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INTRODUCTION 

At this time, the horizontal, downgradient extent of the Northern Area 
plume is not delineated within the wetland and/or Sudbury River.  The 
downgradient extent and temporal character of the plume (i.e. transient 
vs. steady state) is of interest to all project stakeholders due to the location 
of the plume within a GW-1 area.  An extensive Waterloo Profiler 
program has provided reassurance that the plume has not migrated from 
the Sudbury River area to the east/northeast, beneath Conservation 
Commission land, toward the Baldwin Pond wellfield.  An analysis of the 
temporal character of the plume at current sampling locations was 
conducted to evaluate whether the plume dynamics are transient or 
steady state.   

METHODS 

A literature review was conducted to support the selection of published 
statistical methods for evaluating temporal data trends of chemical 
concentrations in groundwater systems.  A summary of literature 
references and key quotes supporting applicable statistical analyses of 
temporal groundwater concentration data has been compiled and is 
provided in Attachment A.  Literature supported the use of T-test, Chi-
squared, and Mann-Kendall analyses for this evaluation. 

The following data plots and interpretations were generated for the 
analysis of plume temporal character: 

• ternary diagrams used to graphically present the ratios of parent vs. 
daughter products for samples collected from Northern Area wells 
(Attachment B); 

• Mann-Kendall analyses of time-series trends for individual 
constituents at individual wells, presented graphically in plan view maps 
of the Northern Area (Attachment C); 
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• a molar trend plot and Mann-Kendall analysis (acceptable 80% 
confidence level) for MW-268M (Attachment D); 

• a total-plume-mass molar trend plot and Mann-Kendall analysis 
(acceptable 80% confidence level) using plume-centerline wells 
(Attachment D); and 

• a graphical presentation of multiple statistical analyses, including the 
t-test, Chi-squared, and Mann-Kendall (90% confidence level) of 
concentration trends (Attachment E). 

RESULTS 

Ternary diagrams were produced for key wells within the Northern Area 
plume.  The diagrams are presented individually and also compiled in a 
plan view map.  Both types of output are provided in Attachment B.  All 
ternary diagrams present dominant chemical signatures between TCE and 
cDCE, with only minor components of VC.  The highest components of 
VC, however, are located relatively close to the source, at monitoring well 
locations MW-265M and MW-264M.  The percentage of VC may generally 
be expected to increase in the downgradient plume direction.  This is not 
apparent in this plume. 

The results of Mann-Kendall analyses performed on concentration trends 
at individual monitoring wells for individual constituents are presented 
graphically in Attachment C.  The majority of constituents at individual 
wells present stable or declining concentration trends.  Although, 
increases, determined at the 80% confidence level for this analysis, were 
interpreted for 5 of the 28 Mann-Kendall analyses. 

An evaluation of summed molar concentration of CVOCs over time was 
performed for downgradient monitoring well MW-268M.  The molar 
concentrations of CVOCs were summed for each monitoring event, and 
then plotted over time (i.e., each subsequent sampling event).  The molar 
trend chart is presented in Attachment D.  A visual decline in 
concentration is apparent, and a Mann-Kendall analysis (also attached) 
confirmed this trend to an acceptable 80% confidence level.  This 
determination is important for the determination of potential future 
impacts to receptors located downgradient of MW-268M.  It may be 
predicted from this analysis that impacts to receptors located 
downgradient of MW-268M will remain stable or decline given no 
changes in source-area concentrations. 
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An evaluation of total molar plume concentration over time was 
performed.  Monitoring wells that were sampled during every Northern 
Area sampling event were selected for this analysis (i.e., plume centerline 
wells).  The molar concentrations from this subset of wells was summed 
for each monitoring event, and then plotted over time (i.e., each 
subsequent sampling event).  The total molar trend chart is presented in 
Attachment D.  A visual decline in concentration is apparent, and a Mann-
Kendall analysis (also attached) confirmed this trend to an acceptable 80% 
confidence level.  This analysis may be interpreted to show that the 
overall CVOC contaminant mass within the plume is declining due to 
natural attenuation processes. 

The manual application of three statistical analyses to groundwater 
analytical data for the Northern Area wells was performed.  Results are 
presented graphically in Attachment E.  T-test and Mann-Kendall analyses 
are used to evaluate increasing, decreasing, or stable trends, while the 
Chi-squared analysis determines whether or not the data are normally 
distributed.  The analyses presented stable or decreasing CVOC trends at 
all wells except for PCE concentrations in MW-261S, VC concentrations in 
MW-266Mb, and PCE and TCE concentrations in MW-267M, at which 
increasing trends were determined.  An increase in degradation products 
(i.e., cDCE and VC) over time is indicative of an increase in intrinsic 
biodegradation processes, which are a significant component of natural 
attenuation. 

SUMMARY 

A trend of stable or declining chemical concentrations is apparent for most 
wells within the Northern Area of the Site.  A relatively minor number of 
locations and chemicals showed increasing trends of CVOC constituents.  
Two of the increasing trends occurred near the source area for the plume, 
at MW-261S (cDCE and PCE), and the rest occurred at downgradient 
wells that are interpreted to be off-centerline of the plume.  Wells within 
or close to the centerline of the plume (MW-265M and MW-268M) show 
stable or decreasing trends for PCE, TCE, cDCE, and/or VC.  Since the 
plume-centerline wells show stable or declining values, it may generally 
be interpreted from the available dataset that the plume is attenuating or 
in steady state. 



 

 

 

 

 

Attachment A 

References and Related Notes 



Notes on Statistical Analyses for Data Trends, and Related Notes 

 

Data shows no serial correlation – note that serial correlation may over-predict cases 

where trends occur, but not otherwise, so not correcting for serial correlation is 

conservative 

 

Graphical – Box Plots – require replicate samples each round 

Papastergiou and Papadopoulou-Mourkidou (2001) 

 

Parametric – Sequential T-Test (see Appendix F of EPA, 1992) 

Hess et al (2001): 

 

Parametric – Regression Analysis 

Gibbs et al (2002) 

Pelayo and Evangelista (2003):  Linear regression analysis in time – w groundwater 

 

Non-Parametric – Mann-Kendall Test 

High power, robust test (Manly and MacKenzie, 2000; Hess et al, 2001) 

 

“With the rule of six consecutive data points described above, the chance of erroneously 

concluding that a trend exists is only 1 in 360, or about 0.3 percent.” (EPA, 1992)  “In 

contrast, a rule based on five consecutive points has a 1 in 60 chance (1.6 percent) of 

erroneously concluding that there is a trend.” (EPA, 1992). 

“The [Mann-Kendall] trend analysis requires at least four independent sampling events 

(Wiedemeier et al., 1999).” (from Lee and Lee, 2003). 

 

Yue and Wang: 

Yue et al (2002): 

Burn and Hag Elnur: 

Zetterqvist (1991): 

 

van Belle &  Hughes and χ
2
 

Dixon and Chiswell (1996): 

van Belle and Hughes (1984) took the work of Hirsch et al. (1982) a step further, and 

presented a method for testing the homogeneity assumptions implicit in the use of 

intrablock methods (which include the seasonal Kendal tests) and aligned rank methods 

(Farrell, 1980) for trend testing. They showed how χ
2
 statistics could be derived to test 

for overall trend and for site and seasonal heterogeneity and interaction. They also gave 

advice on the analysis of nonuniformly-sampled data sets. 

Berryman et al. (1988) reviewed nonparametric tests for trend, and gave a useful 

flowchart for the selection of a statistical test for a monotonic trend. Their best choices 

for use with water quality time series were the Mann-Whitney, Spearmen and Kendall 

tests. Yu et al. (1993) gave a case study of the performance of four, 

established, nonparametric methods in detecting trends in water quality data of rivers in 

Kansas. These were the Mann-Kendall, seasonal Kendall and Sen’s t-tests, and Sen’s 

estimator of slope. They found that the tests had similar powers at a 0.05 significance 



level for data records of over nine years. They also discussed the use of the van Belle and 

Hughes’ χ
2
 test for homogeneity of trends with the above tests, and found heterogeneity 

in station-wide or basin-wide trends. 

 

Gan(1998) 

 

Mass Flux 

e.g., Suarez and Rifai (2002) 
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Ternary Diagrams for Hydrochemical Facies Analysis 
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MW-264M TCE-cDCE-VC Time-series
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MW-265M TCE-cDCE-VC Time-series
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MW-266Mb TCE-cDCE-VC Time-series
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MW-267S TCE-cDCE-VC Time-series
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MW-267M TCE-cDCE-VC Time-series
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MW-268M TCE-cDCE-VC Time-series
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Attachment C 

Plan View Results of Individual Mann-Kendall Analyses,  

By Constituent, By Well 
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Attachment D 

MW-268M and Total-Plume Molar Trend Plots and Analyses 



Summed CVOC Molar Concentration Trend at MW-268M
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  State of Wisconsin Mann-Kendall Statistical Test  
  Department of Natural Resources Form 4400-215 (2/2001)  
  Remediation and Redevelopment Program
  Notice: This form is the DNR supplied spreadsheet referenced in Appendices A of Comm 46 and NR 746, Wis. Adm. Code.  It is provided to 
  consultants as an optional tool for groundwater contaminant trend analysis to support site closure requests under s. Comm 46.07, Comm 46.08, 
  NR 746.07, NR 746.08, Wis. Adm. Code.  Use this form or a manual method when seeking case closure under those rules.  Earlier versions of this 
  form should not be used.
  Instructions: Do not change formulas or other information in cells with a blue background, only cells with a yellow background are used for data 
  entry.  To use the spreadsheet, provide at least four rounds and not more than ten rounds of data that is not seasonally affected.  Use consistent units.  
  The spreadsheet contains several error checks, and a data entry error may cause "DATA ERR" or "DATE ERR" to be displayed.  Dates  that are not 
  consecutive will show an error message and will not display the test results.  The spreadsheet tests the data for both increasing and decreasing trends 
  at both 80 percent and 90 percent confidence levels.  If a declining trend is present at 80 percent but not at 90 percent, a site is still eligible for closure 
  under Comm 46 and NR 746 provided that other conditions in those rules are met.  If an increasing or decreasing trend is not present, an additional 
  coefficient of variation test is used to test for stability, as proposed by Wiedemeier et al, 1999.  For additional information, refer to the Interim Guidance 
  on Natural Attenuation for Petroleum  Releases, dated October 1999.  Refer to the guidance for recommendations on data entry for non-detect values.  

Site Name =Former Raytheon Facility BRRTS No. = Well Number = MW-268M

Compound -> Molar CVOC

Concentration Concentration Concentration Concentration Concentration Concentration

Event Sampling Date (leave blank (leave blank (leave blank (leave blank (leave blank (leave blank

Number (most recent last) if no data) if no data) if no data) if no data) if no data) if no data)

1 6-Jan-03 137.86

2 30-Apr-03 92.22

3 2-Oct-03 102.12

4 11-Feb-04 96.97

5 29-Apr-04 107.77

6 21-Jul-04 95.93

7 10-Dec-04 77.49

8

9

10

Mann Kendall Statistic (S) = -9.0 0.0 0.0 0.0 0.0 0.0

Number of Rounds (n) = 7 0 0 0 0 0

Average = 101.48 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Standard Deviation = 18.602 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Coefficient of Variation(CV)= 0.183 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Error Check, Blank if No Errors Detected   n<4 n<4 n<4 n<4 n<4

Trend  ≥ 80% Confidence Level DECREASING n<4 n<4 n<4 n<4 n<4

Trend  ≥ 90% Confidence Level No Trend n<4 n<4 n<4 n<4 n<4

Stability Test, If No Trend Exists at   n<4 n<4 n<4 n<4 n<4

  80% Confidence Level NA n<4 n<4 n<4 n<4 n<4

Data Entry By = JDF Date = 28-Sep-05 Checked By = 
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  State of Wisconsin Mann-Kendall Statistical Test  
  Department of Natural Resources Form 4400-215 (2/2001)  
  Remediation and Redevelopment Program
  Notice: This form is the DNR supplied spreadsheet referenced in Appendices A of Comm 46 and NR 746, Wis. Adm. Code.  It is provided to 
  consultants as an optional tool for groundwater contaminant trend analysis to support site closure requests under s. Comm 46.07, Comm 46.08, 
  NR 746.07, NR 746.08, Wis. Adm. Code.  Use this form or a manual method when seeking case closure under those rules.  Earlier versions of this 
  form should not be used.
  Instructions: Do not change formulas or other information in cells with a blue background, only cells with a yellow background are used for data 
  entry.  To use the spreadsheet, provide at least four rounds and not more than ten rounds of data that is not seasonally affected.  Use consistent units.  
  The spreadsheet contains several error checks, and a data entry error may cause "DATA ERR" or "DATE ERR" to be displayed.  Dates  that are not 
  consecutive will show an error message and will not display the test results.  The spreadsheet tests the data for both increasing and decreasing trends 
  at both 80 percent and 90 percent confidence levels.  If a declining trend is present at 80 percent but not at 90 percent, a site is still eligible for closure 
  under Comm 46 and NR 746 provided that other conditions in those rules are met.  If an increasing or decreasing trend is not present, an additional 
  coefficient of variation test is used to test for stability, as proposed by Wiedemeier et al, 1999.  For additional information, refer to the Interim Guidance 
  on Natural Attenuation for Petroleum  Releases, dated October 1999.  Refer to the guidance for recommendations on data entry for non-detect values.  

Site Name =Northern Area Plume of Former Raytheon Facility BRRTS No. = Well Number = Molar Sum

Compound -> Molar CVOC

Concentration Concentration Concentration Concentration Concentration Concentration

Event Sampling Date (leave blank (leave blank (leave blank (leave blank (leave blank (leave blank

Number (most recent last) if no data) if no data) if no data) if no data) if no data) if no data)

1 6-Jan-03 230.46

2 28-Apr-03 170.67

3 2-Oct-03 208.80

4 11-Feb-04 177.45

5 30-Apr-04 178.66

6 21-Jul-04 177.92

7 7-Dec-04 151.74

8

9

10

Mann Kendall Statistic (S) = -9.0 0.0 0.0 0.0 0.0 0.0

Number of Rounds (n) = 7 0 0 0 0 0

Average = 185.10 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Standard Deviation = 26.113 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Coefficient of Variation(CV)= 0.141 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Error Check, Blank if No Errors Detected   n<4 n<4 n<4 n<4 n<4

Trend  ≥ 80% Confidence Level DECREASING n<4 n<4 n<4 n<4 n<4

Trend  ≥ 90% Confidence Level No Trend n<4 n<4 n<4 n<4 n<4

Stability Test, If No Trend Exists at   n<4 n<4 n<4 n<4 n<4

  80% Confidence Level NA n<4 n<4 n<4 n<4 n<4

Data Entry By = JDF Date = 28-Sep-05 Checked By = 



 

 

 

 

Attachment E 

Plan View Results of Three Statistical Analyses, by Well 
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