groundwater monitoring dasing a statistical method provided in
§258.53(g) that meets the performance standar@%8.83(h). §258.53(g) contains a provision
allowing for an alternative statistical method aisg as the performance standards of §258.53(h)
are met. The following excerpt from 40 CFR Pa®(@) - (1) addresses statistical analysis at
municipal waste landfills:

"(g)  The owner or operator must specify in the opiegarecord one of the following
statistical methods to be used in evaluating graatelr monitoring data for each
hazardous constituent. The statistical test chebaft be conducted separately for each
hazardous constituent in each well.

Q) A parametric analysis of variance (ANOVA) follea/ by multiple comparisons
procedures to identify statistically significani@dsnce of contamination. The
method must include estimation and testing of th&rasts between each
compliance well's mean and the background mearslémeeach constituent.

2 An analysis of variance (ANOVA) based on rantdofved by multiple

comparisons procedures to identify statisticalgngficant evidence of
contamination. The method must include estimatiod testing of the contrasts
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(h)

(3)

(4)
()

between each compliance well's median and the bagkd median levels for
each constituent.

A tolerance or prediction interval procedureninich an interval for each
constituent is established from the distributionta background data, and the
level of each constituent in each compliance veetiampared to the upper
tolerance or prediction limit.

A control chart approach that gives control terfor each constituent.

Another statistical test method that meets #réopmance standards of
8258.53(h). The owner or operator must place @igegion for this alternative
in the operating record and notify the State Doeof the use of this alternative
test. The justification must demonstrate thatalernative method meets the
performance standards of 8258.53(h).

Any statistical method chosen under §258.53(gJl €omply with the following
performance standards, as appropriate:

(1)

(2)

@)

(4)

The statistical method used to evaluate grouteiwaonitoring data shall be
appropriate for the distribution of chemical paréeng or hazardous constituents.
If the distribution of the chemical parameters ardrdous constituents is shown
by the owner or operator to be inappropriate fooamal theory test, then the
data should be transformed or a distribution-fremty test should be used. If
the distributions for the constituents differ, méinan one statistical method may
be needed.

If an individual well comparison procedure i®dgo compare an individual
compliance well constituent concentration with lgrckind constituent
concentrations or a groundwater protection standhedtest shall be done at a
Type | error level no less than 0.01 for each mgspieriod. If a multiple
comparisons procedure is used, the Type | expetimise error rate for each
testing period shall be no less than 0.05; howekerType | error of no less than
0.01 for individual well comparisons must be maimea. This performance
standard does not apply to tolerance intervalgligtien intervals, or control
charts.

If a control chart approach is used to evalgateindwater monitoring data, the
specific type of control chart and its associatachmeter values shall be
protective of human health and the environmente pérameters shall be
determined after considering the number of samplése background data base,
the data distribution, and the range of the comaéinh values for each
constituent of concern.

If a tolerance interval or a predictional intafis used to evaluate groundwater
monitoring data, the levels of confidence andtéberance intervals, the
percentage of the population that the interval noostain, shall be protective of
human health and the environment. These paranstialisbe determined after
considering the number of samples in the backgralata base, the data

Page 6 of 7



distribution, and the range of the concentratiolues for each constituent of
concern.

(5) The statistical method shall account for datawehe limit of detection with one
or more statistical procedures that are proteacieuman health and the
environment. Any practical quantitation limit (P{bat is used in the statistical
method shall be the lowest concentration level ¢hatbe reliably achieved
within specified limits of precision and accuraayridg routine laboratory
operating conditions that are available to thelitsci

(6) If necessary, the statistical method shall idelprocedures to control or correct
for seasonal and spatial variability as well aspgeral correlation in the data.

() The owner or operator must determine whetheratrthere is a statistically significant
increase over background values for each parametamstituent required in the
particular groundwater monitoring program that &spto the MSWLF unit, as
determined under 88258.54(a) or 258.55(a) of tars p

Q) In determining whether a statistically signifiténcrease has occurred, the owner
or operator must compare the groundwater qualigagh parameter or
constituent at each monitoring well designated gamsto 8258.51(a)(2) to the
background value of that constituent, accordinthéostatistical procedures and
performance standards specified under paragrapta¢g(h) of this section.

(2) Within a reasonable period of time after complgsampling and analysis, the
owner or operator must determine whether therdban a statistically
significant increase over background at each mandowell.”
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