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SECTION 1
INTRODUCTION

Demonstrating plume stability is a requirement of the Missouri Risk-Based Corrective
Action (MRBCA) process for Petroleum Storage Tank sites and must be performed at all
remediation sites with groundwater impacts above default target levels before a ‘No
Further Action’ letter can be issued. The following excerpt is from Section 5.9.3 of the
Missouri Risk-Based Corrective Action Process for Petroleum Storage Tanks guidance
document, dated October 17, 2013 (2013 Tanks Guidance Document):

To assess plume stability, groundwater monitoring must be conducted for a period
of time sufficient to show a reliably consistent trend in contaminant concentrations.
For the MRBCA process, such trend must be apparent over a monitoring period of
one to three years, with samples collected on at least a quarterly basis. The default
assumption is that two years of data will be necessary to make a determination of
plume stability, however, in cases where one year of monitoring is sufficient to
demonstrate a clearly declining or stable plume, no further monitoring will be
required. In some cases where two years of monitoring does not clearly show a
stable or declining plume, additional data may be required. Greater than three
years of monitoring without a conclusion of stability would indicate that the plume

is not stable.

Groundwater monitoring for the purpose of evaluating plume stability must be

conducted under a work plan approved by MDNR.

This document is a training tool on the types of plume stability evaluation methods and
how to evaluate plume stability using methods commonly used by environmental
professionals. This document is intended to help project managers work through the

methods that are acceptable to the Missouri DNR Tanks Section (the Department) and
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are commonly used to evaluate plume stability at petroleum storage tank sites. This
document includes discussion of various ground water plume stability evaluation
methods, plume stability evaluation method application, and examples of how to perform

plume stability evaluations using the various methods.

1.1 PLUME STABILITY DEFINITION

There are many ways to describe plume stability; a simple definition of plume stability is
a condition in which a groundwater contaminant plume is no longer expanding in size
(physical dimensions and/or magnitude), and the plume footprint is not moving. For a
stable groundwater plume, the rate of contaminant mass into the plume is equal to the
rate of chemical mass lost from the plume. For a plume that is not stable, the rate of
contaminant mass into the plume is greater than (increasing plume) or less than

(decreasing plume) to the rate of chemical mass lost from the plume.

1.2 GENERAL CONSIDERATIONS FOR PLUME STABILITY
EVALUATIONS

The overall purpose of a plume stability evaluation is to use quantitative data to validate
assumptions and confirm conclusions regarding future risks related to groundwater
contamination. This is accomplished by demonstrating that 1) a groundwater
contamination plume will not expand or migrate such that the site conceptual model,
exposure model and risk assessment are no longer accurate or that unacceptable risks
are actually or potentially created and 2) that concentrations of chemicals of concern
(COCs) within the plume will not increase such that associated risks become

unacceptable.

When conducting a plume stability analysis as part of the MRBCA process to obtain a ‘No
Further Action’ letter, there are a several requirements that should be considered.
Although not exhaustive, the following are general requirements to consider prior to

conducting a plume stability analysis for site closure.
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e |If corrective action (for soil and/or groundwater) occurs at a site having groundwater
contamination, only post-corrective action groundwater data can be used to evaluate
plume stability.

e Plume stability evaluations that are conducted as part of a closure evaluation should
be primarily based on recent data. In general, the use of data that is more than four
years old should not be used in a plume stability evaluation for site closure.

e The Department needs to make the determination that free product recovery to the
extent practical has been achieved prior to evaluating the stability of the dissolved
phase groundwater plume.

e Every effort should be made to collect samples consistently at every monitoring well
included in the analysis. It is understood that periodically a sample cannot be collected
due to various reasons, such as presence of free product or the well was inaccessible
during sampling. For Ricker Method® plume stability analyses, missing events must
be assigned numeric values using scientific procedures and professional judgement
(discussed further in Section 2). Assigned values cannot exceed more than 10 percent
of the total dataset (the number of events multiplied by the number of wells).

e Under most cases, plume stability evaluations need to be performed using statistical
or quantitative methods (see Table 1). Qualitative plume stability evaluations may
apply in unique situations and as such are very rare. Pre-approval from the
Department is required for qualitative plume stability evaluations.

e Quantitative methods for evaluating plume stability may use data from groundwater
monitoring wells that are located across the site, provided that the data is collected
from the same water bearing zone. Each contaminated groundwater bearing zone
must be evaluated separately. For example, only data associated with groundwater
monitoring wells that are screened entirely in the unconsolidated zone may be used
to evaluate the groundwater contamination plume that exists in the unconsolidated
zone. If groundwater monitoring wells have been screened into bedrock at the same
site, the data from the bedrock wells should not be used in an evaluation of
groundwater in the unconsolidated zone. Additionally each water-bearing zone in
bedrock is required to be evaluated independently.
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e In general, monitoring must be conducted for a sufficient period to show a reliably
consistent trend in contaminant concentrations. The number of regular quarterly
groundwater monitoring events needed to adequately evaluate plume stability can
differ from one plume stability method to another and one data set to another. Section
5.9.3 of the Missouri Risk-Based Corrective Action Process for Petroleum Storage
Tanks guidance document requires that groundwater monitoring for plume stability be
conducted on a quarterly basis. The default assumption is that a minimum of two years
of quarterly groundwater monitoring is needed.

e Nearly all data sets used in plume stability evaluations include non-detect results.
Every effort should be made to coordinate with project laboratories to achieve required
reporting limits for non-detect results. Required reporting limits are listed in Table 5-3
of the 2013 Tanks Guidance Document. If required reporting limits are achieved for
non-detect results in a dataset, then the value of the reporting limit should be used in
statistical calculations for plume stability evaluation. Elevated non-detects (higher than
required reporting limits) can be problematic in plume stability evaluations and in some
cases can provide conflicting conclusions depending on what value is used for
elevated non-detect results. The reported value for elevated non-detect samples can
be used in plume stability analyses, however, doing so may bias the analysis.
Procedures for assigning lower values to elevated non-detect samples are discussed
in Section 2. In no case shall there be more than 25 percent of assigned values for a
constituent at any monitoring well used in a plume stability analysis. Again, due to the

importance of this topic, it is emphasized that every effort should be made to

achieve required reporting limits for non-detect results.

e Site-specific characteristics such as type of product released, date of release, risk
drivers, etc. may be considered when determining which contaminants of concern
(COCs) should be included in the plume stability evaluation. Most plume stability
evaluations for petroleum sites will include benzene, toluene, ethylbenzene, and total
xylenes (collectively BTEX), naphthalene, and total petroleum hydrocarbons (TPH-
GRO [gasoline range organics] and TPH-DRO [diesel range organics]). Additional
indicator COCs for fuel releases include fuel oxygenate compounds methyl tertiary-
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butyl ether (MTBE) and tertiary butyl alcohol (TBA) and in some cases lead scavenger
compounds ethylene dichloride (EDC) and ethylene dibromide (EDB).
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SECTION 2
SPECIAL CONSIDERATIONS FOR NON-DETECT DATA

Most datasets used in plume stability analyses include non-detect results. In most cases
the standard reporting limits can be used in place of a non-detect for the purpose of
evaluating trends in data. However, as discussed in the general considerations for plume
stability analysis above, elevated non-detect results can be problematic and even result
in conflicting conclusions depending on what value is used for elevated non-detect

results.

Traditional rules of thumb for elevated non-detect results include setting the non-detect
to 1) the full value of the detection limit, 2) half the value of the detection limit, or 3) some
other value based on professional judgement. A review of more than 50 case studies for
plume stability analyses conducted in Missouri revealed that there have been inconsistent
methods for assigning values for elevated non-detects. For example, following is a
dataset for TPH-GRO in a monitoring well for a site that has been presented to MDNR as

part of a No Further Action request.

Naphthalene Results (ug/l)
May-17 | Aug-17 | Nov-17 | Feb-18 | May-18 | Aug-18 | Feb-19 | May-19
467 371 425 400 389 543 <1,000 | <1,000

As observed above, the last two results are non-detect at elevated reporting limits
(required reporting limit was 10 ug/l). If the reporting limits of 1,000 ug/l are used in a
statistical trend analysis, the result would be an increasing trend. However, if 72 of the
reporting limits are used (i.e., 500 ug/l), then a stable or indeterminate trend would result.
As is evident here, the best way to determine true plume behavior is to have actual

measured values or non-detects at required reporting limits.

Due to the inconsistency with applying values for non-detects, a logic diagram is included

below that outlines a consistent procedure for handling non-detects. This procedure has
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been developed based on review of hundreds of plume stability evaluations for both
petroleum and non-petroleum COCs and has been acceptable for use in many states.
Assigning values for non-detects is an inexact science; however, the following algorithm
provides a consistent procedure for handling non-detects across datasets and projects.
It is reiterated here that because of the nature of elevated non-detects, every effort should
be made to achieve required reporting limits when collecting data for plume stability

analysis.

Numeric values for non-detect results can be assigned in a consistent manner depending
on several factors including the magnitude of the non-detect value relative to surrounding
measured values (e.g., elevated reporting limits) and also the location of the non-detect.
As shown below, the procedure for assigning non-detect values that occur at the
beginning or end of a dataset are different than values occurring in the middle of a dataset.
In all cases, the non-detect values are assigned based on actual measured values from
the same dataset. Missing data are assigned numeric values in the same manner as

elevated non-detect data.

The following flow chart summarizes recommended procedures for handling elevated

non-detects for a plume stability evaluation.
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Use reported ND
value

Use reported ND value

Use interpolated value

As summarized above, if one or more elevated non-detects occur in the middle of a data
set (i.e., real measured value on either side of the non-detect[s]), then new values for
each non-detect should be calculated using interpolation. Each interpolated value is then
compared to its respective reported non-detect value. If the interpolated value is less than
or equal to the reported value, then the interpolated value should be used in plume
stability calculations. If the interpolated value is greater than the reported value, then the
reported value should be used in plume stability calculations.

Interpolation Examples

Interpolation is the process of estimating unknown values that fall between known values,
with each unknown value being calculated using the following formula.
Y2 —

_ Y2V
y_xz—xl(x x1) +y1
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Where,
y = interpolated value
y1 = first known value
yz=second known value
x =known date for new interpolated value
x71 = first known respective date
x2 = second known respective date

Following is an example of a monitoring well dataset with three elevated non-detects

between two known values (required reporting limit = 5 ug/l).

1/15/2018 | 4/15/2018 | 7/15/2018 | 10/15/2018 | 1/15/2019 | 4/15/2019 | 7/15/2019 | 10/15/2019
15 10 <10 <100 <100 45 47 49

As discussed above, the first step is to calculate interpolated values for each of the non-
detect values. Following is an example calculation for the first interpolated value. Note
that the x values in the example below are numeric date formats in Microsoft Excel.

yz_yl 4‘5_10

y="—"——-x)+y =

—— (43296 — 43205) + 10 = 18.73
X, — X 43570 — 43205 ¢ )+

1/15/2018 | 4/15/2018 | 7/15/2018 | 10/15/2018 | 1/15/2019 | 4/15/2019 | 7/15/2019 [ 10/15/2019
15 10 18.73 27.55 36.37 45 47 49

Next, each interpolated value is compared to its respective non-detect reported value.
Following the procedure described above, the assigned values shown below would be
used in plume stability calculations.

1/15/2018 | 4/15/2018 | 7/15/2018 | 10/15/2018 | 1/15/2019 | 4/15/2019 | 7/15/2019 | 10/15/2019
15 10 10 27.55 36.37 45 47 49

The first elevated non-detect value is above the required reporting limit of 5 ug/l, but since
the interpolated value is above the reported value, the reported value is used for plume
stability calculations. Because the reported value is used, it does not count as “assigned
data”. Therefore, the dataset for this example meets the threshold criterion of no more
than 25 percent of assigned data for any well. As discussed in Section 1.2, there can also
be no more than 10 percent of assigned data in the entire dataset for plume stability

analysis. Elevated non-detect results that are assigned values lower than the laboratory
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reporting limits are considered as missing data and count against the 10 percent
threshold. To reiterate, no single well can have more than 25 percent of assigned values

and the total dataset cannot exceed more than 10 percent of assigned values.

If one or more non-detects occur at the beginning or end of a data set (i.e., real measured
value on one side of the non-detect[s]), then new values for each non-detect should be
calculated using extrapolation from the first (or last) known value. Each extrapolated value
is then compared to its respective reported non-detect value. If the extrapolated value is
less than or equal to the reported value, then the extrapolated value should be used in
plume stability calculations. If the extrapolated value is greater than the reported value,
then the reported value should be used in plume stability calculations

Extrapolation Example

Extrapolation is the process of estimating unknown values based on extending a known
value or sequence of values beyond the area or time that is certainly known. Although
extrapolation is not as strong as interpolation, it still provides values based on known
values, and it provides a consistent method for handling non-detects. This example also

underscores the importance of obtaining required reporting limits for non-detects.

Following is an example of a dataset with three elevated non-detects at the beginning of
a dataset (the same procedure is used if the non-detects occur at the end of a dataset).

1/15/2018 | 4/15/2018 | 7/15/2018 | 10/15/2018 | 4/15/2019 | 7/15/2019 | 10/15/2019 | 1/15/2020
<50 <100 <100 55 48 45 38 35

As discussed above, the first step is to extrapolate values for each of the non-detect

values.

1/15/2018 | 4/15/2018 | 7/15/2018 [ 10/15/2018 | 4/15/2019 | 7/15/2019 | 10/15/2019 | 1/15/2020
55 55 55 55 48 45 38 35

Next, each extrapolated value is compared to its respective non-detect reported value.
Following the procedure described above, the assigned values shown below would be

used in plume stability calculations.
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Again, because the first non-detect value did not change from the reported value, it does

not count as “assigned data” and therefore the dataset for this example meets the

threshold criterion of no more than 25% assigned data for any well.

Finally, if all results in a dataset are non-detect, then well-by-well trend analysis methods

cannot be used for this condition. For this case in whole plume analysis methods, each

non-detect value should be set to the lowest non-detect reporting value in the dataset, or

some other value based on professional judgement. Any assumptions for assigning non-

detect values should be well documented in the plume stability analysis report.
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SECTION 3
PLUME STABILITY ANALYSIS METHODS

Groundwater plume stability can be evaluated in several ways, from relatively simple
qualitative methods to increasingly complex statistical methods and plume-based
methods. Examples of plume stability analysis methods, including descriptions and
probabilities of successful outcomes based on results, are summarized in Table 1.

As noted in Section 1.2, qualitative plume stability evaluation methods should only be
used on the simplest sites and in most cases qualitative plume stability evaluation
methods will not be considered for sites that are contemplating a No Further Action
determination. Qualitative methods apply as part of more complex analysis or evaluation

(i.e., developing time-series charts as part of trend analysis).

Well-by-well plume stability evaluation methods are conducted by applying statistics to
individual monitoring well time-series data. The evaluation of plume stability using a well-
by-well method looks at the concentrations of individual COCs in each monitoring well
over time to determine if there is a trend in the data. In doing so, the evaluator can
determine if the concentrations of COCs in individual wells are increasing, decreasing or
in some methods, stable. For a well-by-well analysis to reach a conclusion that the
groundwater plume is stable or decreasing, all concentrations of COCs above the default
target levels is required to be stable or decreasing in all wells at a site.

Common well-by-well plume stability evaluation methods include linear regression
analysis, the Mann-Kendall Test, and the Mann-Whitney Test. Further discussion of the

application of each of these methods is included in Section 4.

Plume-based plume stability evaluation methods include quantitative analysis of
groundwater plume metrics including plume area, plume average concentration, plume

mass, and plume center of mass (COM). The calculation of plume-wide estimates of total
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dissolved-phase plume mass, plume area, average concentration and center of mass
have been presented in the literature as powerful tools for determining plume stability
(Gibbs et al. 2002; Ricker, 2008; Vanderford, 2010). These methods generally provide for
a more robust understanding of overall plume behavior than do the well-by-well methods.
The method described by Ricker (2008, Ricker Method®) is based on the use of grid files
generated from commonly used contouring (Surfer® by Golden Software) and
spreadsheet computer software (Excel®). The overall plume area, average concentration,
mass, and center of mass are calculated for each sampling event. Afterward, an
appropriate statistical trend test (e.g., linear regression or Mann-Kendall) is used to
assess the trends in the plume metrics of area, average concentration, and mass. Further
discussion of the application of the Ricker Method® of plume stability evaluation is

included in Section 5.

In general, plume stability analysis for smaller sites and simpler datasets can be
accomplished with well-by-well analysis methods, whereas more complex sites and larger
datasets may require plume-based analysis methods. Due to the relative simplicity of
well-by-well trend analysis methods, it is recommended that most sites start with a well-
by-well analysis. If the trend analyses for individual wells result in mostly decreasing
trends and no increasing trends, then there is likely sufficient evidence to request a No
Further Action for the site. A finding of increasing trends for certain wells does not
necessarily preclude a site from a No Further Action determination, depending on several
factors including well location, magnitude of COC concentrations, rate of increase, etc. If
the trend analyses for individual wells result in a mix of decreasing, stable, and increasing
trends, then a plume-based method may be most appropriate to evaluate plume stability

for a No Further Action request.
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SECTION 4
WELL-BY-WELL METHODS FOR PLUME STABILITY
EVALUATION

As discussed above, the evaluation of plume stability using a well-by-well method looks
at the concentrations of individual COCs in each monitoring well over time to determine
if there is a trend in the data. The following sections describe three well-by-well methods

of evaluating plume stability.

4.1 LINEAR REGRESSION

Linear regression is a parametric statistical test used to evaluate trends in COC
concentrations over time (EPA 2009, ITRC 2013) on a well-by-well basis. The test is used
to determine if the slope of the trend line is statistically different from zero (USGS 2002,
ITRC 2013) using a calculated probability value (p-value). For this document, a p-value
less than 0.1 would indicate a significant trend. If the slope of the trend line is significantly
different than zero, a trend line with a positive slope would indicate that COC
concentrations are increasing and a trend line with a negative slope would indicate that
COC concentrations are decreasing (ITRC 2013). Linear regression assumes that the
regression residuals (the difference between the measured concentrations and predicted
concentrations from the regression equation) have a constant variance, are normally
distributed and are independent of sample date and concentration (USGS 2002, EPA
2009, ITRC 2013). In some cases, it may be necessary to demonstrate that the data being
analyzed do not violate these assumptions (USGS 2002, EPA 2009, ITRC 2013).

When evaluating trends using linear regression, trends may be obscured by scatter in the
data. This condition is typically indicated by a low coefficient of determination (R?) value.
Even with low R? values (i.e., high degree of scatter) a confidence interval can still be

constructed on the slope of the regression line. As described in AFCEE (2006), assuming

July 2021 Plume Stability Guidance Document Page 4-1



the sign (i.e., positive or negative) of the estimated log-slope is correct, a level of
confidence that the slope is not zero can be easily determined.

For the plume stability analysis, significant trends are concluded when the calculated
confidence factor is greater than 90%. If the confidence factor is less than or equal to

90%, the conclusion is that the trend is indeterminate or no trend.

Linear regression analysis can easily be conducted using standard analysis features of
Microsoft Excel® or other statistics software packages. For detailed instructions and
example calculations on conducting linear regression analysis, the reader is referred to
the references above. An example plume stability evaluation using linear regression

calculated in Microsoft Excel® is included in Appendix A.

4.2 MANN-KENDALL TEST

The Mann-Kendall test is a statistical test that is widely accepted and used in
environmental science for evaluating monotonic trends in data sets such as
concentrations that are either consistently increasing or decreasing over time (ITRC,
2013). The test is relatively simple, can be used on small data sets (a minimum of four
rounds of sampling data), and the data does not have to be normally distributed. The test
can also accommodate data sets with missing values and values below method detection
limits (Gilbert, 1987).

One disadvantage of this test is that it is not appropriate for data sets that are cyclic or
exhibit seasonal trends (ITRC, 2013). If the data set has a seasonal trend and the data
set is large enough, the data can be divided by season and separate tests can be
performed for each season. Otherwise, an alternative test, such as the Mann-Whitney
test, would be more appropriate.

The result of a Mann-Kendall test is the calculation of an “S” statistic. The “S” statistic is
the sum of differences between sequential sampling events and provides an indication of
whether a trend exists and whether the trend is positive or negative. A positive “S” value
implies that COC concentrations later in time tend to be larger and is therefore indicative
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of an increasing concentration trend. Conversely, a negative “S” value indicates that COC
concentrations are decreasing over time. An “S” value of zero or suggests that there is
no significant upward or downward trend. The strength of an increasing or decreasing
trend increases as the absolute value “S” increases. If the “S” statistic does not indicate
a statistically significant downward trend, the coefficient of variation (COV) for the data
set is used to aid in determining whether the plume may be considered stable. The CV is
equal to the standard deviation divided by the mean. Following is a decision matrix that

is used in interpreting Mann-Kendall test results where at least six data points are

available.
Mann-Kendall Statistical
Statistic Confidence Conclusion

S>0 > 90% Increasing Trend
S>0 <90% More Data Needed
S<0 <90% and COV = 1 More Data Needed
S<0 <90% and COV <1 Stable

S<0 =2 90% Decreasing Trend

The Mann-Kendall test can be easily conducted using standard analysis features of
Microsoft Excel® or other statistics software packages such as ProUCL software
developed by the US EPA or the GSI Mann Kendall Toolkit developed by GSI
Environmental Incorporated (GSl). For detailed instructions and example calculations on
conducting the Mann-Kendall test, the reader is referred to the references above or the
user manual supplied with the above-referenced software packages. An example plume
stability evaluation using Mann-Kendall analysis is included in Appendix A. A Microsoft
Excel® Mann-Kendall template is provided in Appendix B.

4.3 MANN-WHITNEY TEST

The Mann-Whitney test (Gilbert, 1987 and ITRC, 2013) is equivalent to the Wilcoxon
Rank Sum Test. It can be used for evaluating whether a given data set exhibits a
decreasing or increasing trend. The Mann-Whitney test can be used with data that
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exhibits seasonal variation but requires a minimum of eight consecutive rounds of

quarterly groundwater monitoring results.

The result of a Mann-Whitney test is a “U” statistic. The magnitude of the calculated U
statistic is used to determine whether the values in the second half of the data set are
larger than the values in the first half of the data set at a specified level of confidence.
Lower U statistic values indicate decreasing trends. Higher U statistic values indicate
increasing trends. Mid-range U statistics indicate no trend in the data. The decision
criteria are built into the software we are using so the test result can be directly read from
the printout without further interpretation or the need for a decision tree as long as the

confidence level is set for 90 percent or above.

The Mann-Whitney test can be easily conducted using standard analysis features of
Microsoft Excel® or other statistics software packages such as ProUCL software
developed by the US EPA. For detailed instructions and example calculations on
conducting the Mann-Whitney test, the reader is referred to the references above or the

user manual supplied with the above-referenced software packages.
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SECTION 5
RICKER METHOD® FOR PLUME STABILITY
EVALUATION

COC concentration trends observed in individual groundwater monitoring wells may show
different trends. As a result, when data from the individual wells are viewed together,
understanding overall plume behavior can be difficult. An alternative to the well-by-well
approach to evaluating plume stability is a quantitative plume-based method. The
calculation of plume-wide estimates of total dissolved-phase plume mass, plume area,
average concentration and center of mass have been presented in the literature as
powerful tools for determining plume stability (Gibbs et al. 2002; Ricker, 2008;
Vanderford, 2010). These methods generally provide for a more robust understanding of

overall plume behavior than do the well-by-well methods.

Analysis of plume stability using quantitative plume-based methods has been described
in several peer-reviewed journal articles, including those by Gibbs et al. (2002), Ricker
(2008) and Vanderford (2010). This section focuses on the Ricker Method® for plume

stability evaluation.

The Ricker Method® (Ricker, 2008) is based on the use of grid files generated from
commonly used contouring (Surfer® by Golden Software) and spreadsheet computer
software (Excel®). The overall plume area, average concentration, mass, and center of
mass are calculated for each sampling event. Afterward, an appropriate statistical trend
test (e.g., linear regression or Mann-Kendall) is used to assess the trends in the plume

metrics of area, average concentration, and mass.

For Ricker Method® plume stability analyses, care should be taken when interpreting
trends in the plume metrics of area, average concentration, and mass. Each metric

describes an aspect of plume behavior. Therefore, overall plume behavior cannot be
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described by a single metric. Accordingly, an increasing trend in any single plume metric
does not necessarily indicate that the plume is not stable or that the plume is expanding.
For example, a common phenomenon that has been observed is a condition where the
plume area is decreasing, but the plume average concentration is increasing (and plume
mass is stable or decreasing). This would be the expected pattern for a groundwater
plume undergoing natural attenuation where the fringes of the plume are attenuating at a
greater rate than the core of the plume. In this condition, the COCs are becoming more
concentrated as the plume footprint gets smaller. An everyday example of this is to
imagine a 1-liter jar of water with 100 g of dissolved salt, which results in a salt
concentration of 100 g/l. If half of the water evaporates, the salt becomes more
concentrated to 200 g/I, although the mass remains the same at 100 g. In a similar
manner, increasing groundwater plume concentrations do not necessarily indicate an

increasing plume.

Another example when a single metric does not describe overall plume stability is often
observed in the plume center of mass (COM). An increasing trend (i.e., downgradient
migration) in COM movement does not necessarily indicate that the plume is increasing.
For example, an upgradient portion of a groundwater plume may undergo rapid
attenuation through engineered remediation or natural attenuation, but the downgradient
portions of the plume remain relatively unchanged. In this scenario the COM will migrate
in a downgradient direction (i.e., increasing trend in distance from the source), although
the plume has undergone a significant reduction in mass (and possibly area and average

concentration).

Therefore, the primary plume metric for Ricker Method® plume stability demonstrations
should be plume mass. Increasing trends in plume metrics of area, average
concentration, or COM should include discussion of possible causes in the plume stability
evaluation report. However, for plume stability demonstrations, decreasing or stable
trends in plume mass should be the primary decision criterion.
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For detailed instructions and example calculations on conducting the Ricker Method®, the
reader is referred to Ricker (2008). An example plume stability evaluation using the Ricker

Method® analysis is included in Appendix A.

5.1 GENERAL CONSIDERATIONS FOR RICKER METHOD®
EVALUATIONS

e This method is recommended only if the groundwater contaminant plume has been
fully defined by a monitoring well network (i.e., monitoring well sampling data is
available upgradient, cross-gradient, and down-gradient of the source area(s))
typically consisting of more than five monitoring wells. If the monitoring well
network consists of five or fewer wells, then well-by-well plume stability evaluation

methods should be considered.

e The COCs essential to confirmation of the site characterization and risk
assessment should be selected for analysis. For most petroleum sites, these
COCs would be benzene, total petroleum hydrocarbons and where appropriate,
naphthalene and MTBE, or lead scavenger compounds (EDC and EDB). Other
COCs may be required on a site-specific basis (e.g. ethylbenzene may be required
when the surface water pathway is complete, ethanol may be required when the

domestic use of groundwater pathway is complete, etc.).

e As described in Ricker (2008), to calculate COC plume mass, values are needed
for aquifer thickness and porosity. These values should be site-specific if possible
but can also be estimated. In most plume stability evaluations, these values remain
constant and thus have little bearing on the evaluation of trends in plume metrics.
Variable thickness values should only be used if there is a significant change in
water table over time. In the absence of site-specific values, default values for

aquifer thickness and porosity are 10 feet and 30%, respectively.

e Grid files can be created using one of many gridding algorithms within Surfer.
However, the default recommended gridding algorithm is the Kriging gridding

method with the default linear variogram.
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e One of the most important steps in conducting a Ricker Method® evaluation is the
preparation of the input file. It is important that every well has a numeric result for
every sampling event in the evaluation. Non-detect data should be assigned
numeric values as discussed in Section 2. If there are any missing events, then
the missing values should be assigned in the same manner as non-detect data. It
is reiterated that no single well can have more than 25 percent of assigned values

and the total dataset must not exceed more than 10 percent of assigned values.

e Careful consideration to changes in the well network (additions or subtractions)
should be taken when performing statistical trend analyses on plume metrics. The
addition or subtraction of one or more wells may skew trends conclusions. On the
contrary, not all changes to a well network are significant (e.g. the addition of
another non-detect well beyond the extent of an already delineated plume). Trend
analyses should be conducted on a consistent network where any network

changes do not significantly change the understanding of the plume.

e An appropriate concentration value for the plume boundary (i.e., base contour)
should be carefully selected for each COC. The default assumption is that the COC
delineation criteria value (e.g. risk-based target level, RBTL) is the appropriate
value. In cases where only a few wells are above the delineation criteria value, an
alternative plume boundary value that is less than the delineation criteria value
should be used. In these cases, if the plume boundary value is not lowered below
the delineation criteria, results for plume area, plume mass, etc. cannot be trended
because there is essentially little to no plume above these levels. Therefore, it is
necessary in these cases to lower the plume boundary (base contour) value to

generate data needed for trend testing.

e Whereas previous guidance suggested that limits of the grid in the X and Y
direction may be expanded to completely close the base contour line, it is
recommended that the X and Y limits be set to the limits of the input data

regardless of what base contour is used. Although this practice will in many cases
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result in truncated plumes, it minimizes the computation of (typically low level)
plume mass in areas not supported by actual data. Because the Ricker Method®
is a mathematical evaluation of plume behavior and is not necessarily for
regulatory delineation, it is preferable to use lower base contour levels (to capture
more plume mass) and to limit the analysis to the limit of the input data. This
approach assumes that the plume is delineated in all directions to the respective
regulatory target levels. This point is illustrated in the project example in Appendix
A.

If pre-approved by the Department, control points (non-detect delineation point)
may be used at locations known to be non-detect, such as one-time groundwater
sampling locations (e.g., Hydropunch™ data) or previously located non-detect
monitoring wells. Occasionally, it is prudent to include control points in locations
known to be non-detect, such as inaccessible areas directly upgradient from
known releases. Control points should only be used if absolutely necessary and
should be well documented with a strong rationale in the plume stability evaluation

report.

As indicated by Ricker (2008), the method applies only to dissolved-phase
contaminants in groundwater. For events where no samples are collected in a well
due to the presence of free product, the missing value can be assigned if numeric
results are available before and after the event with missing data. If most of the
events for a well have missing data due to the presence of free product, then the

well should be excluded from the evaluation.
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SECTION 6
SIMPLIFIED CONDITIONAL PLUME STABILITY
METHOD

The Simplified Conditional Plume Stability Method (SCM) is a simple, numeric method
based on conservative assumptions and likely to be useful for a relatively small number
of sites. Even so, the method is offered as an alternative to traditional stability
determination methods. If conditions at a site meet the SCM criteria discussed below,

further groundwater monitoring for plume stability analysis is not required.

1. The Department has agreed that contamination in all media has been delineated

both vertically and horizontally.

2. The Department has agreed that all unacceptable risks have been mitigated and

has accepted the risk assessment.

3. The Department has determined that free product has been recovered to the

maximum extent practicable.

4. Groundwater data has been collected on a quarterly basis for at least two years
and the data is representative of the current and future conditions including the full

range of groundwater fluctuations.

5. COC concentrations in soil (based on a comparison to maximum values) are below
soil type specific leaching values (LV; refer to Tables 7-4(a) through 7-12(c) of the
2004/2005 MRBCA petroleum guidance and Tables 7-4(a) through 7-6(c) of the
2013 MRBCA petroleum guidance).

6. COC concentrations in soil (based on maximum values) do not exceed one-half of
the Soil Type 1 Residential Risk-Based Target Levels (RBTLs) listed in the 2004
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MRBCA Guidance; otherwise COC concentrations in soil do not exceed one-half
of the listed RBTLs in the 2013 MRBCA Guidance.

7. COC concentrations in groundwater do not exceed one-half of the Soil Type 1
Residential RBTLs for the applicable groundwater pathway having the lowest
RBTL.
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APPENDIX A
PROJECT EXAMPLE USING WELL-BY-WELL AND RICKER
METHOD® PLUME STABILITY EVALUATIONS
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Appendix A

Example Plume Stability Evaluation

The first step for a plume stability evaluation is to compile available data for each COC.
The example dataset below is actual benzene data for a site in Missouri presented to
MDNR for a No Further Action Determination.

Coordinates Benzene Monitoring Data (all results in pg/l)

Well X Y Oct-17 Jan-18 May-18 Sep-18 Dec-18 Mar-19 | Aug-19 | Nov-19
MW-1 2382 2647 1,723 1,372 801 1,042 895 661 538 430
MW-2 2326 2983 3,178 6,020 7,164 6,137 7,001 6,527 7,718 8,104
MW-3 2120 2984 303 33 40 50 35 25 <5 <5
MW-4 2026 2716 12 103 9 <5 29 6 11 7
MW-5 2035 2493 35 204 <5 <5 <5 <5 <5 <5
MW-6 2215 2370 12,854 14,143 11,786 11,845 14,557 11,895 13,222 | 12,428
MW-7 2194 2713 1,643 1,757 624 643 592 758 697 558
MW-8 2492 2787 9,836 10,591 11,266 9,269 11,621 10,971 1,712 1,335
MW-9 2563 2513 563 612 2,020 2,414 803 1,511 1,417 1,247

MW-10 2255 2490 7,541 8,370 5,891 5,838 4,963 3,749 6,708 6,574
MW-11 2459 2371 10,551 11,680 11,345 7,247 9,650 15,529 11,755 | 10,687

MW-12 2746 2370 381 635 688 395 423 751 12 6
MW-13 2934 2586 2,157 4,454 233 138 113 187 <5 <5
MW-14 2711 2851 3,889 355 <5 3,971 3,177 2,673 845 676
MW-15 1733 2253 30 <5 <5 <5 <5 <5 <5 <5
MW-16 2280 2031 16 9 53 74 18 16 37 33
MW-17 2602 2008 <5 <5 <5 <5 <5 <5 <5 <5
MW-18 2732 3013 <5 <5 50 <5 <5 134 286 172

MW-19 2941 2844 1,464 1,491 2,738 4,751 4,623 3,812 4,634 | 5,097

The above dataset was used to determine plume stability using the three most common
methods: well-by-well using linear regression, well-by-well using Mann-Kendall, and
plume-based using the Ricker Method®. For each plume stability evaluation method, the
example dataset was reviewed to assign numeric values for non-detect results. There
were no missing values in the dataset. Following is the dataset with values assigned for
non-detects (denoted by yellow shading).
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Coordinates Benzene Monitoring Data (all results in pg/l)

Well X Y Oct-17 Jan-18 May-18 Sep-18 Dec-18 Mar-19 | Aug-19 | Nov-19
MW-1 2382 2647 1,723 1,372 801 1,042 895 661 538 430
MW-2 2326 2983 3,178 6,020 7,164 6,137 7,001 6,527 7,718 8,104
MW-3 2120 2984 303 33 40 50 35 25 5 5
MW-4 2026 2716 12 103 9 5 29 6 11 7
MW-5 2035 2493 35 204 5 5 5 5 5 5
MW-6 2215 2370 12,854 14,143 11,786 11,845 14,557 11,895 13,222 | 12,428
MW-7 2194 2713 1,643 1,757 624 643 592 758 697 558
MW-8 2492 2787 9,836 10,591 11,266 9,269 11,621 10,971 1,712 1,335
MW-9 2563 2513 563 612 2,020 2,414 803 1,511 1,417 1,247

MW-10 2255 2490 7,541 8,370 5,891 5,838 4,963 3,749 6,708 6,574
MW-11 2459 2371 10,551 11,680 11,345 7,247 9,650 15,529 11,755 | 10,687

MW-12 2746 2370 381 635 688 395 423 751 12 6
MW-13 2934 2586 2,157 4,454 233 138 113 187 5 5
MW-14 2711 2851 3,889 355 5 3,971 3,177 2,673 845 676
MW-15 1733 2253 30 5 5 5 5 5 5 5
MW-16 2280 2031 16 9 53 74 18 16 37 33
MW-17 2602 2008 5 5 5 5 5 5 5 5
MW-18 2732 3013 5 5 50 5 5 134 286 172

MW-19 2941 2844 1,464 1,491 2,738 4,751 4,623 3,812 4,634 5,097

The applicable benzene delineation criterion for this site was the Tier 1 non-residential
indoor air inhalation RBTL of 5,250 pg/l. Because all non-detects were reported at a
standard reporting limit well below the RBTL, it was decided to use the reported detection

limit numeric value for all non-detects.

Well-by-Well Plume Stability Evaluation Using Linear Regression

For a plume stability evaluation using linear regression, data trends for each well are
evaluated. For wells with all or mostly non-detect data, linear regression cannot be used,
and a qualitative assessment of a trend should be made. As observed above, three wells
(MW-5, MW-15, and MW-17) do not a have enough detected values for a trend analysis.

As part of conducting a well-by-well plume stability evaluation, the data for each well
should be plotted to visualize trends in the data. Although this is a qualitative method,
visual analysis and professional judgement are sometimes helpful in discerning trends.
Following is a plot of data for MW-1. The benzene trend in MW-1 appears to be
decreasing. Linear regression can be used to determine if the observed decreasing trend

is statistically significant.
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MW-1 Benzene
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Linear regression analysis can be easily conducted using standard spreadsheet software
such as Microsoft Excel® (Excel). Linear regression can be conducted using the data
analysis within Excel. To access these tools, click Data Analysis in the Analyze group
on the Data tab. If the Data Analysis command is not available, you will need to load the
Analysis ToolPak add-in program by selection File > Options>Add-ins>Excel Add-ins.
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Under the Analysis Tools menu, select Regression and a data input form comes up.
Select the appropriate data and click OK. The confidence level of 90% is selected to

coincide with a p-value of 0.1.
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Following are the linear regression results produced by Excel for benzene data in MW-1.

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.918089641
R Square 0.842888589
Adjusted R Square = 0.816703353
Standard Error 186.6594404
Observations 8
ANOVA
df SS MS F Significance F

Regression 1 1121537.02 1121537.02 32.18946024 0.001290884
Residual 6 209050.4802 34841.7467
Total 7 1330587.5

Coefficients = Standard Error t Stat P-value Lower 95% Upper 95%  Lower 90.0% Upper 90.0%
Intercept 65474.33482 11376.01317 5.755472841 0.001198496 37638.23339 93310.43626 43368.69037 87579.97928
X Variable 1 -1.487634596 0.262204066 -5.673575613 0.001290884 -2.129224834 -0.846044359 -1.997144367 -0.978124825

The regression line slope is negative (-1.487) indicating a decreasing trend. The statistical
confidence in the trend is 99.9%, which is calculated as (1 — 0.001291) * 100. Since the
slope of the trend line is negative and the confidence factor is greater than 90%, it can be

concluded that benzene concentrations in MW-1 are decreasing.
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Linear regression assumes that the regression residuals (the difference between the
measured concentrations and predicted concentrations from the regression equation)
have a constant variance, are normally distributed and are independent of sample date
and concentration. These assumptions can be verified by graphical methods as described
in USGS (2002), EPA (2009), and ITRC (2013).

The benzene concentrations in MW-9 are an example of a data set that is stable (not
statistically increasing or decreasing). Following are the plot and linear regression results
for MW-9.

MW-9 Benzene

g

g

g

SUMMARY OUTPUT

g

Regression Statistics

Concentration (pg/1)

Multiple R 0.261950297
R Square 0.068617958 1,000
Adjusted R Square  -0.086612382
Standard Error 691.4058569 30
Observations 8
° Oct-17 Jan-18 Apr-18 Jul-18 Oct-18 Jan-19 Apr-19 Jul-19 Oct-19
ANOVA
df SS MS F Significance F
Regression 1 211313.5216 211313.5216 0.442039602 0.530848797
Residual 6 2868252.353 478042.0589
Total 7 3079565.875
Coefficients = Standard Error t Stat P-value Lower 95% Upper 95%  Lower 90.0% Upper 90.0%
Intercept -26692.00145 42137.92838 -0.633443609 0.54981183 -129799.7978 76415.79488 -108573.5929 55189.59003
X Variable 1 0.645733186 0.971230958 0.664860589 0.530848797 -1.730783355 3.022249728 -1.241543659 2.533010032

The regression line slope is positive (0.65) indicating a potentially increasing trend.
However, the statistical confidence in the trend is 46.9%. Because the confidence factor
is less than 90%, it can be concluded that there is no trend in benzene concentrations in
MW-9.

The benzene concentrations in MW-2 are an example of a data set with an increasing

trend. Following are the plot and linear regression results for MW-2.
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MW-2 Benzene
9,000
8,000
7,000
SUMMARY OUTPUT 5; 6,000
g 5,000
Regression Statistics §
Multiple R 0.802243795 g
R Square 0.643595106 § 3000
Adjusted R Square ~ 0.584194291 2,000
Standard Error 979.2675416 1000
Observations 8 ’
0
Oct-17  Jan18  Apr-18  Juk18  Oct-18  Jan-19  Apr19 U9  Oct19
ANOVA
df SS MS F Significance F
Regression 1 10390179.37 10390179.37 10.83478569 0.016580182
Residual 6 5753789.508 958964.9179
Total 7 16143968.88
Coefficients = Standard Error t Stat P-value Lower 95% Upper 95%  Lower 90.0% Upper 90.0%
Intercept -189965.3956 59681.74136 -3.182973406 0.019004303 -336001.3558 -43929.43534 -305937.7785 -73993.01265
X Variable 1 4.527943358 1.375595742 3.291623564 0.016580182 1.161981835 7.893904881 1.854912839 7.200973878

The regression line slope is positive (4.527) indicating a potentially increasing trend. The
statistical confidence in the trend is 98.3%. Since the slope of the trend line is positive
and the confidence factor is greater than 90%, it can be concluded that benzene
concentrations in MW-2 are increasing.
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Following is a summary table of the trend results for all site wells.

Benzene Regression Summary
Well ID Slope R? Confidence Factor Conclusion
MW-1 -1.49 0.84 99.9% Decreasing Trend
MW-2 4.53 0.64 98.3% Increasing Trend
MW-3 -0.24 0.44 92.8% Decreasing Trend
MW-4 -0.05 0.19 71.9% Stable/No Trend
MW-5 NA NA NA NA
MW-6 -0.50 0.02 23.5% Stable/No Trend
MW-7 -1.37 0.56 96.7% Decreasing Trend
MW-8 -11.50 0.53 95.8% Decreasing Trend
MW-9 0.65 0.07 46.9% Stable/No Trend
MW-10 -2.30 0.18 71.0% Stable/No Trend
MW-11 1.46 0.03 31.1% Stable/No Trend
MW-12 -0.63 0.36 88.4% Stable/No Trend
MW-13 -4.12 0.48 94.3% Decreasing Trend
MW-14 -1.36 0.05 40.4% Stable/No Trend
MW-15 NA NA NA NA
MW-16 0.01 0.02 28.2% Stable/No Trend
MW-17 NA NA NA NA
MW-18 0.31 0.63 98.1% Increasing Trend
MW-19 4.85 0.77 99.6% Increasing Trend
NA - no analysis because all or most results are non-detect.

As observed above, there is a mix of trend conclusions including eight wells with no
statistically significant trends, five wells with decreasing trends, and three wells with
increasing trends. To demonstrate plume stability using linear regression analysis on a
well-by-well basis, all or most of the trends should be decreasing or stable (no trend).
Increasing trends may not necessarily exclude a site from a No Further Action
determination, depending on the magnitude of the concentrations and the location of the
well. For example, wells that exhibit increasing trends with concentrations that are well
below respective RBTLs may be acceptable. For this example, MW-18 might fit this
category. It exhibits an increasing trend with a maximum concentration of 286 ug/l and
four of the seven samples resulted in non-detect concentrations below 5 ug/l. However,

for sites with wells that exhibit increasing trends with concentrations above respective
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RBTL, or wells on the plume periphery with increasing concentrations approaching the
respective RBTL, the site most likely is not a candidate for a No Further Action
determination. In the current example, MW-2 exhibits an increasing benzene trend with
the seven most recent results above the benzene RBTL of 5,250 pg/l. MW-19 exhibits an
increasing benzene trend with the most recent result of 5,097, which is approaching the
benzene RBTL of 5,250 pg/l. A plot of the well locations using the coordinates in the
above table shows that both MW-2 and MW-19 are on the periphery of the well network.
Because two plume periphery wells exhibit increasing trends near or above respective

RBTLs, this site would likely not be a candidate for a No Further Action Determination.

Well-by-Well Plume Stability Evaluation Using Mann-Kendall

Commercially available software can be used, or a Mann-Kendall analysis can be
conducted using Excel. Using the procedures described in Gilbert (1987), a template can
be created in Excel to calculate the variables needed for a Mann-Kendall trend test. For
convenience an Excel template is provided (Appendix C) that will quickly plot the data
and calculate a Mann-Kendall result for up to 45 data points. The example MW-1 benzene
dataset from above is presented below in the provided Mann-Kendall template.
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Data Sat ID: |

MW-1 Benzene

Mann-Kendall Results

Mann-Kendall

E

ical Ci

Trend C

Units:|

Event #

Date

Value

10/01/2017

1723

01/01/2018

1372

05/01/2018

801

09/01/2018

1042

12/01/2018

895

5
SES:

n:

Z:

Confidence Factor:
Caafficient of Variation:
Conclusion:

2
24
8.08
-2.85
=99%
0.47
Decreasing Trend

=90%

Increasing

< 90%

More Data Needed

<80% and COV = 1

More Data Needed

<90% COV <1

Stable

=90%

Decreasing

03/01/2019

08/01/2019

B61
538

21BN O S ] 1

11/01/2019

430

| Trend Threshold:

056

2

Concentration tugsL}

MW-1 Benzene Mann-Kendall Trend

As shown above, the event dates and concentrations are input into columns “B” and “C”.
Once this step is completed, the data are automatically plotted and the Mann-Kendall
results are calculated. A detailed description of the formulas to calculate each of the
Mann-Kendall variables is provided in Gilbert (1987). The confidence factor is determined
based on the number of events. For 10 or fewer events, the probability value (p-value) is
provided in the following table. The confidence factor is 1 minus the p-value. For more
than 10 events, the confidence factor is simply the normal distribution of Z. The provided

template selects the appropriate confidence factor formula based on the size of the data

set.
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Probabilities for Small-Sample Mann-Kendall Trend Test

S n=4 n=5 n=8 n=9 S n==6 n=7 n =10
0 0.625 0.592 0.548 0.54 1 0.5 0.5 0.5
2 0.375 0.408 0.452 0.46 3 0.36 0.386 0.431
4 0.167 0.242 0.360 0.381 5 0.235 0.281 0.364
6 0.042 0.117 0.274 0.306 7 0.136 0.191 0.3
8 0.042 0.199 0.238 9 0.068 0.119 0.242
10 0.0083 ]0.138 0.179 11 0.028 0.068 0.19
12 0.089 0.130 13 0.0083 ]0.035 0.146
14 0.054 0.090 15 0.0014 |0.015 0.108
16 0.031 0.060 17 0.0054 ]0.078
18 0.016 0.038 19 0.0014 |0.054
20 0.0071 |0.022 21 0.0002 |0.036
22 0.0028 |0.012 23 0.023
24 0.00087 |0.0063 25 0.014
26 0.00019 |0.0029 27 0.0083
28 0.000025 |0.0012 29 0.0046
30 0.00043 31 0.0023
32 0.00012 33 0.0011
34 0.000025 35 0.00047
36 0.0000028 37 0.00018
39 0.000045

Source: Gilbert (1987)

Since n < 10 in this example, the lookup p-value for S = -24 is 0.00087. Therefore, the
confidence factor is 1 — 0.00087 = 99.9%. Interpretation of trends using Mann-Kendall is

done using the following table.

Mann-Kendall
Statistic Confidence in Trend Trend Conclusion
S$>0 > 90% Increasing
S>0 <90% More Data Needed
S<0 <90% and COV =1 More Data Needed
S<0 <90% and COV < 1 Stable
S<0 > 90% Decreasing

Because S is less than zero and the confidence factor is greater than 90%, it is concluded
that the benzene trend in MW-1 is decreasing.
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As described in the linear regression example, the benzene concentrations in MW-9 are

an example of a data set with a stable trend. Following is the Mann-Kendall template for

benzene concentrations in MW-9.

MW-3 Benzene

Mann-Kendall Results

Mann-Kendall

ical Ci

Trend C

Data Set ID: |

Units:|

ugfL

Event #

Date

Value

10/01/2017

563

01/01/2018

512

05/01/2018

2,020

09/01/2018

2414

12/01/2018

803

n:
5

SES:

Z

Confidence Factor:
Coefficient of Variation:
Conelusion:

L]

6
8.08
0.62
73%
.50

IMors Data Needsd

5>0

=90%

Increasing

5>0

< 90%

More Data Needed

<90% and COV =1

More Data Needed

w|m|m
s s

<

o|a|a

<90% COV <1

Stable

= 90%

Decreasing

03/01/2019

1511

08/01/2019

1417

AN (V1 FN) o] N4

11/01/2019

1,247

| Trend Threshold:

9056

MW-9 Benzene Mann-Kendall Trend

g

Concentration (ug/Lt

The Mann-Kendall statistic, S, is positive (6) indicating a potentially increasing trend.
However, the statistical confidence in the trend is 73%. Because the confidence factor is
less than 90%, it can be concluded that there is no trend in benzene concentrations in
MW-9.

The benzene concentrations in MW-18 are an example of a data set trend that is
increasing and has tied values (non-detect results at same detection limit). Following are
the plot and Mann-Kendall results for MW-18.
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As observed in the summary table below, there is a mix of trend conclusions including
nine wells with stable or no trends (not statistically significant trends), four wells with
decreasing trends, and three wells with increasing trends. Like regression analysis, to
demonstrate plume stability using Mann-Kendall on a well-by-well basis, all or most of the
trends should be decreasing or stable. However, there are three wells with increasing
trends based on Mann-Kendall analysis. Because two plume periphery wells (MW-2 and
MW-19) exhibit increasing trends near or above respective RBTLs, this site would likely

not be a candidate for a No Further Action Determination.

Benzene Mann-Kendall Summary
Well ID n S Confidence Factor | Coefficient of Variation Conclusion
MW-1 8 -24.00 >99% 0.47 Decreasing Trend
MW-2 8 20.00 99% 0.23 Increasing Trend
MW-3 8 -19.00 99% 1.59 Decreasing Trend
MW-4 8 -8.00 80% 1.46 More Data Needed
MW-5 8 -11.00 89% 2.07 More Data Needed
MW-6 8 2.00 55% 0.08 More Data Needed
MW-7 8 -12.00 91% 0.54 Decreasing Trend
MW-8 8 -8.00 80% 0.51 Stable
MW-9 8 6.00 73% 0.50 More Data Needed
MW-10 8 -10.00 86% 0.23 Stable
MW-11 8 4.00 64% 0.21 More Data Needed
MW-12 8 -6.00 73% 0.69 Stable
MW-13 8 -21.00 >99% 1.76 Decreasing Trend
MW-14 8 -6.00 73% 0.85 Stable
MW-15 8 -7.00 76% 1.09 More Data Needed
MW-16 8 5.00 68% 0.69 More Data Needed
MW-17 8 0.00 45% 0.00 Stable
MW-18 8 16.00 97% 1.27 Increasing Trend
MW-19 8 20.00 99% 0.42 Increasing Trend
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Well-by-Well Analysis Summary

As observed in the summary table below, most of the trend conclusions are the same for
both linear regression and Mann-Kendall. The wells that exhibited different conclusions
were relatively minor, where one method concluded decreasing trend and the other
method concluded stable or no trend. Increasing trends were identified in the same three
wells using both methods. This is a common phenomenon that the two methods generally
agree on trend conclusions and that truly significant trends are identified by both methods.
The overall conclusions and recommendations are the same for either method, in that
increasing trends in key wells likely exclude the site from a No Further Action

determination.

Benzene Trend Analyses
Current Linear Regression Mann-Kendall
Benzene Confidence Confidence

Well |Conc. (pg/l) Conclusion Factor Conclusion Factor
MW-1 430 Decreasing Trend 99.9% Decreasing Trend >99%
MW-2 8,104 Increasing Trend 0.0% Increasing Trend 99.3%
MW-3 <5 Decreasing Trend 92.8% Decreasing Trend 98.8%
MW-4 7 Stable/No Trend 71.9% More Data Needed 80.1%
MW-5 <5 NA NA NA NA
MW-6 12,428 Stable/No Trend 23.5% More Data Needed 54.8%
MW-7 558 Decreasing Trend 96.7% Decreasing Trend 91.1%
MW-8 1,335 Decreasing Trend 95.8% Stable 80.1%
MW-9 1,247 Stable/No Trend 46.9% More Data Needed 72.6%
MW-10 6,574 Stable/No Trend 71.0% Stable 86.2%
MW-11 10,687 Stable/No Trend 31.1% More Data Needed 64.0%
MW-12 6 Stable/No Trend 88.4% Stable 72.6%
MW-13 <5 Decreasing Trend 94.3% Decreasing Trend >99%
MWwW-14 676 Stable/No Trend 40.4% Stable 72.6%
MW-15 <5 NA NA NA NA
MW-16 33 Stable/No Trend 28.2% More Data Needed 68.3%
MW-17 <5 NA NA NA NA
MW-18 172 Increasing Trend 98.1% Increasing Trend 96.9%
MW-19 5,097 Increasing Trend 99.6% Increasing Trend 99.3%
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Plume-Based Stability Evaluation Using Ricker Method®

Using the procedures described in Ricker (2008), a Ricker Method® plume stability
evaluation was conducted for the example dataset shown below. Rather than assessing
plume stability based on trends in individual wells, plume stability is determined by
assessing tends in plume-wide metrics including plume area, plume average
concentration, plume mass and location of plume center of mass (COM). A key
component of a Ricker Method® evaluation is to develop an input file where all sampling
events for every well have numeric values. Once the data have been tabulated and values
assigned for non-detect and missing data, the evaluation is conducted using commercially
available software, including Microsoft Excel and Surfer® by Golden Software (Surfer).

For this example, Excel version 16 (part of the Office 365 package) and Surfer version 18

were used.
Coordinates Benzene Monitoring Data (all results in pg/l)

Well X Y Oct-17 Jan-18 May-18 Sep-18 Dec-18 Mar-19 | Aug-19 | Nov-19
MW-1 2382 2647 1,723 1,372 801 1,042 895 661 538 430
MW-2 2326 2983 3,178 6,020 7,164 6,137 7,001 6,527 7,718 8,104
MW-3 2120 2984 303 33 40 50 35 25 5 5
MW-4 2026 2716 12 103 9 5 29 6 11 7
MW-5 2035 2493 35 204 5 5 5 5 5 5
MW-6 2215 2370 12,854 14,143 11,786 11,845 14,557 11,895 13,222 12,428
MW-7 2194 2713 1,643 1,757 624 643 592 758 697 558
MW-8 2492 2787 9,836 10,591 11,266 9,269 11,621 10,971 1,712 1,335
MW-9 2563 2513 563 612 2,020 2,414 803 1,511 1,417 1,247

MW-10 2255 2490 7,541 8,370 5,891 5,838 4,963 3,749 6,708 6,574
MW-11 2459 2371 10,551 11,680 11,345 7,247 9,650 15,529 11,755 | 10,687

MW-12 2746 2370 381 635 688 395 423 751 12 6
MW-13 2934 2586 2,157 4,454 233 138 113 187 5 5
MW-14 2711 2851 3,889 355 5 3,971 3,177 2,673 845 676
MW-15 1733 2253 30 5 5 5 5 5 5 5
MW-16 2280 2031 16 9 53 74 18 16 37 33
MW-17 2602 2008 5 5 5 5 5 5 5 5
MW-18 2732 3013 5 5 50 5 5 134 286 172

MW-19 2941 2844 1,464 1,491 2,738 4,751 4,623 3,812 4,634 5,097

Plume maps are first created in Surfer based on the above data. Following is a base map
showing the monitoring wells using the X and Y coordinates for each well. If site drawings

(e.g., CAD or Shapefiles) are available, they can easily be added as base map layers in

July 2021 Plume Stability Guidance Document Appendix A Page 15



Surfer. See the Surfer user guide for steps to add base map layers and post layers (e.g.,

well locations, posted concentrations, etc.).

Benzene
MW-18
MW-3 MW-2 ®
s ®
MW-14 MW-19
MW-8 ® s
s
MW-4  MW-7
® ® MW-1
& MW-13
s
MW-5 MW-10 Mv:s)
s [
MW-6 MW-11 MW-12
s ® ®
MW-15
[
Mv‘;” MW-17
s
0ft. s 5001
LEGEND A
w4
® Monitoring Well
2 Concentration (ug/L)
NS (148) Well Not Sampled
(Assigned Value Shown)
4 Plume Center of Mass =D EA KI' HCON-*
‘e Extent of Data © EarthCon 2020 Environmental Challenges
Plume Analytics® Services BUSINESS SOLUTIONS

The next step is to prepare a grid file representing the data for each sampling event. A
concentration isopleth (contour) map can then be created from the grid file for each
sampling event. See Ricker (2008) and the Surfer user guide for steps to create grids files

and contour maps.

It is important that the plume is delineated in all directions to the appropriate RBTLs for a
No Further Action determination. When calculating the plume area and volume (which
may be converted to mass), an appropriate concentration value for the plume boundary
(i.e., base contour) should be carefully selected. For example, selecting a higher base
contour would limit the evaluation of plume behavior to only those portions of a plume
that exceed the base contour value. Selecting lower base contours (below RBTLs) allows
for a more thorough evaluation of plume behavior because more of the plume is included
in the analysis (i.e., the lower the base contour, the more plume mass is evaluated). This

July 2021 Plume Stability Guidance Document Appendix A Page 16



phenomenon is demonstrated below using the example project. The Ricker Method®
evaluation presented herein was conducted twice, once with a base contour of 5,250 pg/I

(RBTL), and once with a base contour of 5 ug/I.

Once a base contour is selected, a plume map is created in Surfer. The plume map is
based on the underlying grid file (Ricker, 2008). When creating a grid file and plume map,
it is recommended that the X and Y limits of the data be used. This may result in plume
maps that are truncated at the limit of data when the base contour is lower than the RBTL.
Although it is possible to extend the X and Y limits of the grid file to completely close the
base contour line that defines the plume boundary, this is not recommended because the
areas beyond the limits of the data are based on extrapolation and many times produces
unrealistic boundaries (i.e., ballooning) that may skew trends. The primary outcome of a
Ricker Method® evaluation is an assessment of plume behavior based on real data, and

not necessarily to produce a visualization of the plume.

After a plume map is created in Surfer, the plume metrics area, average concentration,
and mass can be calculated. The primary metric is plume mass. The plume mass is
estimated using the calculated area and average concentration combined with constant
values for plume thickness and aquifer porosity (Ricker, 2008). Additionally, as discussed
in Ricker (2008), the plume center of mass (COM) can be calculated and posted on the
plume map. It can also be helpful to post the plume metric values on the plume map for
reference. Following are plume maps for the first sampling event of the example dataset.
The first map was prepared using a base contour of 5,250 ug/l, and the second map was

created using a base contour of 5 ug/l.
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As observed in the above maps, the plume is delineated to the RBTL of 5,250 pgl/l (i.e.,
all peripheral well results are less than the RBTL). The plume mass of the 5,250 pg/l base
contour plume is 33.7 pounds, whereas the plume mass of the 5 ug/l base contour is 100
pounds. Thus, using lower base contours allows for more of the plume to be included in
the evaluation. It is also observed that the COM is in different locations for each map. The
COM location for the 5 pg/l map is more representative of the entire dataset because

more data are used in its calculation.

Plume maps are then created for each sampling event in the dataset. For the example
site, plume maps were developed for each of the seven sampling events. The plume
metrics can then be plotted and evaluated for trends in the data. The trends were
evaluated using both linear regression and Mann-Kendall, with the trend results for both
methods included next to each data plot. Following are the plume metric data plots and

trend analysis results.
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As observed above, the trend results for the primary metric of plume mass resulted in no
trend (i.e., stable) for both the 5,250 ug/l base contour plume and the 5 ug/l base contour
plume. However, the trend conclusions for the 5 ug/l base contour plume have much
higher confidence factors and in fact, are very near a conclusion that the plume mass is
decreasing. A plausible conceptual scenario is that the wells with higher benzene
concentrations in the core of the plume are more representative of source area behavior.
That is, there is likely still some level of sourcing from residual product along with some
level of natural attenuation. Thus, the plume is more stable in the core of the plume
because both sourcing and attenuation are occurring. In the more distal areas of the
plume there is more natural attenuation and little to no sourcing from residual product.
Thus, the plume exhibits more decreasing mass in the distal areas because more

attenuation than sourcing is occurring.
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Following are plume maps for the last sampling event of the example dataset.
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Although the plume appears completely delineated for the 5,250 ug/l base contour plume,
there is one well on the boundary above the RBTL (MW-2 at a concentration of 8,104
pg/l). This may be a concern in that it demonstrates that the plume is not delineated to
the RBTL. One advantage also of the 5 ug/l base contour plume map is that it highlights
potential areas of a plume that may not be delineated. As observed on the 5 ug/l base
contour plume map, darker colors (indicating higher concentrations) are apparent in two
locations along the boundary (MW-2 and MW-19). Recall that both the linear regression
and Mann-Kendall analyses resulted in increasing trends for both wells. These wells are
located on the boundary of the network at concentrations near the RBTL and exhibit
increasing trends. This may lead to a conclusion that more monitoring and possibly
additional delineation wells may be needed before a No Further Action determination can

be made.

The plume COM migration can also be evaluated by plotting all COM locations on a single

map. The COM migration is presented in Ricker (2008) as an objective evaluation based

July 2021 Plume Stability Guidance Document Appendix A Page 23



on movement in a direction relative to the groundwater flow direction. This is
accomplished by measuring the distance from each COM location to an upgradient fixed
point, plotting the distances for each event, and then conducting an analysis of the trend.
If COM distances are increasing, an interpretation may be that the plume is expanding,
and if COM distances are decreasing, an interpretation may be that the plume is
collapsing. Although this method has merit, it becomes less meaningful when
groundwater flow direction is variable across the site as well as through time. Additionally,
a purely mathematical evaluation of COM movement does consider the spatial location
of the COM. After conducting Ricker Method® evaluations on hundreds of plumes, it was
determined that it is more appropriate to evaluate COM migration independent of
groundwater flow direction and to also consider COM location when using it as a metric
to assess plume stability.

Evaluation of COM movement should be considered in conjunction with the other plume
characteristics to assess the overall stability of a plume. For example, a stable or
decreasing plume may show migration of COM in the downgradient direction in instances
when focused remediation occurred in a source area of a site. In this case, this
downgradient COM shift is due to the rapid loss of mass in the upgradient portion of the
plume, as opposed to a gradual migration resulting from advective transport. Conversely,
an upgradient trend in COM movement could be observed in the instance where sourcing
is occurring in the core of the plume that is greater than the rate of attenuation throughout

the plume.

Following are two maps showing the plume COM migration for the example site, one for
the 5,250 ug/l base contour plume and one for the 5 pg/l base contour plume. The COM
data are presented by plotting each COM location on a site map, with each COM location
(representing a discrete sampling event) color coded according to event date to visually

assess spatial changes in COM location through time.
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As observed in the COM maps above, the COM evaluation based on the 5,250 pg/l base
contour plume appears to have more spread than the COM evaluation based on the 5
pg/l base contour plume. However, both COM plume maps indicate that the plume is
stable. That is, the COM movement appears to be random and not sustained in any one
direction.
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Instructions for completing Mann-Kendall Calculations

1. Enter desired chart title and units in the Rows 1 and 2. These values will automatically
populate chart labels

2. Enter event dates in column B formatted as a date

3. Enter values for MK calculations in column C

4. Press "ctrl+shift+Z" to update the calculations and outputs

5. Check "n" value after update. It should match the number of data points in the set, not the
number of events. (code will skip blank cells in calculation)

6. create copies of the calculation worksheet for each data set as required



Data Set ID: MW-1 Benzene Mann-Kendall Results Mann-Kendall Statistical Confidence Trend Conclusion
Units: pg/L n: 7 S>0 > 90% Increasing
Event # Date Value S: -17 S>0 <90% More Data Needed
1 10/01/2017 1723 SES: 6.66 S<0 <90% and COV 21 More Data Needed
2 01/01/2018 1372 z -2.40 S<0 <90% COV <1 Stable
3 05/01/2018 801 Confidence Factor: 99% S<0 = 90% Decreasing
4 09/01/2018 1042 Coefficient of Variation: 0.51
5 12/01/2018 895 Conclusion: Decreasing Trend
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