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Summary 

 Statistical methods are required in groundwater monitoring programs to determine if a Resource 
Conservation and Recovery Act (RCRA)-regulated unit affects groundwater quality beneath a site.  
Statistical analyses are used to compare the chemical groundwater quality downgradient of a waste 
management unit with either:  1) the concentrations obtained from an upgradient well screened in the 
same hydrostratigraphic zone and unaffected by facility operations (inter-well comparisons); 2) historical 
concentrations from the same well (intra-well comparisons); or 3) a permit-established standard.  The 
inter- or intra-well comparisons, the main focus of this report, are designed for a waste management unit 
that is in a detection monitoring program status.  Comparisons with permit-established standards are 
conducted for sites with known groundwater contamination in compliance monitoring programs. 

 For sites regulated under interim status detection regulations, the statistical determination is based on 
the averaged replicate (AR) t-test method.  This involves comparison of the mean concentrations of four 
indicator parameters (i.e., specific conductance, pH, total organic carbon, and total organic halides) 
between the upgradient and downgradient wells using four replicate measurements during each sampling 
event (inter-well comparisons).  However, because of problems associated with the interim status 
requirements, other sampling and statistical evaluation methods warrant consideration. 

 The 216-B-3 pond system (B Pond), an interim status site in the 200 East Area of the Hanford Site, is 
one example where an alternative was needed because this unit has unique hydrologic conditions that 
preclude use of standard upgradient-downgradient comparisons.  One method, allowable under final 
status regulations, is the use of a combined Shewhart-CUSUM control chart (an intra-well comparison) 
approach. 

 After numerous discussions and negotiations with Washington State Department of Ecology, the U.S. 
Department of Energy requested 1) a variance from applying interim status regulations at B Pond and 2) a 
trial period for applying the combined Shewhart-CUSUM control method at the 300 Area process 
trenches.  Ecology granted the request for a trial period of 2 years or four sampling events and an 
alternative statistical approach was developed to address the special case when standard upgradient-
downgradient comparisons are not valid.  However, before applying this method to the sites, and 
potentially other RCRA sites at Hanford, analysis of groundwater data collected over a 2-year trial period 
starting January 2002 was required by Ecology. 

 This report presents the results of the statistical analysis of groundwater monitoring data acquired at B 
Pond and the 300 Area process trenches during the 2-year trial or test period.  The results indicate that, for 
a detection status site (e.g., the B Pond case), the Shewhart-CUSUM control chart approach is superior 
(more powerful) than the AR t-test method to detect a change in mean concentration above baseline while 
keeping the overall network-wide false positive rate at acceptably low levels (~5%).  These levels are 
consistent with guidance from the U.S. Department of Ecology and the American Society for Testing and 
Materials.  For the 300 Area process trenches (compliance status site), the primary concern was that a 
bimodal contaminant distribution (due to flow reversal and river water dilution effects) could invalidate 
application of the Shewhart–CUSUM control chart method.  Results of statistical goodness-of-fit test on 
both dilution-corrected and non-corrected data indicate the data were either normal or log-normal for the 
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dilution corrected or uncorrected data set.  It was concluded that the combined Shewhart-CUSUM method 
is a viable alternative for application at the 300 Area process trenches as well as at other regulated sites 
that may be subject to river water dilution effects. 
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1.0 Introduction 

1.1 Background 

 Statistical methods are required in groundwater monitoring programs to determine if a Resource 
Conservation and Recovery Act (RCRA)-regulated unit affects groundwater quality beneath a site.  
Statistical analyses are used to compare the chemical groundwater quality downgradient of a waste man-
agement unit with either:  (1) the concentrations obtained from an upgradient well screened in the same 
hydrostratigraphic zone and unaffected by facility operations (inter-well comparisons); (2) historical 
concentrations from the same well (intra-well comparisons); or (3) a permit-established standard.  The 
inter- or intra-well comparisons, the main focus of this report, are designed for a waste management unit 
that is in a detection monitoring program status.  Comparisons with permit-established standards are 
conducted for sites with known groundwater contamination in compliance monitoring programs. 

 For sites regulated under interim status detection regulations (40 CFR 265 Subpart F and by reference 
of WAC 173-303-400), the statistical determination is based on the averaged replicate (AR) t-test method.  
This involves comparison of the mean concentrations of four indicator parameters (i.e., specific conduct-
ance, pH, total organic carbon, and total organic halides) between the upgradient and downgradient wells 
using four replicate measurements during each sampling event (inter-well comparisons).  However, these 
interim status sampling and statistical analysis methods are flawed for the following reasons (see Davis 
and McNichols 1994 and Cameron 1996): 

• Replicate measurements made on the same sample only measure analytical variability.  The required 
pooling of background data is not valid when spatial, temporal, and sampling variability constitute a 
significant portion of the total variability. 

• A static background is assumed because one initial set of background samples is collected and 
statistically compared to downgradient data collected during later monitoring. 

• The background data pool does not incorporate any component of spatial variability if only one 
upgradient well is used. 

• The four indicator parameters selected do not serve well as early warning indicators of groundwater 
contamination by leachate from the facility. 

 Because of the problems associated with the interim status requirements, other sampling and 
statistical evaluation methods warrant consideration.  The 216-B-3 pond system (B Pond), an interim 
status site in the 200 East Area of the Hanford Site, is one example where an alternative is needed 
because, in addition to the above noted shortcomings, this unit has unique hydrologic conditions that 
preclude use of standard upgradient-downgradient comparisons. 

 RCRA allows application of alternative statistical methods for analysis of groundwater monitoring 
data at permitted (i.e., final status) facilities where the standard protocol is inappropriate.  One method, 
allowable under final status regulations WAC 173-303-645(8), is the use of a combined 
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Shewhart-CUSUM control chart (an intra-well comparison) approach.  The method was first referenced 
by Westgard et al. (1977) and further developed by Lucas (1982).  For groundwater applications, testing 
procedures are discussed in U.S. Environmental Protection Agency (EPA) guidance (EPA 1989, 1992), 
Starks (1989), Gibbons (1994), ASTM (1998, formerly known as ASTM 1996), and Chou et al (2001). 

 After numerous discussions and negotiations with Washington State Department of Ecology 
(Ecology), the U.S. Department of Energy (DOE) requested 1) a variance from applying interim status 
regulations at B Pond and 2) a trial period for applying the combined Shewhart-CUSUM control method 
at the 300 Area process trenches.  Ecology granted the request for a trial period of 2 years or four 
sampling events (Appendix A.1, May 7, 2001 letter from Dib Goswami to Marv Furman).  An alternative 
statistical approach was developed to address the special case when standard upgradient-downgradient 
comparisons are not valid (Chou et al. 2001).  However, before applying this method to the sites, and 
potentially other RCRA sites at Hanford, analysis of groundwater data collected over a 2-year trial period 
starting January 2002 was required by Ecology.  Sampling conducted during July 2003 and September 
2003 constitutes the last sampling event for B Pond and 300 Area process trenches, respectively.  The 
results of this trial application will assist Ecology in deciding whether to continue, modify, or abandon the 
proposed approach at these facilities and/or to apply the approach to other RCRA facilities. 

1.2 Purpose and Scope 

 The purpose of this report is to present the results of the statistical analysis of groundwater monitor-
ing data acquired at B Pond and the 300 Area process trenches during the 2-year trial or test period and to 
make recommendations concerning application of the statistical methods evaluated.  Overall, a more 
efficient and technically sound statistical method for analysis of groundwater monitoring data at the 
Hanford Site is the desired outcome of this effort. 

 The scope for this report is limited to the following: 

• Constituents of concern (COCs) and monitoring networks that were negotiated and agreed upon by 
Ecology.  For the B Pond case, specific conductance, gross alpha,1 and gross beta1 are the COCs that 
are subject to statistical evaluation; and monitoring network wells include one upgradient well 699-
44-39B and four downgradient wells, 699-42-42B, 699-43-44, 699-43-45 and 699-43-43 
(Appendix A.2, November 20, 2001, Letter from John Morse, DOE to Jane Hedges, Ecology).  Well 
699-43-43 was added to the network at Ecology’s request and later it went dry. 

                                                      
1Special nuclear and by-product materials, as defined in the Atomic Energy Act of 1954, are regulated at DOE 
facilities exclusively by DOE and are not subject to regulation by the state of Washington.  However, gross alpha 
and gross beta activity were included in the B Pond monitoring program by special agreement between DOE and 
Washington State Department of Ecology. 
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• For the 300 Area process trenches case, uranium,2 cis1,2-dichloroethene (cis-DCE), and 
trichloroethene (TCE) are the COCs; and network wells under evaluation include 399-1-16A, 
399-1-16B, 399-1-17A, 399-1-17B (Appendix A.1, May 7, 2001 letter from Dib Goswami to Marv 
Furman), and 399-1-10A and B (for completeness). 

• For the B Pond case, data acquired prior to January 1995 are not used in statistical evaluations 
because the change in discharge practices rendered previously collected data unrepresentative of 
current site conditions.  For example, in April 1994, discharges to the main pond ceased, and all 
effluents were rerouted to the 3 C expansion pond via a pipeline.  Also, during 1994, the main pond 
and the 216-B-3-3 ditch (B-3-3 ditch) were filled with clean soil, and all vegetation was removed 
from the perimeter and included with the filled soil as part of interim stabilization activities.  
Termination of discharges to the B Pond system caused groundwater flow direction changes. 

• For the 300 Area process trenches case, data acquired prior to January 1995 are not used in the 
statistical evaluations because the trenches were administratively isolated and all discharges were 
terminated in December 1994.  The Shewhart-CUSUM control limits agreed upon by Ecology as 
indicated in Appendix A.1 (May 7, 2001 letter from Dib Goswami to Marv Furman) did not address 
public comments concerning:  1) the possible dilution effect of mixing Columbia River water with 
contaminated groundwater; and 2) the assumption of normality may be compromised due to the 
bimodal nature of groundwater flow direction (i.e., high river stage reverses the groundwater flow 
direction for wells near the river, resulting in mixing and dilution of groundwater with river water).  
To address these comments, the baseline data and control limits were updated, corrected for dilution 
effect, if necessary, and normality tests performed.   

• The statistical method is focused on the use of the combined Shewhart-CUSUM control chart 
approach in evaluating groundwater quality data.  The statistical power of this testing method will be 
compared to other methods as appropriate. 

1.3 Report Organization  

 Chapter 2 provides a brief description of the basic assumptions and the step-by-step procedures 
associated with the control chart method.  Chapters 3 and 4 provide results of statistical evaluation and 
findings for the B Pond system and the 300 Area process trenches, respectively.  Chapter 5 addresses 
special conditions encountered for each site.  Chapter 6 presents conclusions and recommendations 
regarding the applicability of the methodology to other facilities on the Hanford Site.  Letters of 
communications with Ecology that document agreed upon conditions are presented in Appendix A.  
Power curve evaluations for the proposed combined Shewhart-CUSUM method and interim status 
required AR t-test method are presented in Appendix B.  Normal probability plots are presented in 
Appendix C. 

 

 

 
2Special nuclear and by-product materials, as defined in the Atomic Energy Act of 1954, are regulated at DOE 
facilities exclusively by DOE and are not subject to regulation by the state of Washington.  Uranium currently is 
included for the 300 Area process trenches because it remains in the monitoring plan cited in the Hanford Facility 
RCRA Permit and by special agreement between DOE and Washington State Department of Ecology. 
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2.0 Statistical Assumptions and Test Procedures 

 Before choosing a statistical method, an evaluation must be made of whether the available site-
specific data meet underlying basic assumptions required for statistical testing.  For example, typical 
methods (referred to as inter-well comparisons) involve difference testing of contamination indicator 
parameters or contaminant concentrations between upgradient and downgradient wells.  In these cases, 
independent and identically distributed populations of upgradient and downgradient concentrations are 
assumed.  The difference between upgradient and downgradient water quality is attributed to the site.  
However, in practice, this condition may not be met due to either a flat water table or spatial variability 
among network wells, and other methods are needed. 

 The statistical method discussed here can be used when the above assumptions are not valid, and an 
alternative is required to detect changes in groundwater quality attributable to the regulated unit.  The 
method used is a sequential quality control scheme called a combined Shewhart-CUSUM control chart 
approach (Westgard et al. 1977; Lucas 1982; Starks 1989; EPA 1989, 1992; Gibbons 1994; ASTM 1998).  
This method can be implemented for each well in the monitoring network separately after a baseline 
period of eight or more independent observations is acquired.  This procedure assumes that groundwater 
data obtained in a well during the baseline period and a future timeframe are independent and normally 
distributed with a fixed mean µ and variance σ2.  The most important assumption is that the data are 
independent.  The assumption of normality can generally be satisfied by data transformation.  Even in 
situations where the normality assumption is violated to a slight or moderate degree, the control chart 
methods will still work reasonably well (Montgomery 1991, page 342).  The control charts will not work 
well if monitoring data collected from a well are auto-correlated over time.  To ensure groundwater 
quality data are independent, wells should not be sampled too frequently.  Gibbons (1994, pages 163 and 
185) recommends groundwater not be sampled more than quarterly to reduce the likelihood of obtaining 
dependent data.  Useful techniques to check the validity of these assumptions are provided below 
followed by a description of the Shewhart-CUSUM methodology that can be used once the assumptions 
of independence and normality are satisfied. 

2.1 Minimum Time Interval to Obtain Independent Samples 

 To ensure statistical independence between sampling events, adequate time should elapse to allow the 
aquifer near the well to return to an unperturbed state.  Generally, the recovery time needed depends on 
the groundwater flow rate and the size of the disturbed zone created during a typical well purging and 
sampling event.  The EPA (1989, pages 3-1-10) suggested using the following steps to determine the 
minimum time needed to acquire independent samples by reference to the uppermost aquifer’s effective 
porosity ( ); horizontal hydraulic conductivity ( ); and hydraulic gradient ( ). en K ih

1. Calculate the horizontal component of the average linear velocity of groundwater ( hv ) using 
Darcy’s equation Freeze and Cherry (1979, page 71) 

 
e

h
h

n
iK

v
)*(

=  (Equation 2.1) 
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where the dimension of hv is the same as (or distance divided by time, L/T). hK

2. The minimum time interval between independent sampling events is obtained by: 

 Minimum Time Interval = 
h

d

v
W

 (Equation 2.2) 

where hv  is determined in Step 1, and is the diameter of the monitoring well.  This approximation is 
most applicable to zero or low purge sampling conditions. 

dW

 The Darcy equation is not valid in turbulent and nonlinear laminar flow regimes.  In those cases 
where Darcy flow cannot be assumed (e.g., in karst or pseudo-karst aquifers; EPA 1989, page 3-11), the 
groundwater velocity must be determined by more direct methods such as tracer travel time between two 
wells or with a flow meter. 

 In those cases where Darcy flow conditions apply, well purging might create a much larger effective 
disturbed zone diameter than just the diameter of the well screen.  This can occur if large volumes of 
purge water are withdrawn prior to sampling.  Therefore, to account for this effect, an estimated disturbed 
zone diameter (2 times r  where r  is the radius of the affected area) can be substituted for W  in 
Equation 2.2 to calculate a more conservative estimate of the time interval required to obtain independent 
samples.  An approximation for the disturbed zone radius 

d

r  is as follows in Equation 2.3: 

 
e

w

nh
V

r
**

3
π

=  (Equation 2.3) 

where  is the volume of water purged prior to sample collection (typically three bore volumes); h is the 
length of the wetted well screen; and  is the effective porosity.   

wV
en

 The EPA (1989, Table 3.1) provides default values for effective porosity for use in time of travel 
analyses. 

2.2 Check Assumption on Normally Distributed Data Set 

 A normal probability plot of each COC could be constructed first to examine whether a normal 
distribution could be used to describe the groundwater data.  If a straight line can approximate these data 
points, a normal distribution is assumed to be a reasonable representation of the monitoring data.  Also, 
goodness-of-fit tests such as the Shapiro and Wilk’s W test and the Lilliefors test for normality of data as 
described in Conover (1980, pages 357-367) are effective methods for testing the null hypothesis that 
these data were drawn from an underlying normal distribution.  Because environmental data are highly 
skewed, the assumption of normality can generally be satisfied by log-transforming the data or by other 
techniques such as the Box-Cox transformations.  Draper and Smith (1980, pages 226-232) provide a 
detailed discussion on this useful family of transformations. 
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2.3 Combined Shewhart-CUSUM Testing Procedures  

 This method is a sequential testing procedure to test for an upward shift in the mean concentration of 
a COC.  It combines the advantages of a Shewhart control chart with that of a CUSUM control chart.  It 
allows monitoring data from a well to be viewed graphically over time so changes over baseline condi-
tions can be detected.  The Shewhart portion of the test checks for any sudden upward shift in ground-
water quality parameters based on a single observation.  The CUSUM checks for a gradually increasing 
trend in the groundwater quality parameters.  The procedure can be implemented as follows:  Let x'i be a 
series of independent baseline observations i = 1, 2…., n (n = 8).  Let xi

 be a series of future monitoring 
measurements i = 1, 2, 3….. .  Then, using the baseline data, the following steps are applied: 

1. Using methods discussed in Sections 2.1 and 2.2, determine if the x'i can be assumed to be indepen-
dent and follow a normal distribution with mean µ and standard deviation σ.  If not, transform the x'i 
using the appropriate Box-Cox transformation, and work with the transformed data.  

2. Next, use the baseline data to compute the estimates 

 .for  )1/()(' and for /n = 
1

2

1

σµ −′−′=′′ ∑∑
==

nxxsxx
n

i
bib

n

i
ib  (Equation 2.4) 

 3. Determine the upper Shewhart control limit (SCL) for the procedure by calculating '' bsb szxSCL +=  
where  is a percentile of the standard normal distribution used to set the false negative and false 
positive values of the Shewhart control limit.  The value of  most often suggested for groundwater 
use, is 4.5 (Starks 1989 and EPA 1989).  Other values may also be used, depending on the sampling 
scheme used and whether verification sampling is used to modify the false positive and false negative 
error rates.  If the Shewhart control scheme test were used alone, without the CUSUM portion of the 
test, then the false positive values of this portion of the test alone would be given by 1- Φ( )m, 
which is the probability of at least one of the m comparisons (number of wells in the network times 
the number of water quality parameters) exceeding their respective SCL’s , where Φ( ) is the 
cumulative distribution function of the standard normal distribution. 

sz
z

z

z

z
z

z

s

s

 For illustrative purposes, let us assume a waste disposal site has four wells and three water quality 
parameters.  Using the above-suggested value of 4.5 for , this would translate to a false positive 
rate of 0.00004.  For values of  being 2, 3, and 4, the respective false positive rates would be 0.24, 
0.02, and 0.00038.  Thus, higher values of  ensure that the probability of falsely declaring the site 
has affected groundwater quality in any one sampling period, when in fact it has not, is small.  The 
false negative rate for the network, for various shifts from the baseline means, needs to be computed 
by simulation and is computed in conjunction with the CUSUM test. 

s

s

s

 7



 

 4. Determine the upper CUSUM control limit (CCL), with '' bcb szxCCL += .  The value of  sug-
gested by Lucas (1982), Starks (1989), and EPA (1989) is  = 5.  This value can also be adjusted to 
reach desired false negative and false positive error rates. 

cz
cz

 5. Determine the amount of increased shift in the mean of the water quality parameter of interest to 
detect an upward trend.  This value is referred to as k and is usually measured in σ units of the water 
quality parameter.  Lucas (1982), Starks (1989), and EPA (1989) suggest a value of k = 1 if there are 
fewer than 12 baseline observations and a value of k = 0.75 if there are 12 or more baseline 
observations. 

 After the baseline measurements are established, use the subsequent monitoring data to: 

 6. Compute the CUSUM statistic as })(,0max{ 1 bibii sSskxS ′+′−= −  as each new monitoring 
measurement,  becomes available, where i = 1,2,3,….. and  = 0. ix S

x

0

 7. As each new monitoring measurement becomes available, compute the Shewhart and CUSUM tests; a 
verification sampling will be conducted if either  >i  SCL or  >iS  CCL.  A well is declared to be out 
of compliance only if the verification result also exceeds the SCL or the CCL.  If both  < SCL and 
Si < CCL, then continue monitoring. 

ix

 If resampling is implemented during monitoring, the new analytical result is substituted into the 
above formulas for the original value obtained, and the CUSUM statistic is updated.  Note in the above 
combined test that the Shewhart portion of the test quickly detects extremely large deviations from the 
baseline period.  The CUSUM portion of the combined test is sequential; thus, a small positive shift in the 
mean concentration over the baseline period will slowly aggregate in the CUSUM statistic and eventually 
cause the test to exceed the CUSUM control limit CCL. 
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3.0 Statistical Evaluations of B Pond Data 

 This section presents results of statistical evaluations at B Pond including evaluating data indepen-
dence and normality assumptions, detection status, and presenting the Shewhart-CUSUM input parameter 
values (i.e., control limits, see Appendix B).  Only measurements obtained subsequent to January 1995 
were used for data evaluation purposes. 

3.1 Background 

 The B Pond system consisted of the original or main pond and three expansion ponds A, B, and C.  
Wastewater discharges to the main pond began in 1945.  Three expansion ponds (-3A, -3B, and -3C) were 
built in 1983, 1984, and 1985 respectively.  Discharges to the main pond ceased in 1994, and use of the 
3C-expansion pond was terminated in 1997.  During its operating lifetime, the B Pond system received 
more than 1.0 E+12 L of wastewater (Barnett et al. 2000).  Most of the water discharged to B Pond in the 
recent past was cooling water (Columbia River water), which has lower dissolved solids and ionic 
strength than ambient groundwater. 

 The B Pond system has been monitored as a RCRA interim status facility since 1988 as illustrated in 
Figure 1.  Locations of current and historical monitoring wells are shown in Figure 2.  From 1988 until 
2001, sampling procedures and statistical evaluation method were based on 40 CFR 265 Subpart F (and 
by reference of WAC 173-303-400).  During the 2-year trial evaluation period from 2001 through 2003, 
sampling was conducted in accordance with variance agreement (Appendix A.1 and A.2).  In January 
2004, sampling will revert to interim status requirements pending an Ecology decision whether to allow 
the alternative method. 

 

Figure 1. RCRA Groundwater Monitoring Timeline for the 216-B-3 Pond System 

 9



 

 

Figure 2. Historical and Revised Monitoring Network for the B Pond System.  Revised network 
wells are shown in red, except for well 699-43-43 which was added to the revised 
network (but became dry in October 2001).  

3.2 Independent Samples 

 Using a monitoring well diameter of 0.1016 m and a B Pond groundwater flow rate of 0.008 m/d 
(Hartman et al. 2003, Table A.2), Equation 2.2 yields a minimum time of 13 days between sampling 
events to ensure independence.  However, this estimate is not realistic because the effective diameter of 
the disturbed zone is much greater than the well diameter.  To account for this effect, an approximation 
for the disturbed zone radius r  was calculated to be 0.1822 m using Equation 2.3.  Thus, a more 
conservative estimate of the time interval required to obtain independent samples is about 46 days 
(2*0.1822 m/0.008 m/d = 45.6 or 46 days).  Under this scenario, a time interval of ~184 days would be 
needed to obtain four independent samples for use in the default analysis of variance (ANOVA) method 
[WAC 173-303-645 (9)(d)]. 

 Because of the slow moving groundwater, the regulatory requirement to collect four independent 
samples during each semi-annual period for the ANOVA method cannot be satisfied at B Pond.  Further-
more, the power of the ANOVA procedure depends greatly on having at least 3 to 4 samples per well 
available for testing (EPA 1992, page 67).  Because the samples must be statistically independent, collec-
tion of four samples at a given well for verification purposes will necessitate a 6-month ( 4 x 46 days) 
waiting period at B Pond monitoring wells due to the very low groundwater velocity (i.e., 0.008 m/d or 
~2.9 m/yr).  It would not be environmentally responsible to wait 6 months to verify an initial statistical 
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exceedance.  An alternative method that relies on collection of one sample from each well during each 
semi-annual period is more appropriate under this condition. 

3.3 Spatial Variability 

 The existence of high spatial variability among the B Pond historical wells was documented in 
Chou et al. (2001, Figure 4).  Spatial variability affects the mean concentrations of naturally occurring 
constituents among network wells but not typically the variance within each well, whereas contamination 
can affect both mean concentrations and variance.  Specific conductance data obtained from the current 
network wells during January 1995 through July 2003 are presented in Figure 3.  Within well variability 
of more recent data is less than that of earlier data.  Thus, the more recent data (2000 and after) are used 
to demonstrate the spatial variability for the B Pond wells.  The mean specific conductance values vary 
from ~220 to 270 µS/cm, while observations over time from wells fluctuate little from their respective 
mean values. 

 Another simple method to evaluate spatial variability is the box-and-whisker plot where the distribu-
tions of specific conductance among the network wells are displayed as shown in Figure 4.  For each well, 
the top and bottom of a box represent the upper (Q3) and lower (Q1) quartiles of the specific conductance 
values, and a line segment within the box indicates the median (Q2).  The box covers the middle 50% of 
the data values.  The whiskers extend out to the extremes (minimum and maximum observations).  When 
extremely large or small values occur, they are plotted as individual points.  The whiskers extend only to  

 

Figure 3. Specific Conductance versus Time Plot 
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Figure 4. Examples of Spatial Variability Exhibited by B Pond Network Wells using Specific 
Conductance Data Obtained from January 2000 through July 2003 

those points within 1.5 times the interquartile range (Q3 – Q1).  Any data point that falls outside the 
whisker could be classified as a suspected outlier (Ostle and Malone 1988, pages 65-67). 

 The presence of spatial variability among B Pond network wells is again demonstrated in Figure 4.  
Figure 4 shows that the specific conductance distributions from each well (as represented by each box) 
are relatively symmetric and without extremely large values.  These are characteristics of wells that do 
not intersect groundwater contamination, yet most of the median values (which range from ~220 µS/cm to 
~270 µS/cm) do not overlap indicating differences among network wells.  In this case, the spatial 
variability invalidates the inter-well comparison method because that method assumes the only impact 
between the upgradient well and down gradient wells is from the facility. 

3.4 Rationale for Selecting the Combined Shewhart-CUSUM Control Chart 
Method 

 The goal of a RCRA final status detection-monitoring program [WAC 173-303-645(9)] is to deter-
mine whether the regulated unit has adversely affected the groundwater quality in the uppermost aquifer 
beneath the site.  This is accomplished by testing for statistically significant changes in concentrations of 
constituents of interest in a downgradient well relative to baseline values.  In the B Pond case, the 
objectives of the proposed statistical evaluation method are: 

1. To keep the site-wide false-positive rate (across all constituents and wells being tested) at an 
acceptably low level. 

2. To have adequate statistical power to detect real contamination when it occurs. 
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 To achieve the goal of lowering the site-wide false-positive rate, the number of tested constituents is 
limited to the most useful indicators (EPA 1992, page 62; Gibbons 1994, page 16); therefore, only the 
three site-specific parameters (specific conductance, gross alpha, and gross beta) were be subject to 
statistical evaluation for the B Pond system under this trial.  Another strategy to lower the overall false-
positive rate is to perform verification sampling to determine whether the statistically significant changes 
between baseline and compliance-point data is an artifact caused by an error in sampling, analysis, or 
statistical evaluation. 

 Another goal of the statistical method applied here is to maintain adequate statistical power for 
detecting real contamination.  The power of a test depends on several factors that include the baseline 
sample size, the type of statistical test proposed, and the number of comparisons (i.e., the false-positive 
rate).  Evaluation of power curves, for the B Pond case, is presented in Appendix B.  Based on power 
curves evaluations (see Appendix B) as well as other reasons as discussed below, it is judged that the 
statistical goals will be best achieved by the combined Shewhart-CUSUM control chart method.   

 In accordance with WAC 173-303-645(8)(h), acceptable statistical methodology includes analysis of 
variance (ANOVA), tolerance intervals, prediction intervals, control charts, test of proportions, or other 
statistical methods approved by Ecology.  The type of monitoring, the nature of the data, the proportions 
of non-detects, and spatial and temporal variations are some of the important factors to be considered in 
the selection of appropriate statistical methods.  As described in Sections 3.1.1 and 3.1.2, the existence of 
spatial variability and the low groundwater velocity at the B Pond facility limit the use of inter-well 
comparison procedures such as the ANOVA.  As previously noted, one of the alternative statistical tests, 
allowable under final status regulations WAC 173-303-645(8)(h), is the use of a combined Shewhart-
CUSUM control chart approach, first referenced by Westgard et al. (1977) and further developed by 
Lucas (1982).  This method is also discussed in a groundwater context by Starks (1989), Gibbons (1994), 
and ASTM (1998) and was first adopted into EPA guidance in 1989 (EPA 1989, 1992).  There are several 
advantages in applying the control chart procedure: 

• This method can be implemented with a single observation at any monitoring event (i.e., this method 
is efficient). 

• This method could be applied to monitoring each well individually and yet maintain desired site-
wide false positive and false-negative error rates.  That is, this method is effective.  The spatial 
variations that adversely affect the ANOVA procedure do not play a role under the control chart 
procedure.  [Note:  Due to the elimination of spatial variability, the uncertainty in measured 
concentrations is decreased making intra-well comparisons more sensitive to a real release (that is, 
false negatives) and false positive results (ASTM 1998)]. 

• The power of the control chart method could be enhanced by the combined Shewhart and CUSUM 
procedures.  It is well known that the Shewhart procedure is sensitive to sudden shifts and the 
CUSUM procedure is sensitive to gradual changes in the mean concentrations.  A combined 
Shewhart and CUSUM procedure, therefore, is well designed to detect both types of changes. 
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 Statisticians of Washington State University (WSU) evaluated the efficacy of this method for moni-
toring groundwater quality on behalf of Ecology (WSU 1999) in 1999 using B Pond monitoring data from 
historical monitoring wells.  In their report, WSU also endorsed the control chart method of monitoring 
groundwater quality. 

3.5 Detection Status and Normal Assumption 

 In order to arrive at appropriate control limits, the detection history for each COC at each well must 
first be evaluated (ASTM 1998).  Detection status and results of Shapiro-Wilk test for the site-specific 
COCs is presented in Table 1 using data obtained from January 1995 through June 2001.  Detection 
frequencies for the three COCs are greater than 25%; therefore, the use of a nonparametric prediction 
limit, which equals the maximum quantified value as the intra-well limit, is not necessary (see ASTM 
1998, Section 5.1.2.4, page 8).  Additionally, the analytical laboratory provided actual concentrations 
even when gross alpha and gross beta values were below background signals (i.e., non-detect).  For 
statistical evaluation purposes, methods to account for non-detects (e.g., Cohen’s method) are not needed 
and actual concentrations provided by the laboratory were used. 

Table 1. Detection Status and Results of Shapiro-Wilk Test for the B Pond System Monitoring 
Wells Using Site-Specific Constituents of Concern 

Network 699-42-42B 699-43-43(a) 699-43-44 699-43-45 699-44-39B 
Specific Conductance 

Time Period 1/95 - 6/01 1/95 – 6/01 9/99 – 7/03 1/95 – 6/01 1/95 –6/01 
n(b) 18 18 8(c) 27 19 
Detected 18 18 8(c) 27 19 
Non-Detect 0 0 0 0 0 
W-test Statistic 0.9525 0.9475 0.9634 0.9752 0.9261 
Critical Value 0.897 0.897 0.818 0.923 0.901 
Distribution Normal Normal Normal Normal Normal 

Gross Alpha 
Time Period 1/95 - 6/01 1/95 – 7/95 9/99 – 6/02 1/95 – 1/01 1/95 –6/01 
n(b) 18 3 8 16 17 
Detected 15 0 6 6 12 
Non-Detect 3 3 2 10 5 
W-test Statistic 0.9547 NC 0.9395 0.9204 0.9385 
Critical Value 0.897 NC 0.818 0.887 0.892 
Distribution Normal NC Normal Normal Normal 

Gross Beta 
Time Period 1/95 - 6/01 1/95 – 7/95 9/99 – 6/02 1/95 – 1/01 1/95 –6/01 
n(b) 18 3 8 16 17 
Detected 17 3 7 16 15 
Non-Detect 1 0 1 0 2 
W-test Statistic 0.9293(d) NC 0.9417 0.9423 0.9043 
Critical Value 0.897 NC 0.818 0.887 0.892 
Distribution Log-Normal NC Normal Normal Normal 
(a) Well 699-43-43 was added to the network as long as it remained serviceable in accordance with Ecology’s request 

(Appendix A.2).  Well went dry in October 2001. 
(b) n is the number of samples obtained in the time period under evaluation. 
(c) Excluding unrepresentative samples collected during drilling on September 22 and 28, 1999.  
(d) The W-test statistic is calculated using log-transformed (natural) data because the data are log-normally distributed. 
NC = Not calculated due to insufficient sample size. 
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 One of the assumptions for the combined Shewhart-CUSUM control chart approach is that the data 
are normally distributed.  One simple and easy way to evaluate whether a sample can reasonably be 
regarded as having come from a normal distribution is through the use of a normal probability plot.  The 
plot is constructed so that if data points fall on a straight line, then these data can be assumed to be from a 
population with a normal distribution.  Following Ecology guidance (Appendix A.1), normal probability 
plots were generated for each of the site-specific parameters in each B Pond system well.  The plots are 
presented in Appendix C. 

 Additionally, statistical testing to evaluate whether or not the data follow a specified distribution 
(called the goodness-of-fit tests) is also used.  A recommended test is the Shapiro-Wilk test for normality 
of the data (Shapiro and Wilk 1965).  It is considered to be one of the very best tests of normality avail-
able (Miller 1986; Mandansky 1988).  The Shapiro-Wilk test statistic (W) will tend to be large when a 
probability plot of the data indicates a nearly straight line (i.e., normal distribution).  Only when the 
plotted data show significant departure from normality the test statistic will be small.  Hence if the com-
puted value of W is less than the critical value Wα for a prechosen value of α (e.g., α = 5%) shown in 
statistical tables, the hypothesis of normality is rejected.  The Shapiro-Wilk test of normality can be used 
for sample sizes up to 50.  Procedures are provided in EPA (1992, pages 9-12), Shapiro (1980, pages 20-
24), and Conover (1980, pages 363-366).  The Shapiro-Wilk test results for each B Pond system network 
well and for each site-specific COC are also presented in Table 1.  The normal distribution is a reasonable 
assumption except for gross beta in 699-42-42B, which is better represented by a log-normal distribution 
(Table 1). 

3.6 Baseline Summary Statistics and Control Limits 

 Following Ecology guidance (Appendix A.1), it is judged that the most recent eight sampling events 
prior to January 2002 would provide the most appropriate (e.g., data are less variable and more represent-
tative) baseline period for deriving the combined Shewhart-CUSUM control limits with which subsequent 
sampling data (obtained during the 2-year trial evaluation period from January 2002 through July 2003) 
are compared.  Tables 2 to 4 provide respective baseline periods, the summary statistics, selected control 
limits, and data obtained during the 2-year trial evaluation period for the three site-specific parameters for 
each of the B Pond system network wells except for well 699-43-43, which went dry in October 2001.  
Unrepresentative specific conductance values collected during drilling (September 22 and September 28, 
1999) for well 699-43-44 were not included in the statistical calculations. 

3.7 Data Comparisons 

 Specific conductance, gross alpha, and gross beta data obtained during the four sampling periods 
(January 2002, July 2002, January 2003, and July 2003) were compared to the various control limits as  
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Table 2. Specific Conductance Baseline Periods, Summary Statistics, Various Control Limits, 
and 2-Year Trial Evaluation Data for the B Pond System Wells 

 
699-42-42B 

(µ/cm) 
699-43-44 

(µ/cm) 
699-43-45 

(µ/cm) 
699-44-39B 

(µ/cm) 
Baseline Statistics 
  Baseline Period: 7/27/97 –6/12/01 2/25/00 – 7/17/03 11/10/99 – 6/13/01 1/9/98 – 6/12/01 
  Number of Samples 8 8 8 8 
  Mean ( × ) 255.50 267.41 226.03 262.22 
  Standard Deviation (s) 11.23 9.50 6.23 22.55 
  CV(a) (%) 4.4 3.6 2.8 8.6 
  Fitted Distribution(b) Normal Normal Normal Normal 
Shewhart-CUSUM Control Limits 
  Control Limit ( ×  + 2s) 278 286 238 307 
  Control Limit ( ×  + 3s) 289 296 245 330 
  Control Limit ( ×  + 3.5s) 295 301 248 341 
  Control Limit ( ×  + 4s) 300 305 251 352 
  Control Limit ( ×  + 4.5s) 306 310 254 364 
2-Year Trial Evaluation Data Subsequent to Baseline Period 
  First Sampling (1/02) 262 --- 233 246 
  Second Sampling (7/02) 268 --- 236 246 
  Third Sampling (1/03) 271 --- 238(c) 252 
  Fourth Sampling (7/03) 276 --- 239(c) 257 
(a) Coefficient of variation = (s/ × ) * 100 
(b) Based on goodness-of-fit test results shown in Table 1. 
(c) Bold indicates number is at or exceeding the lowest control limit ( × + 2s). 

Table 3. Gross Alpha Baseline Periods, Summary Statistics, Various Control Limits and 
2-Year Trial Evaluation Data for the B Pond System Wells 

 
699-42-42B 

(pCi/L) 
699-43-44 

(pCi/L) 
699-43-45 

(pCi/L) 
699-44-39B 

(pCi/L) 
Baseline Statistics 
  Baseline Period 7/22/97 –6/12/01 9/22/99 – 6/13/02 1/13/97 – 1/18/01 4/10/97 – 6/12/01 
  Number of Samples 8 8 8 8 
  Mean ( × ) 1.76 1.99 1.03 1.65 
  Standard Deviation (s) 0.64 0.84 0.52 0.52 
  CV(a) (%) 36.5 42.3 50.6 31.3 
  Fitted Distribution(b) Normal Normal Normal Normal 
Shewhart-CUSUM Control Limits 
  Control Limit ( × + 2s) 3.04 3.67 2.07 2.68 
  Control Limit ( ×  + 3s) 3.68 4.52 2.59 3.20 
  Control Limit ( ×  + 3.5s) 4.00 4.93 2.85 3.46 
  Control Limit ( ×  + 4s) 4.32 5.36 3.11 3.72 
  Control Limit ( ×  + 4.5s) 4.65 5.78 3.37 3.97 
2-Year Trial Evaluation Data Subsequent to Baseline Period 
  First Sampling (1/02) 2.50 --- 2.05 1.74 
  Second Sampling (7/02) 2.60 --- 1.92 2.14 
  Third Sampling (1/03) 2.96 2.59 1.10 U 2.55 
  Fourth Sampling (7/03) 2.09 2.46 1.38 1.84 
(a) Coefficient of variation = (s/ × ) * 100 
(b) Based on goodness-of-fit test results shown in Table 1. 
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Table 4. Gross Beta Baseline Periods, Summary Statistics, and Various Control Limits for the 
B Pond System Wells 

Wells 
699-42-42B 

(pCi/L) 
699-43-44  

(pCi/L) 
699-43-45  

(pCi/L) 
699-44-39B  

(pCi/L) 
Baseline Statistics 
  Baseline Period 7/22/97 – 6/12/01 9/22/99 – 6/13/02 1/13/97 – 1/18/01 4/10/97 – 6/12/01 
  Number of Samples 8 8 8 8 
  Mean ( × ) 6.51 6.06 5.91 5.88 
  Standard Deviation (s) 1.11 1.04 1.09 2.35 
  CV(a) (%) 18.9 17.1 18.4 40.0 
  Fitted Distribution(b) Log-Normal Normal Normal Normal 
Shewhart-CUSUM Control Limits 
  Control Limit ( ×  + 2s)   9.00   8.13   8.08 10.58 
  Control Limit ( ×  + 3s) 10.66   9.17   9.17 12.93 
  Control Limit ( ×  + 3.5s) 11.60   9.70   9.72 14.10 
  Control Limit ( ×  + 4s) 12.62 10.21 10.26 15.28 
  Control Limit ( ×  + 4.5s) 13.73 10.73 10.80 16.45 
2-Year Trial Evaluation Data Subsequent to Baseline Period 
  First Sampling (1/02) 5.00 --- 8.61(c) 5.80 
  Second Sampling (7/02) 7.99 --- 7.72 5.10 
  Third Sampling (1/03) 5.12 5.51 5.94 5.36 
  Fourth Sampling (7/03) 4.99 6.48 5.33 5.33 
(a) Coefficient of variation = (s/ × ) * 100 
(b) Based on goodness-of-fit test results shown in Table 1. 
(c) Bold indicates number is at or exceeding the lowest control limit ( ×  + 2s). 

shown in Tables 2 through 4.  Results of comparisons have been reported to Ecology via RCRA quarterly 
reports and important observations are summarized below: 

• The lowest control limit ( × + 2s) of 238 µS/cm was either met or exceeded for specific conductance 
in well 699-43-45 during the sampling events that occurred in January and July 03 (see Table 2 and 
Figure 5).  Exceedances of the lowest CUSUM control limits for specific conductance is due to small 
but gradual increases as shown in Figure 5 (see discussion in Section 5.1). 

• There is no exceedance of any control limit values in any of the B Pond system wells for gross alpha 
during the 2-year trial evaluation period (see Figure 6). 

• The lowest control limit ( × + 2s) of 8.08 pCi/L was exceeded once for gross beta in well 699-43-45 
during the first sampling event that occurred in January 2002 (sample value = 8.61 pCi/L).  This 
exceedance was not confirmed by results of subsequent sampling events from this well (see 
Figure 7). 

• Gross alpha, gross beta, and specific conductance, all have a natural background resulting from water 
rock reactions that occur during evolution of the ambient groundwater.  This natural background 
forms a permanent baseline above which changes due to addition from the regulated unit must be 
detected.  Gross alpha, gross beta, and specific conductance are about three to four times lower in 
Columbia River water (the main source of B Pond water) than in natural background groundwater 
composition.  Thus, the existing concentrations of all three of these constituents will tend to increase  
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Figure 5. Observed Specific Conductance Measurements from Well 699-43-45 Compared with 
the Combined Shewhart-CUSUM Control Limits from Table 2 

 

Figure 6. Observed Gross Alpha Measurements from Well 699-43-45 Compared with the 
Combined Shewhart-CUSUM Control Limits from Table 3 
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Figure 7. Observed Gross Beta Measurements from Well 699-43-45 Compared with the 
Combined Shewhart-CUSUM Control Limits from Table 4 

 in time as natural groundwater conditions resume, and the influence of the relatively dilute pond 
water subsides.  Therefore, baseline concentrations based on the past few years will tend to be lower 
than in the future as the amount of pond water diluting ambient groundwater diminishes.  Accord-
ingly, the baseline should be re-established approximately every 2 years to adjust for this changing 
condition. 

The control chart method may be insensitive to detect real changes if a pre-existing trend is observed in 
the background data set.  A method describing how a trend observed in a background data set could be 
removed using a transformation suggested by Gibbons (1994, page 165) is presented in Section 5.1. 
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4.0 Statistical Evaluations of 300 Area Process Trench Data 

 This section presents results of statistical evaluations at the 300 Area process trenches including 
evaluating data independence, detection status, normality, and the potential dilution effect of mixing 
Columbia River water with groundwater.  The Shewhart-CUSUM limits provided in Ecology’s guidance 
letter (Appendix A.1) was derived using older monitoring data obtained during 1995 to 1997, which were 
not adjusted for any possible dilution effect.  Ecology’s guidance was followed in deriving the revised 
Shewhart-CUSUM limit using baseline data collected during January 2000 till December 2001.  Finally, 
data obtained during the 2-year trial evaluation period (March or June 2002 till September 2003) are 
compared with the revised Shewhart-CUSUM control limits.  Some wells (i.e., 399-1-10A and 399-1-
10B) and their respective control limits are not provided in the Ecology letter (see Appendix A.1).  How-
ever, COC data from wells 399-1-10A and 399-1-10B were included in the evaluation for completeness. 

4.1 Background 

 The 300 Area process trenches are located in the north portion of the 300 Area (Figure 8).  The 
trenches received effluent discharges of dangerous mixed waste from fuel fabrication laboratories in the 
300 Area from 1975 to 1994.  Uranium, cis-DCE, and TCE are the major contaminants of concern.  In 
July 1991, the trenches were modified as part of an expedited response action that involved removing 
bottom sediment from the inflow end of the trench and placing it at the opposite end of the trench behind 
a berm.  In December 1994, the trenches were administratively isolated and all discharges were 
terminated.  Complete physical isolation occurred in January 1995.  The 300 Area process trenches 
currently are in post-closure care and have a post-closure groundwater monitoring plan, as required by 
WAC 173-303-610(7). 

 The 300 Area process trenches groundwater monitoring program bypassed the RCRA detection-level 
stage and was placed directly in an interim-status groundwater quality assessment-level monitoring 
program in June 1985 because of elevated concentrations of chlorinated hydrocarbons and uranium.  
Monitoring wells were constructed in response to a Consent Agreement and Compliance Order issued 
jointly by Ecology and EPA (Ecology and EPA 1986).  From 1988 until November 1996, groundwater 
monitoring was conducted in accordance with the assessment plan prepared by Schalla et al. (1988). 

 Final status compliance monitoring became effective in 1996 with modification B of the Hanford 
Facility RCRA Permit (Ecology 1994).  Groundwater monitoring was conducted in accordance with a 
compliance-level monitoring plan prepared by Lindberg et al. (1995).  Sampling results from the first four 
independent sampling events (December 1996, January, February, and March 1997) confirmed the 
exceedances of groundwater protection standards for TCE, cis-DCE, and uranium in several down-
gradient compliance wells.  In accordance with WAC 173-303-645 (2)(a)(ii), a revised groundwater 
monitoring plan for corrective action was proposed to Ecology in 1998.  The revised groundwater 
monitoring plan was not approved by Ecology due to unresolved concerns over the proposed statistical 
procedures (i.e., the combined Shewhart-CUSUM control chart approach).  The compliance-level 
monitoring plan (Lindberg et al. 1995) remained in effect even though groundwater concentrations 
exceeded the groundwater protection standards because it has been incorporated by reference at Part VI, 
Chapter I of the Hanford Facility RCRA Permit (Ecology 1994).  In February 1999, Washington State  
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Figure 8. Locations of Groundwater Monitoring Wells at the 300 Area Process Trenches 
(Lindberg et al. 1995) 
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University (WSU) statisticians completed evaluation of the efficacy of the proposed combined Shewhart-
CUSUM control chart approach for monitoring groundwater quality and endorsed the method (WSU 
1999).  In May 2001 Ecology issued a letter that approved the proposed combined Shewhart-CUSUM 
control chart approach and control limits (see Table 1 of Appendix A.1) to be applied at the 300 Area 
process trenches for a trial period of 2 years, which began in December 2001. 

 A new groundwater monitoring plan (Lindberg and Chou 2001) was written in August 2001 that 
included changes in the groundwater monitoring network and introduced the Shewhart-CUSUM 
statistical method.  In December 2001, DOE requested a permit modification and a temporary authoriza-
tion for changes in post-closure monitoring at the 300 Area process trenches.  Ecology denied approval of 
the proposed plan (Lindberg and Chou 2001).  Subsequently, Ecology granted two temporary authori-
zations allowing the use of the revised groundwater monitoring plan (Lindberg and Chou 2001) to collect 
data necessary to evaluate the proposed method.  The second temporary authorization expired on 
December 9, 2002.  Lindberg et al. (1995) has been in effect since 2002 to meet permit requirements.  
After September 2003, the 300 Area process trenches is required to revert to the groundwater monitoring 
regime as described in Part VI, Chapter I of the Hanford Facility RCRA Permit (Ecology 1994). 

 The permit modification process sought for the 300 Area process trenches in December 2001 required 
public comments on the modification request.  Two key statistical areas of concern raised during the 
public comment process were: 

1. The influence of the Columbia River on groundwater contaminant concentrations (i.e., dilution of 
groundwater contamination caused by infiltrating Columbia River water) may require data to be 
segregated or normalized. 

2. The assumption of normality of the data may be compromised due to the bimodal nature of the 
groundwater flow (i.e., groundwater flow direction is generally southeast when the river stage is low-
to-normal and south to southwest during the higher river stages such as in June 2002). 

 The focus of this section is to address the above concerns for the 300 Area process trenches.  Ecology 
will use the data obtained from implementation of Lindberg and Chou (2001) to decide whether the 
Shewhart-CUSUM statistical approach is appropriate at this regulated unit, pursuant to requirements 
specified in WAC 173-303-645(8)(i)(i). 

4.2 Independent Samples 

 The assumption of independently distributed data was first checked in 1995 when the compliance-
level monitoring plan (Lindberg et al. 1995) for the 300 Area process trenches was written.  Based on a 
well diameter of 0.1016 m (4-in) and ranges of average linear velocity of groundwater from 0.0645 m/d 
or 0.086 m/d, sampling every other day would provide the required independent samples.  To account for 
a larger disturbed zone due to purging, monthly sample frequency was used under the compliance moni-
toring plan (see Section 4.5.3 of Lindberg et al. 1995).  The minimum time to obtain independent samples 
was re-calculated for this report using the most recent information (Hartman et al. 2003, Table A.2).  
Using a monitoring well diameter of 0.1016 m and the most recent Darcy flow rates of 0.016 to 48 m/d  
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(Hartman et al. 2003, Table A.2), Equation 2.2 yields a minimum time of less than 1 day (0.1016 m/ 
48 m/d = 0.002 d) to ~7 days (0.1016 m/0.016 m/d = 6.4 d) to ensure sampling independence.  Wells were 
sampled either on a quarterly or semiannual intervals in accordance with Lindberg and Chou (2001). 

4.3 Detection Status 

 In order to arrive at appropriate control limits, the detection history for each COC at each well must 
first be evaluated.  The detection status of constituents of concern was updated in Table 5 using data 
obtained from January 2000 through September 2003 (the detection status using earlier data was pre-
sented in Lindberg and Chou 2001, Table 7.3.1).  The updated results are comparable with the data 
reported in Lindberg and Chou (2001).  For statistical evaluation purposes, adjustments for non-detects 
such as using Cohen’s method was not necessary for uranium because the laboratory reported the actual 
concentration for this analyte.  This is often the case when a COC is also a naturally occurring constituent. 

Table 5. Detection Status of Constituents of Concern Analyzed for the 300 Area Process 
Trenches (January 2001 through September 2003) 

Constituent of 
Concern 

Total Number of 
Observations 

Number of 
Detects 

Number of  
Non-detects 

Detect 
Frequency(a) (%) 

Maximum 
Detected Value 

(µg/L) 
Well 399-1-16A 

cis-DCE 21 11 10 48 0.6 
TCE 21 20 1 95 0.65 

Uranium 21 21 0 100 136 
Well 399-1-16B 

cis-DCE 21 21 0 100 175 
TCE 21 21 0 100 3.5 

Uranium 21 21 0 100 14.6 
Well 399-1-17A 

cis-DCE 21 1 20 5 0.2 
TCE 21 19 2 90 0.52 

Uranium 21 21 0 100 126 
Well 399-1-17B 

cis-DCE 18 18 0 100 4.7 
TCE 18 0 18 0 ND 

Uranium 18 11 7 61 3.16 
Well 399-1-10A 

cis-DCE 21 2 19 10 0.43 
TCE 21 0 21 0 ND 

Uranium 22 22 0 100 235 
Well 399-1-10B 

cis-DCE 19 1 18 5 0.25 
TCE 19 0 19 0 ND 

Uranium 18 14 4 78 3.19 
(a) Obtained by using the number of detected observations divided by the number of total observations. 
 N.D. = Not detected. 
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4.4 Influence of River Water on Contaminant Concentrations 

 To investigate the influence of Columbia River water on the mean concentration of contaminants in 
groundwater, contaminant data from three pairs of shallow and deep wells (399-1-17A/B, 399-1-16A/B, 
and 399-1-10A/B) were evaluated.  Contaminant concentrations were normalized using methods 
described in Section 5.2.  The term “normalized” as used in this report means the data were adjusted for 
potential dilution by infiltrating river water that mixes with the contaminated groundwater in the stream 
bank storage zone during seasonally high river stages (Figure 9). 

 Wells 399-1-17A, -16A, and -10A monitor the upper portion of the unconfined aquifer where the 
maximum uranium concentrations are expected to occur.  Each of the above wells has a corresponding 
deeper well (399-1-17B, 399-1-16B, and 399-1-10B) screened in the lower portion of the unconfined 
aquifer where TCE and cis-DCE are of concern.  These chlorinated hydrocarbons are thought to occur at 
greater depths due to settling of a dense non aqueous phase liquid to the bottom of the aquifer from prior 
releases.  Well 399-1-17A (~335 m from the shore line) is the closest to the inflow portion (i.e., the  

 

Figure 9. Conceptual Models Depicting Potential Dilution Effect on Contaminant 
Concentration for the 300 Area process trenches Due to Mixing of Columbia River 
Water with Groundwater 
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source) of the process trenches.  Well 399-1-10A (within 4 m of the shoreline), is closest to the river; and 
well 399-1-16A (122 m from the shoreline), is located between the source and the Columbia River (see 
Figure 8). 

 Table 6 presents the mean, standard deviation, and standard error of the original (unadjusted) data as 
well as the normalized or dilution-adjusted data.  The comparisons were not made for cis-DCE in all 
shallow wells and in one deep well (399-1-10B) because essentially all of the data were non-detects.  
Similarly, the comparisons were not made for TCE in shallow well 399-1-10A and in two deep wells, 
399-1-10B and 399-1-17B. 

 The dilution of contaminant concentrations due to mixing of Columbia River water with groundwater 
is evident for the COCs in wells 399-1-10A/B and 399-1-16 A/B because the unadjusted mean concen-
trations are lower than the normalized mean concentrations (see Table 6).  In contrast, the dilution  

Table 6. Comparisons of Mean Concentrations for the Original and Normalized (Adjusted for 
the Mixing Effect with River Water) Data 

Original Normalized 
Well(a) 

Number of 
Observations(b) Mean Std Dev Std Error Mean Std Dev Std Error 

Impact 

(%)(c) 
Uranium (µg/L):  Shallow Wells 

1-10A 38 61.8 42.7 6.9 74.6 40.3 6.5 -21 
1-16A 38 86.5 26.9 4.4 107.4 32.0 5.2 -24 
1-17A 37 95.1 44.8 7.4 98.2 60.4 9.9 -3 

Uranium (µg/L):  Deep Wells 
1-10B 29 0.24 0.59 0.11 0.29 0.70 0.13 -21 
1-16B 36 12.5 1.8 0.29 14.7 2.7 0.45 -17 
1-17B 30 0.30 0.68 0.12 0.29 0.67 0.12 -1 

cis-DCE (µg/L):  Shallow Wells 
1-10A 37 NC NC NC NC NC NC NC 
1-16A 37 NC NC NC NC NC NC NC 
1-17A 36 NC NC NC NC NC NC NC 

cis-DCE (µg/L):  Deep Wells 
1-10B 34 NC NC NC NC NC NC NC 
1-16B 37 148.8 18.3 3.0 172.3 23.5 3.9 -16 
1-17B 30 2.5 0.98 0.18 2.5 0.98 0.18 -0.1 

TCE (µg/L):  Shallow Wells 
1-10A 37 NC NC NC NC NC NC NC 
1-16A 37 0.51 0.25 0.04 0.71 0.55 0.09 -39 
1-17A 36 0.52 0.50 0.08 0.55 0.61 0.10 -6 

TCE (µg/L):  Deep Wells 
1-10B 34 NC NC NC NC NC NC NC 
1-16B 37 3.6 1.7 0.27 4.3 2.2 0.36 -18 
1-17B 34 NC NC NC NC NC NC NC 

(a) Well prefix 399 omitted. 
(b) Number of observations are samples collected from 1998 to September 2003 where duplicate measurements 

were averaged. 
(c) Calculated as (original mean – normalized mean)/original mean. 
NC = Not calculated because essentially all of the data are not detected. 
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of Columbia River water is negligible in well pair 399-1-17A/B; and normalized mean concentrations are 
essentially the same as those calculated based on original measurements. 

 Concentrations of normalized and original uranium data versus time in well 399-1-10A and 399-1-
17A were plotted in Figures 10 and 11, respectively.  Figure 10 demonstrates that dilution indeed occurs 
for well 399-1-10A; while Figure 11 shows that there is little, if any, dilution impact from the river for  

 

Figure 10. Normalized and Original Uranium Concentrations versus Time for Well 399-1-10A 

 

Figure 11. Normalized and Original Uranium Concentrations versus Time for Well 399-1-17A 
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well 399-1-17A.  The dilution correction after September 2002 shown in Figure 10 resulted in lowering 
the uranium concentrations rather than increasing the concentrations as would be expected for mixing 
with river water.  This deviation is attributed to an additional input of dissolved salts that caused the 
specific conductance of the groundwater samples during this period to be higher than the background 
assumed for the dilution correction (see Section 5.2 for discussion of assumptions and conditions). 

4.5 Test for Normality 

 Initial evaluation of the 300 Area process trenches monitoring network results (from 1995 to 1997) 
indicated that a normal distribution was a reasonable approximation of the data.  This assumption was 
used in subsequent discussions with Ecology in reaching an agreement (see Appendix A.1) that led to the 
plan (Lindberg and Chou 2001).  One public concern was that the assumption of normality may be 
compromised due to the bimodal nature of groundwater flow direction (i.e., high river stage reverses the 
groundwater flow direction for wells near the river resulting in mixing and dilution of groundwater with 
river water).  To evaluate the impact of this effect, the original measured data as well as corresponding 
data adjusted for dilution were both tested for the normality assumption using Shapiro and Wilk’s W test 
as described in Section 2.2.  The results are presented in Table 7.  It should be noted that the baseline 
periods shown in Table 7 are updates of that presented in Lindberg and Chou (2001; e.g., March 1995 to 
June 1997, Table 7.2).  The normality assumption is not tested for:  1) cis-DCE in wells 399-1-10A, 399-
1-10B, 399-1-16A, and 399-1-17A; and 2) for TCE in wells 399-1-10A, 399-1-10B, and 399-1-17B 
because essentially all data collected during the baseline period were non-detects. 

 Table 7 shows that except for two cases, the normality test results are the same for dilution corrected 
data as for the uncorrected data.  The exceptions were for TCE in following two wells: 

1. Normal distribution is found to be a reasonable distribution based on the original data for well 399-
1-16A.  However, a log-normal distribution is a better fit for the adjusted TCE data because the 
correction rendered the maximum baseline value (original value = 0.65 µg/L, adjusted value = 
0.72 µg/L collected on March 21, 2000) too large (in relation to the rest of the baseline data) to 
represent a data point coming from a normal distribution.  Therefore, the control limit for TCE in this 
well was calculated based on a log-normal distribution using data corrected for the dilution effect. 

2. Neither normal nor log-normal distribution is a reasonable approximation for the unadjusted data in 
well 399-1-16B because too many sample values are exactly equal to each other (tied) for the original 
baseline data set.  However, the problem of the tied values no longer exists for the adjusted data set; 
and normal distribution is found to be reasonable. 

4.6 Baseline Summary Statistics and Control Limits 

 Summary statistics were calculated for the detected COCs using baseline data sets adjusted for the 
dilution impacts for well pairs 399-1-10A/B and 399-1-16A/B.  Original measured values were used for 
well pair 399-1-17A/B because there is no evidence of dilution impact from the river water.  Baseline 
summary statistics are presented in Table 8.  The combined Shewhart-CUSUM control limits were  
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Table 7. Results of Shapiro-Wilk’s Test for the 300 Area Process Trenches Using the Original 
and Adjusted Data 

Original Data Adjusted Data 
Constituent 

Baseline 
Period 

Baseline 
Observation 

Critical 
Value W-Stat. Dist. W-Stat. Dist. 

Well 399-1-10A 
Cis-DCE 12(a) 0.859 NC NC NC NC 

TCE 12(a) 0.859 NC NC NC NC 
Uranium 

1/24/00 to 
12/19/01 

12 0.859 0.877 Normal 0.909 Normal 
Well 399-1-10B 

Cis-DCE 11(a) 0.850 NC NC NC NC 
TCE 11(a) 0.850 NC NC NC NC 

Uranium 

1/24/00 
to 

12/19/01 11 0.850 0.898 Log-Normal 0.898 Log-Normal
Well 399-1-16A 

Cis-DCE 12 0.859 NC NC NC NC 
TCE 12 0.859 0.914 Normal 0.874 Log-Normal

Uranium 

1/25/00 
to 12/17/01 

12 0.859 0.937 Normal 0.955 Normal 
Well 399-1-16B 

Cis-DCE 12 0.859 0.896 Normal 0.913 Normal 
TCE 12 0.859 0.827 Neither(b) 0.921 Normal 

Uranium 

1/25/00 
to 12/17/01 

12 0.859 0.910 Normal 0.961 Normal 
Well 399-1-17A 

Cis-DCE 12(a) 0.859 NC NC NC NC 
TCE 12 0.859 0.981 Normal 0.973 Normal 

Uranium 

2/1/00 
to 12/18/01 

12 0.859 0.911 Normal 0.914 Normal 
Well 399-1-17B 

Cis-DCE 11 0.850 0.940 Normal 0.944 Normal 
TCE 11(a) 0.850 NC NC NC NC 

Uranium 

1/25/00 
to 12/18/01 

11 0.850 0.679 Neither(b) 0.680 Neither(b) 
(a) Shapiro-Wilk’s test for normality was not performed because essentially all baseline data were not detected (see 

Table 8 for details). 
(b) Neither normal nor log-normal. 
NC = Not calculated. 

revised based on the updated baseline data set after considering the potential dilution impact from 
Columbia River water and the normality test results.  A summary of various control limits for the 300 
Area process trenches is presented in Table 9. 

 One of the COC, uranium, has a natural background resulting from water-rock reaction during 
evolution of the ambient groundwater.  For the upper unconfined aquifer the maximum observed back-
ground concentration (unfiltered samples) for the Hanford Site is 13.4 µg/L (see Table 5-2, page 5-23 of 
DOE 1997).  If computed control limits fall below this concentration, then the natural background should 
become the control limit.  However, for wells completed in the deeper portion of the unconfined aquifer 
where reducing conditions often prevail, the natural uranium concentrations are maintained at much lower 
concentrations (typically <0.1 µg/L).  Since there is no established background for this portion of the  
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Table 8. Baseline Summary Statistics for Detected Constituents of Concern Analyzed for the 
300 Area Process Trenches 

Constituent Baseline Period 
Baseline 

Observation Detected 
Non-

Detect Detect % 
×  

(1g/L) 
s  

(1g/L) 
Well 399-1-10A 

Cis-DCE 12 1 11 8 NC NC 
TCE 12 0 12 0 NC NC 

Uranium(a) 

1/24/00 to 12/19/01 

12 12 0 100 40.4 9.25 
Well 399-1-10B 

Cis-DCE 11 1 10 9 NC NC 
TCE 11 0 11 0 NC NC 

Uranium(a) 

1/24/00 to 12/19/01 

11 7 4 64 0.19(b) 0.24(b) 
Well 399-1-16A 

Cis-DCE 12 4 8 33 NC NC 
TCE(a) 12 12 0 100 0.49(b) 0.085(b) 

Uranium(a) 

1/25/00 to 12/17/01 

12 12 0 100 101.7 26.5 
Well 399-1-16B 

Cis-DCE(a) 12 12 0 100 173.59 22.21 
TCE(a) 12 12 0 100 2.99 0.54 

Uranium(a) 

1/25/00 to 12/17/01 

12 12 0 100 14.28 2.58 
Well 399-1-17A 

cis-DCE 12 0 12 0 NC NC 
TCE 12 11 1 92 0.32 0.10 

Uranium 

2/1/00 to 12/18/01 

12 12 0 100 78.1 27.7 
Well 399-1-17B 

cis-DCE 11 11 0 100 2.99 0.94 
TCE 11 0 11 0 NC NC 

Uranium 

1/25/00 to 12/18/01 

11 5 6 45 0.174 0.264 
(a) Calculated based on data corrected for river dilution impacts except for well pair 399-1-17A/B. 
(b) Calculated based on log-normal distribution. 
NC = Not calculated because essentially all data were nondetects. 

aquifer, the maximum observed value (adjusted or unadjusted) will be the control limit.  For constituents 
other than uranium where the majority of the baseline data were non-detects (i.e., cis-DCE in wells 399-1-
10A, 399-1-10B and 399-1-17A; and TCE in wells 399-1-10A, 399-1-10B, and 399-1-17B), the most 
recently determined quantitation limit (e.g., Hartman et al. 2003, Table B.24) will be used as control 
limits. 

4.7 Data Comparisons 

 Uranium, cis-DCE, and TCE data collected during March 2002 to September 2003 were evaluated 
against the revised control limits established in the previous section.  For each well under evaluation, 
there were seven to ten sampling events during the 2-year trial period.  Tables 10 through 11 provide the  
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Table 9. Summary of Various Control Limits at the 300 Area Process Trenches 

Constituent of Concern Shewhart-CUSUM Parameter Value 
Control Limit(a)  

(µg/L) 
Well 399-1-10A 

cis-DCE NA 0.63(b) 
TCE NA 0.72(b) 

Uranium 4.5 [3.4, 77.4] 
Well 399-1-10B 

cis-DCE NA 0.63(b) 
TCE NA 0.72(b) 

Uranium 4.5 9.9(c) 
Well 399-1-16A 

cis-DCE NA 0.66(d) 
TCE 4(e) 0.96(c) 

Uranium 4(e) [0, 208] 
Well 399-1-16B 

cis-DCE 4(e) [85, 262] 
TCE NA 5(f) 

Uranium 4(e) [4.0, 24.6] 
Well 399-1-17A 

cis-DCE NA 0.66(d) 
TCE 4(e) 0.74 

Uranium 4(e) [0, 189] 
Well 399-1-17B 

cis-DCE 4.5 7.2 
TCE NA 0.72(b) 

Uranium NA 0.70(d) 
(a) Obtained by using applicable Shewhart-CUSUM parameter value times the baseline standard deviation (see 

Table 8) and adding the product to the baseline mean (see Table 8).  Use normalized data for wells 399-1-
10A, -10B, -16A, and -16B.  Numbers in brackets indicate upper and lower limits. 

(b) Use most recently determined quantification limit (see Table B.24, Hartman et al. 2003, Appendix B) 
because the majority of the data are non-detects. 

(c) Calculated based on log-normal distribution. 
(d) Use maximum observed value, adjusted for dilution if needed, in the baseline data set. 
(e) Use 4 sigma because there are more than 12 data points in the baseline period (ASTM 1998). 
(f) Use MCL (5 µg/L) as the control limit in accordance with Ecology direction (see Appendix A.1). 
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Table 10. Uranium Control Limits and 2-Year Trial Evaluation Data for the 300 Area Process 
Trenches 

Well 
399-1-10A(a) 

(µg/L) 
399-1-10B(a) 

(µg/L) 
399-1-16A(a) 

(µg/L) 
399-1-16B(a) 

(µg/L) 
399-1-17A 

(µg/L) 
399-1-17B 

(µg/L) 
Control Limit(b) [3.4, 77.4] 9.9 [0, 208] [4, 24.6] [0, 189] 0.70 

2-Year Trial Evaluation Data Subsequent to Baseline Period 
First   
Sampling 
(03/02) 

26.9 NA 68.2 15.9 44.7 NA 

Second 
Sampling 
(06/02) 

132.0(c) 0.122 124.9 15.9 52.5 0.570 

Third Sampling 
(09/02) 

30.6 NA 75.6 12.3 69.6 NA 

Fourth Sampling 
(12/02) 

174.5(c) 0.127 90.2 14.1 62.8 0.721 

Fifth Sampling 
(03/03) 

169.5(c) 0.212 62.7 14.6 40.0 3.16(c) 

Sixth Sampling 
(05/03) 

115.7(c) NA NA NA NA NA 

Seventh 
Sampling 
(06/03) 

109.7(c) 0.128 83.2 15.5 69.7 0.0085 

Eighth Sampling 
(07/03) 

124.4(c) 0.937 77.4 12.9 53.4 2.02(c) 

Ninth Sampling 
(08/03) 

112.3(c) 3.803 84.3 12.8 55.4 0.161 

Tenth Sampling 
(09/03) 

96.5(c) 0.230 79.0 10.5 54.5 0.220 

(a) Concentrations were normalized (adjusted) for the mixing of river water with groundwater. 
(b) Control limits are obtained from Table 9. 
(c) Bold indicates exceedance of upper control limit. 
NA = Not available. 
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Table 11. cis1,2-Dichloroethene Control Limits and 2-Year Trial Evaluation Data for the 
300 Area Process Trenches 

Well 
399-1-10A(a) 

(µg/L) 
399-1-10B(a) 

(µg/L) 
399-1-16A(a) 

(µg/L) 
399-1-16B(a) 

(µg/L) 
399-1-17A 

(µg/L) 
399-1-17B 

(µg/L) 
Control 
Limit(b) 

0.63 0.63 0.66 [85, 262] 0.66 7.2 

2-Year Trial Evaluation Data Subsequent to Baseline Period 
First  
Sampling 
(03/02) 

0.24 U NA 0.48 155.8 0.24 U NA 

Second 
Sampling 
(06/02) 

0.24 U 0.24 U 0.24 U 180.8 0.24 U 1.4 

Third 
Sampling 
(09/02) 

0.24 U NA 0.24 U 171.3 0.24 U NA 

Fourth 
Sampling 
(12/02) 

0.06 U 0.06 U 0.28 160.7 0.06 U 0.8 

Fifth 
Sampling 
(03/03) 

0.06 U 0.06 U 0.37 180.8 0.06 U 1.2 

Sixth 
Sampling 
(06/03) 

0.06 U 0.06 U 0.54 157.4 0.06 U 1.0 

Seventh 
Sampling 
(07/03) 

0.14 0.06 U 0.35 157.4 0.06 U 1.8 

Eighth 
Sampling 
(08/03) 

0.06 U 0.06 U 0.40 147.7 0.06 U 2.7 

Ninth 
Sampling 
(09/03) 

0.06 U 0.06 U 0.25 182.7 0.20 2.8 

(a) Concentrations were normalized (adjusted) for the mixing of river water with groundwater.  Correction was 
not performed when data were marked with U qualifier (i.e., not detected). 

(b) Control limits are obtained from Table 9. 
NA = not available. 
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Table 12. Trichloroethene Control Limits and 2-Year Trial Evaluation Data for the 300 Area 
Process Trenches 

 
399-1-10A(a) 

(µg/L) 
399-1-10B(a) 

(µg/L) 
399-1-16A(a) 

(µg/L) 
399-1-16B(a) 

(µg/L) 
399-1-17A 

(µg/L) 
399-1-17B 

(µg/L) 
Control 
Limit(b) 

0.72 0.72 0.96 5 0.74 0.72 

2-Year Trial Evaluation Data Subsequent to Baseline Period 
First 
Sampling 
(03/02) 

0.29 U NA 0.57 2.67 0.46 NA 

Second 
Sampling 
(06/02) 

0.29 U 0.29 U 0.29 U 2.94 0.35 0.29 U 

Third 
Sampling 
(09/02) 

0.29 U NA 0.32 2.28 0.32 NA 

Fourth 
Sampling 
(12/02) 

0.16 U 0.16 U 0.54 3.21 0.31 0.16 U 

Fifth 
Sampling 
(03/03) 

0.16 U 0.16 U 0.63 2.94 0.42 0.16 U 

Sixth 
Sampling 
(06/03) 

0.16 U 0.16 U 0.68 2.92 0.19 0.16 U 

Seventh 
Sampling 
(07/03) 

0.16 U 0.16 U 0.53 3.04 0.23 0.16 U 

Eighth 
Sampling 
(08/03) 

0.16 U 0.16 U 0.42 3.18 0.30 0.16 U 

Ninth 
Sampling 
(09/03) 

0.16 U 0.16 U 0.40 3.77 0.33 0.16 U 

(a) Concentrations were normalized (adjusted) for the mixing of river water with groundwater.  Correction was 
not performed when data were marked with U qualifier (i.e., not detected). 

(b) Control limits are obtained from Table 9. 
NA = not available. 
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respective control limits, subsequent trial evaluation data (adjusted for dilution, if necessary), and 
exceedances for the three COCs.  The most important observations are summarized below: 

• The control limit for uranium in well 399-1-10A was exceeded in 8 out of the 10 sampling events 
(see Table 10) during the trial evaluation period.  The consistent exceedances clearly indicate a non-
random departure from the baseline condition.  Further investigation revealed that dust suppression 
watering during excavation of the 618-5 burial ground, a waste site located immediately east of the 
300 Area process trenches (see Figure 8), most likely transported ionic uranium in the vadose zone to 
groundwater. 

• The control limit for uranium in well 399-1-17B was exceeded twice for some unknown reason.  The 
two exceedances (3.16 µg/L sampled in March 2003 and 2.02 µg/L sampled in July 2003, see 
Table 10) are an order of magnitude below the MCL (30 µg/L) for uranium. 

• There are no exceedances of control limits for cis-DCE (see Table 11) and TCE (see Table 12) in the 
300 Area process trenches monitoring wells. 

 

 35



 

5.0 Special Conditions Encountered 

 This section describes special conditions encountered at each facility during the statistical evaluation 
process.  Useful techniques and/or approaches as suggested by Gibbons (1994, page 165) and others 
(Horsey et al. 2001) are provided to address these special conditions. 

5.1 Pre-Existing Trends in Baseline Data Set 

 The consistent small increases in specific conductance observed in B Pond well 699-43-45 suggest a 
return of this parameter to pre-disposal levels in groundwater.  The depressed specific conductance is a 
result of dilute effluent discharges to the B Pond facility, which ended in 1997.  In addition, some other 
regulated units at the Hanford Site (e.g., 200 East and West Areas low-level burial grounds) have pre-
existing COCs, and the pre-existing background concentration may show an increasing or decreasing 
trend due to a prior release from the regulated unit and/or an upgradient source.  Nevertheless, the small 
but gradual trend noted during the baseline period is a serious concern when applying the control chart 
method.  If the trend is not corrected, the calculated control limits will be grossly overstated and render 
the control chart method less effective to detect real changes.  While caution must be used in applying the 
control chart method, there are supplemental statistical techniques and approaches that can be used to 
account for pre-existing trends observed in the background COC concentration.  For example, Horsey 
et al. (2001) used an approach that consisted of screening intrawell historical data sets for statistical 
outliers, temporal trends, seasonal effects, and the presence of anthropogenic compounds (e.g., volatile 
organic compounds).  The resulting data sets were then used to establish the intrawell control limits.  
Gibbons (1994, page 165) describes a technique for removing the effects of an upward trend (or 
downward trend) in a single monitoring well.  Once the data are “de-trended,” the previously described 
control chart method can be applied. 

5.1.1 Estimating Trend Using Non-Parametric Method 

 If a concentration versus time plot suggests the presence of a linear trend, one may estimate the true 
slope (change in concentration per unit of time) and the intercept (concentration at time zero) by the least 
squares method as described by Montgomery and Peck (1982, pages 8-50).  The underlying assumptions 
of the linear regression method are normally and independently distributed error terms with mean zero 
and constant variance.  Gross violation of these assumptions may yield an unstable model.  In addition, 
other disadvantages of linear least squares fit are poor extrapolation properties and sensitivity to outliers 
or gross errors.  Furthermore, the presence of non-detects in the data will often invalidate the estimators 
(e.g., the intercept and the slope) obtained by the least squares regression method.  Sen (1968) developed  
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a robust non-parametric procedure that is not greatly influenced by the presence of outliers, missing data, 
and non-detects.  Step-by-step procedures to obtain Sen’s estimator of trend and to test the hypothesis of 
zero slope (i.e., no trend) are provided below: 

 1. Compute the sample slope estimates for each well as in Equation 5.1 as follows: ijS

 
ij
yy

S ij
ij −

−
=  (Equation 5.1) 

where  <  and  and are concentration values measured at time  and i , respectively.  If some of 
the concentration data ( ’s) are nondetects, we may use one half the detect limit for these not detected 
data (Gilbert 1987, page 218). 

i j jy iy j
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 2. The median of these values of  is Sen’s estimator of trend.  Let N ′ ijS ][]2[]1[ ... NSSS ′≤≤≤ denote 
the ordered values of .  Then Sen’s estimator denoted as  is: ijS S
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 If a single measurement is collected from each well during each sampling event, then in this case 
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, where  is the number of sampling periods. n

 3. After obtaining the ordered values ][]2[]1[ ... NSSS ′≤≤≤ of the N ′ slopes , a ijS )%1( α−  
distribution-free confidence interval for the true slope can be obtained as below (see Gilbert 1987, 
page 218).  This procedure is based on normal theory and is valid for small sample sizes (i.e., 
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 Use Equation 5.4 if there is no tied value (i.e., nondetects or same concentration 
values).  Otherwise, use Equation 5.5, where is the number of tied groups and 

is the number of occurrences of a particular tied value. 
g

t p
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 (b)  Compute 21
2/1 )]([ SVARZC αα −=  (Equation 5.6) 

where  is the  quantile of the standard normal distribution. 2/1 α−Z %)2/1( thα−

 (c)  Set 
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=  (Equation 5.7) 

 (d)  The lower confidence limit is ][ 1ML S=β  and the upper confidence limit is 

]1[ 2 +MU = Sβ  

 4. To test the hypothesis of zero slope (no trend) against the alternative hypothesis of an upward trend, 
ASTM (1998, Section 6.3.6.1, page 13) recommends first compute a one-sided 99% lower confidence 
limit (i.e., use ) and reject the hypothesis of no trend if 326.2=Z S99.0 ][ 1ML =β  is greater than zero.  
If the alternative hypothesis is the presence of a decreasing trend, then one should reject the 
hypothesis of no trend and in favor of the alternative hypothesis when ]1[ 2 +

= MU Sβ  is less than zero. 

 5. If a significant trend is found, one may use the methods discussed in the next section to remove the 
trend in the background data set. 

5.1.2 Trend Removal Method 

 When a pre-existing trend is observed in the background data set, the calculated background mean 
and standard deviation will be overstated and render the control chart method insensitive to detect real 
changes.  Gibbons (1994, page 165) suggests using the following transformation to remove a pre-existing 
trend.  Prior to proceeding with the transformation, a significant trend must be established using the 
method discussed in Section 5.1.1 

  )]*([ 100
* tyy ii βββ +−+=

 tyi *1β−=  (Equation 5.8) 

where and denote the original and the transformed data values, respectively; and  
denotes the sampling periods,

iy *
iy ni ,...,2,1=

0β  and 1β  are the intercept and the slope of the trend line.  Noted in the 
above transformation we only need an estimate of the true slope of the trend line, which can be obtained 
by the Sen’s estimator.  The next section illustrates how a trend observed in the background data set of 
well 699-43-45 is removed using the transformation suggested by Gibbons (1994). 

5.1.3 Case Study 

 Table 13 presents specific conductance data collected during the baseline period (November 1999 to 
June 2001) from well 699-43-45.  This well is sampled approximately each quarter because it is also 
co-sampled by a nearby facility.  The observed upward specific conductance trend is due to returning to  
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Table 13. Baseline and De-Trended Specific Conductance Data in Well 699-43-45 

Baseline 
Sample Date 

Time Period 
( ) it

Specific Conductance 
(µS/cm) 

De-trended Specific Conductance 
(µS/cm) 

11/10/99 1 217.75 215.54 
01/27/00 2 217.50 213.08 
04/17/00 3 225.50 218.88 
06/07/00 4 224.00 215.17 
10/18/00 5 226.00 214.96 
01/18/01 6 232.50 219.25 
04/10/01 7 233.00 217.54 
06/13/01 8 232.00 214.33 

natural groundwater conditions as the influence of the relatively dilute pond water subsides.  Using 
procedures described in Section 5.1.1, we calculated N ′ = 28 slopes (using Equation 5.1) and arranged 
them in increasing order.  From the ordered sets of calculated slopes, we calculated their median value 
(i.e., Sen’s slope estimator)  is 2.208 µS/cm per quarter (using Equation 5.3), and the lower 99% 
confidence limit  µS/cm per quarter (using Equations 5.5, 5.6, and 5.7).  We 
concluded significant trend exist in this well because the lower 99% confidence limit on the slope 

S
23.0]94.4[][ 1

== SS M

][ 1ML S=β is greater than zero. 

Substituting Sen’s slope estimator into Equation 5.8 for this well, we can remove the trend effect from the 
original specific conductance data and obtain the following de-trended data: 

  (Equation 5.9) iii tyy *208.2* −=

where are original specific conductance data from well 699-43-45 and =1, 2, 3, …8.  The de-trended 
specific conductance data is presented also in Table 13. 

iy it

 For comparison purposes, the original specific conductance data (collected during the baseline period 
and the 2-year trial evaluation period) and their de-trended data were plotted in Figure 12.  Figure 12 
shows that after we remove the trend effect from this well, the baseline data are stable for the application 
of the control chart method (and accordingly various control limits are calculated using de-trended 
baseline data).  Furthermore, the previously noted exceedances (see Figure 5) are no longer present.  
However, the rate of increase in specific conductance obtained during the 2-year trial evaluation period is 
not as steep as that observed in the baseline period for this well.  Hence, the de-trended specific 
conductance data (obtained in the 2-year evaluation period) are consistently below the de-trended baseline 
mean value of 216.1 µS/cm indicating that the baseline period needs to be re-established approximately 
every 2 years to adjust for the changing condition that may happen at the site. 
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Figure 12. Original and De-Trended Specific Conductance Data from Well 699-43-45 

5.2 Dilution Correction 

 As previously noted, a correction for mixing of river water with groundwater at those monitoring 
wells located within the bank storage zone near the shoreline was deemed necessary to account for 
potential bimodal distribution effects.  Accordingly, this section describes one approach to remove the 
effect of mixing or dilution of groundwater by river water. 

 If the ambient total dissolved solids or specific conductance of groundwater in the study area is 
markedly different than the average specific conductance of river water, a simple two component mixing 
equation can be used to estimate the amount of river water present in the groundwater sample from a 
particular well.  The contaminant concentration can then be adjusted to the concentration it would be if 
dilution by river water had not occurred.  The following mixing equation can be used to calculate a 
dilution correction factor or mixing fraction, “a” that can then be used for this purpose. 
 
 Mi,j = ai,j X + (1 - ai,j) Y (Equation 5.10) 
 
where:  Mi,j = the observed specific conductance (the mixture) of a water sample consisting of  
   component X (groundwater) and component Y (river water) collected on the ith  
   sampling time i (i = 1, 2, 3,…..) from the jth well j (j = 1, 2, 3, …) 
 X = average concentration of specific conductance of ambient groundwater from the  
   source 
 Y = average concentration of specific conductance of Columbia River water  
 ai,j = mixing fraction at ith sampling time for jth well 

 
Rearranging Equation 1 and solving for “a” yields 
 
 ai,j = (Mi,j – Y)/(X - Y) (Equation 5.11) 
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The observed concentration Cobs (i,j) of contaminant C at ith sampling event from jth well is then adjusted 
(corrected) for dilution using the mixing fraction: 
 
 Cadj (i,j) = Cobs(i,j)/ai,j (Equation 5.12) 
 
where: Cadj(i,j) = dilution corrected concentration of contaminant, C at ith sampling event from jth  
   well 
 Cobs(i,j) = observed contaminant concentration of contaminant C at ith sampling event from  
   jth well  
 
In order to apply the above dilution correction method, the following steps are provided: 

 
1. Prior knowledge of the concentrations of specific conductance of ambient groundwater from 

the source (i.e., X in Equation 5.10) and that from the river water (i.e., Y in Equation 5.10) 
are needed.  The Y value was obtained using the median Columbia River water specific 
conductance concentration (143 µS/cm, which was rounded to 140 µS/cm in this study) of 
5 samples collected by U.S. Geological Survey at Richland Pumphouse in year 2001 
(PNNL-13910, Table B.5).  Average concentrations of specific conductance of water samples 
collected during the period March 1998 to September 2003 from wells 399-1-17A and 
399-1-17B were used as X values for shallow (460 µS/cm) and deep (357 µS/cm) well, 
respectively. 

 
2. After obtaining values of X and Y, values of specific conductance data (Mi,j ) collected on a 

particular sample date from a particular well are needed to calculate the mixture fraction ai,j 
using Equation 5.11. 

 
3. After obtaining values of mixture fraction ai,j, original values of contaminant data [Cobs (i,j)] 

are corrected [Cadj (i,j)] using Equation 5.12. 
 

Table 14 was prepared to demonstrate the application of above procedures.  Specific conductance 
values measured in June 1999 from wells 399-1-10A/B, 399-1-16A/B, and 399-1-17A/B were used for 
this illustration.  All COC data were adjusted in accordance with the above dilution correction procedures 
and later used for statistical testing presented in Section 4.0. 

 Although the computation for the mixing correction is straight forward, there are important 
assumptions and conditions that must be met for reliable use of the above approach, summarized as 
follows: 

1. The ambient groundwater specific conductance remains relatively constant at the source area. 

2. There are no sources of dilution water in the study area that could influence groundwater composition 
(e.g., leaking utility water lines). 
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Table 14.  Using Specific Conductance Values Measured in June 1999 to Illustrate the Application  
 of Dilution Correction Procedures 

 

Well 
Sample 

Date 

Observed 
Uranium 
(µg/L) 

Specific 
Conductance(a)

(µS/cm) 
Mixture 

Fraction(b), ai,j 

Adjusted 
Uranium(c) 

(µg/L) 
Difference(d)

(µg/L) 

399-1-10A 6/10/1999 23.6 233 0.29  81.2 -57.6 

399-1-16A 6/10/1999 61.5 297 0.49 125.4 -63.9 

399-1-17A 6/15/1999 104.0 470 100.8 100.8 3.2 

399-1-10B 6/10/99 0.062 309 0.78 0.079 0.018 

399-1-16B 6/10/99 12.6 327 0.86 14.6 -2.0 

399-1-17B 6/10/99 0.0089 354 0.99 0.009 -0.0001 
(a) Representing Mi.j values used in Equation 5.10.  
(b) Calculated by (Mi.j – 140)/(460 – 140) for shallow wells and (Mi.j – 140)/(357 – 140) for deep wells. 
(c) Equals observed uranium concentration/mixture fraction. 
(d) Equals observed – adjusted uranium concentration.  

3. There are no episodic events that recharge the aquifer with contaminant and or salt from another 
waste site that could alter specific conductance. 

4. Representative specific conductance must be used for the portion of the aquifer being tested.   

5. Representative samples of the aquifer are obtained (i.e., there are no strong vertical gradients in 
concentration in the vicinity of the pump intake). 

 A summary of how these conditions were satisfied for the application presented in this paper, along 
with comments or suggestions for other conditions are as follows. 

Condition 1 

 The specific conductance (Figure 13 and Figure 14) in the most inland monitoring location near the 
source (wells 399-1-17A and B) demonstrates that specific conductance is fairly constant over the period 
of interest with a mean value of 460 µS/cm in the A well and 357 µS/cm in the B well except for two 
sampling events for well 399-1-17A in June 1997 and June 2002 (Figure 13).  If the specific conductance 
shows either a decreasing or an increasing trend, it may be possible to first detrend the data using proced-
ures described in Section 5.1 and Chou (2004) or segregate the data into smaller time increments (e.g., 
use annual average versus an average over 5 years) to minimize the effect of  a trend.   

Condition 2 

 There were no leaking water lines in the immediate vicinity of the 300 APT that could alter the flow 
regime and composition.  However, in other areas of the Hanford Site, leaking utility lines have created  
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Figure 13. Specific Conductance and Head versus Time for Well 399-1-17A 

399-1-17B Specific Conductance (uS/cm)

0

200

400

600

800

1,000

1995 1998 2001 2004
Year

100

101

102

103

104

105

106

107

108

109

110

Undetect Detect Excluded Head
 

Figure 14. Specific Conductance and Head versus Time for Well 399-1-17B 
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anomalously low groundwater specific conductance which would invalidate application of the dilution 
correction.  Because leaking utility lines are a world wide problem, this possibility must be kept in mind 
for application of the method elsewhere. 

Condition 3 

 There was one well in the study area that did not meet this condition.  For example, the impact of a 
recharge event associated with the 618-5 burial ground (see Figure 8 for burial ground location) dust 
suppression watering was evident in the corrected or adjusted concentrations (as shown in Figure 10) 
because the adjusted uranium concentration (for well 399-1-10A) was less than the observed or 
unadjusted concentration.  This was because the observed specific conductance values (571 µS/cm on 
December 19, 2002 and 476 µS/cm on March 21, 2003) were greater than the ambient value (460 µS/cm) 
used for the uppermost part of the aquifer.  Apparently the dust suppression water also mobilized salts as 
well as uranium from the vadose zone.  While the effect of this type of impact cannot be removed, it can 
be easily recognized by noting if the adjusted contaminant concentrations are less than the unadjusted 
concentrations. 

Condition 4 

 There were two zones of the unconfined aquifer at this site with different major chemical composition 
and specific conductance that required separate treatment.  For example, as shown in Figures 13 and 14, 
wells completed in the deeper portion of the aquifer (B wells) in the present study had an average specific 
conductance that was more than 100 µS/cm lower than the uppermost portion of the aquifer (A wells).  
Thus, as noted above, two different values for X in the mixing equation were used.  That is, average 
specific conductance values of 357 µS/cm for 399-1-17B and 460 µS/cm for 399-1-17A, respectively, for 
the bottom and top of the aquifer.   

Condition 5 

 This condition was tested by sampling the very top of the aquifer with a special device that collected 
a water sample near the air-water interface in the wells.  Uranium concentrations for interface samples 
from the wells used for this study were nearly identical to the concentrations obtained with the sample 
pumps which are set much deeper in the upper aquifer (5 – 7 ft below static water level).  This was taken 
as evidence of relatively uniform concentrations within the zone of influence of the sample pumps. 
Additional work may be needed to test this assumption under differing hydrologic conditions (river 
stage).   
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6.0 Conclusions and Recommendations 

 Conclusions and recommendations based on the results of evaluating groundwater monitoring data 
obtained during the 2-year trial period for the two test cases addressed in this study are summarized as 
follows: 

B Pond Case (Detection Status) 

• For this detection status site, the Shewhart-CUSUM control chart approach is superior (more 
powerful) than the AR t-test method to detect a change in mean concentration above baseline while 
keeping the overall network-wide false positive rate at acceptably low levels (~5%).  These levels are 
consistent with EPA (1992) and ASTM guidance (1998). 

• When deciding appropriate control limits, one needs to consider 1) the power of the proposed test in 
relation to EPA (1992) reference power curve and ASTM guidance (1998); 2) the risk posed to 
human health and the environment, and 3) natural background conditions.  For the B Pond case, it is 
recommended that both the SCL and the CCL be set at 4.5 sigma units above the baseline 
concentrations for the following reasons: 

 (i) It provides the lowest false positive rate and yet provides adequate power (~95%) to detect a 
difference that is at 4 standard deviation units above the baseline mean in the second sampling 
event. 

 (ii) The power is close to 1 at the third, fourth, and fifth sampling events to detect a difference that is 
approximately 4 standard deviation units above the mean. 

 (iii) If the concentrations are close to the drinking water standards (and thus poses a risk to human 
health), the proposed control limits will have power to detect the high concentration with 
probability 1 (0 false negative rate) even in the first sampling event. 

 (iv) The highest control limits (set at × + 4.5s level) for specific conductance is 364 µS/cm for well 
699-44-39B (see Appendix B, Table B.1) which is about half of the drinking water standard for 
this parameter; for gross alpha is 5.78 pCi/L for well 699-43-44 (see Appendix B, Table B.2) 
which is less than half of the drinking water standard; and for gross beta is 16.45 pCi/L for well 
699-44-39B (see Appendix B, Table B.3) which is about one third of the drinking water standard 
for this parameter. 

• The control chart method will be insensitive to detect real changes if a pre-existing trend (caused by 
a prior release from the regulated unit and/or an upgradient source) is observed in the background 
data set.  A pre-existing trend could be removed using a transformation suggested by Gibbons 
(1994).  Once the trends are removed from the data the control chart method can be applied. 

• Update baseline data periodically.  A moving window of 8 to 12 baseline observations using most 
recent data is recommended. 
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300 Area Process Trenches Case (Corrective Action Status) 

In addition to the general conclusions regarding the Shewhart-CUSUM control chart method noted above, 
the following findings and conclusions apply to the 300 Area process trenches case due to the fluctuating 
water table:    

• Concerns that groundwater flow direction (and related mixing and dilution) could result in a bimodal 
contaminant distribution at the 300 Area process trenches, and thus invalidate application of the 
Shewart–CUSUM control chart method, were addressed by conducting statistical tests for normality 
on both dilution corrected and non-corrected data.  It was found that the data followed either normal 
or log-normal distribution pattern for either dilution corrected or uncorrected data. 

• It is concluded that the combined Shewhart-CUSUM method, an acknowledged method having 
superior statistical power, is a viable alternative for application to 300 Area process trenches as well 
as at other RCRA sites with similar dynamic hydrologic conditions. 

• For wells in close proximity to the river at any site, the approach provided in Section 5.2 could be 
applied to adjust contaminant concentrations to remove or minimize effects of river water infiltration 
and dilution before statistical analysis of the data. 
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Appendix B 

B Pond Power Curves Evaluation 

 This appendix presents results of the power curves evaluations for the combined Shewhart and 
CUSUM control limit (SCL and CCL) and the results for the Average-Replicate t-test method.  The latter 
is the required statistical analysis method for Resource Conservation and Recover Act (RCRA)-regulated 
sites in detection status.  Based on power curve evaluations and human health risk considerations, 
appropriate control limits are also provided. 

B.1 EPA Reference Power Curves 

 To assist the regulatory community in selecting alternative tests to the default analysis of variance 
(ANOVA) procedure, the U. S. Environmental Protection Agency (EPA) provides reference power curves 
EPA (1992, page B-6) that correspond to 8, 16, 24, and 32 background samples (Figure B.1) for 
comparisons with the power curves of proposed tests.  Figure B.1 shows the probability (referred to by 
EPA as the effective power) of detecting a shift from 0 to 5 sigma units in mean concentration for a single 
water quality parameter in any well in the network.  The power at 0 sigma unit, called the false positive 
rate or size of the test, is the probability of falsely concluding that a well has increased concentrations of a 
water quality parameter, when, in fact, it is at baseline concentrations. 

 

Figure B.1. EPA Power Curves (EPA 1992, page B-6) 

 B.1 



 

 A probability of approximately 1% near ‘0’ sigma unit is shown in Figure B.1.  This is the 
requirement mandated by EPA for any individual comparison; however, EPA also mandates a 5% overall 
network-wide false positive rate (across all wells and constituents) be kept by any testing scheme during 
each sampling event (EPA 1992, pages 62-66).  A test is judged to be acceptable if its power is 
comparable to the EPA reference power curves while maintaining an approximate 5% overall false 
positive rate.  In the following sections the power curves of the combined Shewhart-CUSUM method are 
compared with the EPA reference power curve and ASTM (1998) guidance. 

B.2 The Combined Shewhart-CUSUM Control Chart Method 

 Monte Carlo simulations were conducted to find appropriate Shewhart and CUSUM control limits 
that would attain various false positive and false negative rates for the current B Pond network that 
consists of four monitoring wells and three site-specific water quality parameters.  The objective in these 
simulations was to find control limits that will: 1) keep the site-wide false positive rate (4 wells and 3 
constituents or 12 comparisons) at approximately 5% when water quality is at baseline levels, and 2) 
provide adequate power (low false negative rate that is similar to EPA reference power curves) to detect 
real contamination when it occurs.  Power curves were computed by Dr. R. F. O’Brien, of Pacific 
Northwest National Laboratory’s  Statistical and Quantitative Science Group, for five control limit cases 
and are presented in Figures B.2 through B.6: 

• Case 1:  SCL = 2 and CCL = 2 
• Case 2:  SCL = 3 and CCL = 3 
• Case 3:  SCL = 3.5 and CCL = 3.5 
• Case 4:  SCL = 4 and CCL = 4 
• Case 5:  SCL = 4.5 and CCL = 4.5 

 In all five cases evaluated for the B Pond system, the k value is fixed at 1 sigma unit because the 
number of baseline samples is less than 12.  Additionally, one verification sample after the initial 
exceedance is considered in the Monte Carlo simulations. 

 The power curves in each case in Figures B.2 through B.6 show the probability, or equivalently the 
power, of detecting a shift of various sigma (baseline standard deviation) units above baseline mean in 
each of five consecutive (the first, second, third, fourth, and fifth) sampling periods that are assumed to 
provide independent samples.  The power curves in Figures B.2 through B.6 show the probability 
(vertical axis) of detecting a shift from 0 to 5 sigma units (horizontal axis) in mean concentration from a 
single groundwater quality parameter in any of the four monitoring wells in the network.  If a constituent 
of concern from a particular well has a standard deviation of 1.5 pCi/L, then the standardized sigma units 
(horizontal axis) in Figures B.2 through B.6 would translate into a shift of 1.5 pCi/L at 1 sigma unit, 
3.0 pCi/L at 2 sigma units, 4.5 pCi/L at 3 sigma units, 6.0 pCi/L at 4 sigma units, and 7.5 pCi/L at 
5 sigma units. 
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Figure B.2. Power Curves for Three Constituents, Four Wells, SCL = 2 and CCL = 2 
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Figure B.3. Power Curves for Three Constituents, Four Wells, SCL = 3 and CCL = 3 
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Figure B.4. Power Curves for Three Constituents, Four Wells, SCL = 3.5 and CCL = 3.5 
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Figure B.5. Power Curves for Three Constituents, Four Wells, SCL = 4 and CCL = 4 
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Figure B.6. Power Curves for Three Constituents, Four Wells, SCL = 4.5 and CCL = 4.5 

 It is important to notice the condition where monitoring is at baseline levels (sigma units = 0).  The 
power at 0 sigma units is called the false positive rate (i.e., size of the test).  This is the probability of 
falsely concluding that a well has increased concentrations of a groundwater quality parameter when, in 
fact, it is at baseline concentrations.  ASTM (1998, section 5.1.4.3, page 10) stated that, as a general rule, 
a site-wide false positive rate of 5% and a false negative rate of approximately 5% (i.e., 95% power) for 
differences on the order of 3 to 4 standard deviation units (sigma units) are recommended.  Therefore, 
ASTM recommendations and EPA guidance (1992, pages 62-66) are used to first screen the power curves 
plotted (Figures B.2 through B.6) for the five cases listed above.  The results are discussed in the 
following paragraphs. 

 Case 1 (where SCL = 2 and CCL at 2) is not considered because of the site-wide false positive rate is 
more than 5% as recommended by ASTM and EPA (1992, page 64).  A site-wide false positive rate of 
6%, 10%, and 13% (Figure B.2) are indicated at the third, fourth, and fifth  sampling event for Case 1, 
respectively.  This means that the site will be falsely triggered into assessment more than 1 out of 10 
times, by chance alone, under Case 1 conditions.  Case 2 (where SCL = 3 and CCL = 3), Case 3 (where 
SCL = 3.5 and CCL = 3.5), Case 4 (where SCL = 4 and CCL = 4), and Case 5 (where SCL = 4.5 and CCL 
= 4.5) passed the 5% site-wide false positive rate test.  These four cases are further evaluated for false 
negative rate as described below. 

 None of these cases (Cases 2, 3, 4, and 5) provide a false negative rate of approximately 5% (or 
approximately 95% power), in the first and second sampling events, for detecting differences on the order 
of 3 standard deviation units (Figures B.3 through B.6).  However, all cases achieve the ASTM guidance 

 B.5 



 

of having a false negative rate approximately 5% (or 95% power) to detect a difference that is at 4 
standard deviation units above the baseline mean in the second sampling event.  Furthermore, the power 
is close to 1 at the third, fourth, and fifth sampling events to detect a difference that is about 4 standard 
deviation units above the mean. 

 Because Case 2, 3, 4, and 5 are essentially tied with regard to the false negative rate evaluations, 
another criterion, the human health risk factor, is used to assist in the selection of proposed control limits 
for the B Pond system.  This is achieved by standardizing the drinking water standards (DWS) as 
provided in Washington State primary or secondary maximum contaminant levels (WAC 246-290-310) in 
relation to the baseline statistics to calculate standardized units or sigma units [i.e., sigma units = (DWS – 
baseline mean)/baseline standard deviation] for each constituent and for each monitoring well in the 
network.  These standardized results are shown at the bottom of Tables B.1 through B.3 for the three site-
specific parameters as described below. 

 The secondary maximum contaminant level for specific conductance is 700 1S/cm (WAC 246-290-
310).  The calculated baseline mean is 255.5 1S/cm and baseline standard deviation is 11.2 1S/cm (see 
Table B.1) for well 699-42-42B.  Thus, the DWS is about 40 [(700 - 255.5)/11.2 = 39.6] standard 
deviation units above the baseline mean concentration for well 699-42-42B.  In other words, when the 
standardized units approach 40, the specific conductance concentration will be at about the DWS for this 
well and could have an adverse effect on human health. 

Table B.1. Specific Conductance Baseline Summary Statistics, Various Control Limits, and 
Drinking Water Standards for the B Pond System Wells 

 
699-42-42B 

(µ/cm) 
699-43-44 

(µ/cm) 
699-43-45 

(µ/cm) 
699-44-39B 

(µ/cm) 
Baseline Statistics(a) 
  Mean ( × ) 255.50 267.41 226.03 262.22 
  Standard Deviation (s) 11.23 9.50 6.23 22.55 
Shewhart-CUSUM Control Limits(a) 
  Control Limit ( ×  + 2s) 278 286 238 307 
  Control Limit ( ×  + 3s) 289 296 245 330 
  Control Limit ( ×  + 3.5s) 295 301 248 341 
  Control Limit ( ×  + 4s) 300 305 251 352 
  Control Limit ( ×  + 4.5s) 306 310 254 364 
Groundwater Protection Standard 
Drinking Water Standard (DWS)(b) 700 700 700 700 
DWS in Sigma Units above Mean(c) 40 46 76 19 
(a) Obtained from Table 2 in main body of this report. 
(b) Secondary maximum contaminant levels, WAC 246-290-310. 
(c) Sigma units = (DWS – mean)/standard deviation.   
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Table B.2. Gross Alpha Baseline Summary Statistics, Various Control Limits, and Drinking 
Water Standards for the B Pond System Wells 

 
699-42-42B 

(pCi/L) 
699-43-44 

(pCi/L) 
699-43-45 

(pCi/L) 
699-44-39B 

(pCi/L) 
Baseline Statistics(a) 
  Mean ( × ) 1.76 1.99 1.03 1.65 
  Standard Deviation (s) 0.64 0.84 0.52 0.52 
Shewhart-CUSUM Control Limits(a) 
  Control Limit ( ×  + 2s) 3.04 3.67 2.07 2.68 
  Control Limit ( ×  + 3s) 3.68 4.52 2.59 3.20 
  Control Limit ( ×  + 3.5s) 4.00 4.93 2.85 3.46 
  Control Limit ( ×  + 4s) 4.32 5.36 3.11 3.72 
  Control Limit ( ×  + 4.5s) 4.65 5.78 3.37 3.97 
Groundwater Protection Standard 
  Drinking Water Standard (DWS)(b) 15 15 15 15 
  DWS in Sigma Units above Mean(c) 21 16 27 26 
(a) Obtained from Table 3 in main body of this report. 
(b) Maximum contaminant level for gross alpha particle activity (excluding uranium), WAC 246-290-310. 
(c) Sigma Units = (DWS – mean)/standard deviation. 

Table B.3. Gross Beta Baseline Summary Statistics, Various Control Limits, and Drinking 
Water Standards for the B Pond System Wells 

 
699-42-42B 

(pCi/L) 
699-43-44 

(pCi/L) 
699-43-45 

(pCi/L) 
699-44-39B 

(pCi/L) 
Baseline Statistics(a) 
  Mean ( × ) 6.51 6.06 5.91 5.88 
  Standard Deviation (s) 1.11 1.04 1.09 2.35 
Shewhart-CUSUM Control Limits(a) 
  Control Limit ( ×  + 2s) 9.00 8.13 8.08 10.58 
  Control Limit ( ×  + 3s) 10.66 9.17 9.17 12.93 
  Control Limit ( ×  + 3.5s) 11.60 9.70 9.72 14.10 
  Control Limit ( ×  + 4s) 12.62 10.21 10.26 15.28 
  Control Limit ( ×  + 4.5s) 13.73 10.73 10.80 16.45 
Groundwater Protection Standard  
Drinking Water Standard (DWS)(b) 50 50 50 50 
DWS in Sigma Units above Mean(c) 12 60 40 19 
(a) Obtained from Table 4 in main body of this report. 
(b) Maximum contaminant level for gross beta particle activity, WAC 246-290-310. 
(c) Sigma Units = (DWS – mean)/standard deviation. 
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 Similar calculations were made for gross alpha and gross beta.  Examining these standardized units 
(see bottom of Tables B.1 through B.3), the smallest number is 12 (see Table B.3).  Therefore, another 
figure (Figure B.7), which is the same power curves as Case 5 (where SCL = CCL = 4.5) except for the x-
axis, is extended from 5 to 8 sigma units.  This figure shows that the power (for Case 5) to detect a 
difference that is on the order of 8 sigma units or larger approaches 1 even in the first sampling event. 

B.3 The Average-Replicate t-test Method 

 The variance to depart from interim status requirement as allowed by Ecology (see Appendix A.1) is 
for a two-year trial period or four sampling events starting January 2002.  In January 2004, B Pond will 
revert to interim status requirement and will be subject to the use of AR t-test method for statistical 
evaluations.  The fundamental question is: 

 Is the AR t-test a better method (i.e., more protective to human health and risk to the environment)? 

 To provide an answer to the above question, the power curve for the AR t-test method for the B Pond 
system (four wells and three constituents of concern) is provided in Figure B.8.  The site-wide false 
positive rate is set at α = 0.01/12 = 0.0008333 as required by 40 CFR 265.93 (b) [and referenced by WAC 
173-303-400]. 

 As shown in Figure B.8, the power of the AR t-test is near zero (i.e., false negative rate is close to 
1) to detect a difference that is about 4 standard deviation units above the mean.  In contrast, all cases 
evaluated under control chart method achieve the ASTM guidance of having a false negative rate 
approximately 5% (or 95% power) to detect a difference that is at 4 standard deviation units above the 
baseline mean in the second sampling event.  Furthermore, the power is close to 1 at the third, fourth, and  
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Figure B.7. Power Curves for Three Constituents and Four Wells, SCL = 4.5 and CCL =4.5 
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Figure B.8. Average-Replicate t-test Method Power Curve Using Three Constituents and Four 
Wells 

fifth sampling events to detect a difference that is about 4 standard deviation units above the mean.  Thus, 
from the view point of the ability (i.e., power) of the statistical test to detect real contamination when it 
occurs alone, the AR t-test (for two-well comparisons case) or the analysis of variance procedures (for 
multiple well comparisons) obviously are not the methods of choice. 

B.4 Conclusions 

 Based on power evaluations, it is recommended not to use the AR t-test method or the analysis of 
variance procedure.  The combined Shewhart-CUSUM control chart method has a higher power to detect 
real contamination if it occurs.  Furthermore, it is recommended that both the SCL and CCL be set at 
4.5 sigma units above the baseline concentration (see Tables B.1 through B.3) for the B Pond system for 
the following reasons: 

• It provides the lowest false positive rate and yet provides adequate power (~95%) to detect a 
difference that is at 4 standard deviation units above the baseline mean in the second sampling event. 

• The power is close to 1 at the third, fourth, and fifth sampling events to detect a difference that is 
about 4 standard deviation units above the mean. 
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• If the concentration is close to the drinking water standards (and thus poses a risk to human health), 
the proposed control limits will have power to detect the high concentration with probability 1 (0 
false negative rate) even in the first sampling event. 

• The highest control limits (set at ×  + 4.5s level) for specific conductance is 364 µS/cm for well 699-
44-39B (see Table B.1), which is about half of the DWS for this parameter; for gross alpha is 5.78 
pCi/L for well 699-43-44 (see Table B.2), which less than half of the DWS; and for gross beta is 
16.45 pCi/L for well 699-44-39B (see Table B.3), which is approximately one third of the DWS for 
this parameter. 

 The power curve simulations were conducted for the most conservative case of a release scenario that 
affects a single constituent in a single downgradient well.  A more likely or realistic release event might 
involve multiple constituents in multiple wells.  Therefore, the actual power may be considerably larger 
than that estimated by this study.  The proposed sampling and statistical approach for the B Pond case is 
superior to the interim-status required AR t-test method. 

 From the standard point of risk assessment, the control limits set at SCL = CCL = 4.5 will produce 
upper control limits far below the DWS for each of the constituent of concern for all the wells in the B 
Pond system.  Finally, the proposed sampling and statistical approach will result in a less costly 
monitoring scheme while achieving the desired power and maintaining the EPA-recommended overall 
network-wide false positive decision error rate (~5%). 
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Appendix C 

Normal Probability Plots for B Pond System 

 One of the assumptions for the combined Shewhart-CUSUM control chart approach is that the data 
are normally distributed.  One simple and easy way to evaluate whether a sample can reasonably be 
regarded as having come from a normal distribution is through the use of a normal probability plot.  The 
plot is constructed so that if data points fall on a straight line, then these data can be assumed as drawn 
from a normal distribution.  Following the Washington State Department of Ecology guidance letter 
(Appendix A.1), normal probability plots were generated and are presented here for each of the site-
specific parameters in each B Pond system well using monitoring data obtained from January 1995 
through June 2001.  The normal probability plots suggest that the normal distribution is a reasonable 
assumption except for gross beta in 699-42-42B, which is better represented by a log-normal distribution. 
(Note: the normal probability plot for gross beta from well 699-42-42B was plotted twice, the original 
scale is shown on the first figure, and log-transformed scale is shown on the second figure.) 
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