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1 Purpose 

This document describes the calculation of Calendar Year (CY) 2013 limits of detection (LOD) and limits 

of quantitation (LOQ) for total organic carbon (TOC) and total organic halides (TOX) to support 

detection groundwater monitoring at the Hanford Site under the Resource Conservation and Recovery Act 

of 1976 (RCRA). 

2 Background 

From the 1940s until the 1980s, the Hanford Site produced plutonium for national defense. During that 

time operations used many chemical constituents which potentially can migrate to groundwater from 

disposal sites. In the 1990s, the mission at Hanford changed to environmental cleanup, including 

remediation of known groundwater contamination under the Comprehensive Environmental Response, 

Compensation, and Liability Act of 1980 (CERCLA) and groundwater monitoring under RCRA. 

Under 40 CFR 265.92(b)(3) as referenced by WAC 173-303-400(3)(a), interim-status groundwater 

monitoring requires measurement of pH, specific conductance, TOC, and TOX as indicators of 

groundwater impact from a facility. Monitoring for these parameters is also required by the Hanford 

permit for detection monitoring at certain final-status sites. Downgradient measurements of these 

indicator parameters are compared with upgradient measurements to determine potential facility impact to 

groundwater. 40 CFR 265.93(b) requires this comparison to be done with a t-test at a 0.01 level of 

significance. The threshold value of the downgradient well sample results that would statistically exceed 

the mean of the background data at the 0.01 level of significance is calculated from the upgradient 

measurements and is referred to as the critical mean (CM). The calculation of the CM is beyond the scope 

of this document, but it is a function of the mean and variance of the upgradient measurements. Because 

the means of upgradient measurements of TOC and TOX can be near zero and the variances can be small, 

the calculated CM can be below the LOQ, the level sufficiently quantifiable by the analytical laboratory. 

Because the test criterion for detection monitoring must be quantifiable, the test criterion is the greater of 

the critical mean and the LOQ. Thus, the LOQ precludes basing regulatory decisions on measurements 

which are insufficiently precise (WHC-SA-1124-FP, Statistical Approach on RCRA Groundwater 

Monitoring Projects at the Hanford Site; PNNL-13080, Hanford Site Groundwater Monitoring: Setting, 

Sources and Methods). 

Several methods exist for determining minimum quantifiable concentration levels. The EPA defines the 

LOQ as “the lowest level at which the entire analytical system must give a recognizable signal and 

acceptable calibration point for the analyte,” (Revised Assessment of Detection and Quantitation 

Approaches, EPA 821-B-04-005, p. 2-5). In 1994, the EPA defined the LOQ as 10 times the standard 

deviation used to calculate the detection limit (EPA 821-B-04-005, p. 2-5). The EPA defines the method 

detection limit (MDL) as "The standard deviation among...replicate measurements...multiplied by the 

t-distribution for n-1 degrees of freedom (in the case of 7 replicates, the multiplier is 3.143, which is the 

value for 6 degrees of freedom [and a significance level of 0.02])" (EPA 821-B-04-005, p. 2-3). This is 

similar to the definition advanced by the American Chemical Society's (ACS) Committee on 

Environmental Improvement in the early 1980s. "The ACS LOD is defined as the lowest concentration 

level than can be determined to be statistically different from a blank. The recommended value for the 

LOD is three times the standard deviation of replicate measurements of a blank or low-level sample" 

(EPA 821-B-04-005, p. 2-10). This ACS definition of the LOD corresponds to the EPA’s definition of the 

minimum level (ML) (EPA 821-B-04-005, p. 2-5). The ACS also defined the LOQ as 10 times the 

standard deviation of blank or low-level sample results. The ACS definitions of the LOD and LOQ are the 

definitions used by the Soil & Groundwater Remediation Project. 
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Defining the LOQ as a concentration of 10 times the standard deviation of blank results seems high, but it 

can be shown statistically that this results in a 95% confidence level that the measured value would be 

within ±25% of the true value for an analytical result at the LOQ if the LOQ were determined from seven 

analytical blank results1. An accuracy of ±25% is generally deemed acceptable and is typical of quality 

control limits for spike recoveries at analytical laboratories. 

3 Methodology 

CY 2013 LODs and LOQs for TOC and TOX were calculated using results from blank samples. The 

calculations used four moving quarters of analytical results (e.g., the calculations for the 4
th
 quarter of 

2013 used the blanks results for all of 2013). The calculations were performed separately for each 

analytical laboratory from which blanks data were available, as follows: 

1. Every quarter, TOC/TOX blanks data were obtained from the analytical laboratories. 

2. Replicates were averaged and the data were reviewed for consistency. 

3. Normality of the data was assessed using the Shapiro-Wilk test as described in Section 3.1 

(Statistical Analysis of Groundwater Monitoring Data at RCRA Facilities Unified Guidance, 

EPA 530/R-09-007, Section 10.5.1). This was done for information only (see Section 4, 

Assumptions and Inputs). 

4. Potential outliers were identified by visual inspection of the measurements. Only those values 

substantially off-trend were considered to be potential outliers, and these were evaluated using 

Dixon's test as described in Section 3.2 (EPA 530/R-09-007, Section 12.3) for 25 or fewer 

analyses, or Rosner’s test as described in Section 3.3 (EPA 530/R-09-007, Section 12.4) for more 

than 25 analyses. However, statistical outliers were removed from the calculation only if they 

were outside the range of historical results. 

5. The current quarters’ blanks results (for either TOC or TOX) were merged with the previous 

three quarters of blanks results and the pooled standard deviation (Spooled) for the one-year period 

was calculated as follows (Compendium of Chemical Terminology Gold Book, IUPAC 2012): 
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where ni is the number of blanks results in the i
th
 quarter, and 

2
is  is the variance of the blanks 

results for the i
th
 quarter. 

6. The LOD and LOQ were calculated (for either TOC or TOX) using the following equations, and 

were rounded to the nearest 10 µg/L for TOC and to the nearest 1/10
th
 µg/L for TOX: 

 pooledSLOD ⋅= 3  Equation 2 

 pooledSLOQ ⋅=10  Equation 3 

                                                           
1 A 95% confidence interval on the t-distribution with 6 (i.e., n-1) degrees of freedom (t0.95,6) is ±2.447 standard 

deviations about the mean. At a concentration of 10 standard deviations of the blank results, ±2.447 standard 

deviations corresponds to a range of ~±25% of the concentration, and thus a 95% confidence level that the true value 

would lie within ~±25% of the measured value (assuming normality). 
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3.1 Shapiro-Wilk Test for Normality 

The procedure used for the Shapiro-Wilk test is documented in EPA 530/R-09-007, Section 10.5.1. As 

stated in that document, the “Shapiro-Wilk test is based on the premise that if a data set is normally 

distributed, the ordered values should be highly correlated with corresponding quantiles (z-scores) taken 

from a normal distribution.” This test has the null hypothesis that the data are normally distributed. If the 

calculated test statistic exceeds the critical value, the null hypothesis is accepted. Otherwise, the null 

hypothesis is rejected and the alternative hypothesis that the data are not normally distributed is accepted. 

The steps for performing this test are as follows: 

1. Order the measurements from least to greatest. 

2. Compute the following differences 

 ( ))()1( iin xx −
+−

 Equation 4 

for i = 1 to n, where n is the number of measurements and x(i) is the i-th measurement. In effect, 

this generates a sequence of differences where the first value is the last measurement minus the 

first measurement, the second value is the second-to-last measurement minus the second 

measurement, etc. Note that the second half of these values will be of the same magnitude as the 

first half but of opposite sign. Thus, only the first half are used in the remainder of this test. 

3. Determine k as the greatest integer less than or equal to n/2 (i.e., one-half the number of 

measurements truncated). 

4. Obtain the Shapiro-Wilk coefficients from Table 10-2 in Appendix D of EPA 530/R-09-007. The 

coefficients are grouped by n, the number of measurements, and there will be k coefficients. The 

coefficients can be determined for up to 50 measurements, the limit of the Shapiro-Wilk test. 

5. Compute the intermediate quantity, b, which is the sum of the products of the differences 

determined in step 2 and the coefficients determined in step 4, in sequence: 
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where the values, a, are the coefficients determined in Step 4. 

6. Calculate the standard deviation of the measurements. 

7. Calculate the Shapiro-Wilk test statistic, SW: 

 

2

1









−
=

ns

b
SW  Equation 6 

8. Obtain the critical value from Table 10-3 in Appendix D of EPA 530/R-09-007. The critical 

values are given for three significance levels. In accordance with the guidance in EPA 530/R-09-

007, use a level of significance of 0.10 for small data sets (i.e., n < 10), 0.05 for intermediate-

sized data sets (i.e., 10 ≤ n < 20), and 0.01 for large data sets (i.e., n ≥ 20). 

9. If the test statistic computed in step 8 is greater than or equal to the critical value, accept 

normality. If the test statistic is less than the critical value, reject the null hypothesis of normality. 
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3.2 Dixon’s Test for Outliers 

With Dixon’s test for outliers, the ratio of the gap between the suspected outlier and a nearby 

measurement to a measure of the range of the data is computed. If this test statistic exceeds a critical 

value, the suspected outlier is declared a statistical outlier. This test is most applicable to evaluating the 

most extreme measurement against the remaining measurements in a data set. It is used for relatively 

small data sets. When the number of measurements exceeds 25, Rosner’s test is used (Section 3.3). 

The steps for performing this test are: 

1) Arrange the measurements in increasing order, x1 to xn., where n is the number of measurements. 

2) For a suspected low outlier (x1), compute the test statistic, C, from 
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For a suspected high outlier (xn), compute the test statistic, C, from 
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3) Obtain the critical value from Table 12-1 in Appendix D of EPA 530/R-09-007 using a level of 

significance (α) of 0.05. 

4) If the test statistic, C, exceeds the critical value, the suspected value is declared an outlier. 

3.3 Rosner’s Test for Outliers 

This test is used for data sets exceeding 25 measurements, or when testing multiple potential outliers. It 

tests for outliers in blocks of measurements rather than singly. The steps for performing this test are: 

1) Order the data set and determine the number of possible outliers, r0, by inspection. The possible 

outliers could be either high or low values, or a combination of high and low values. 

2) Compute the mean x (0)
 and standard deviation, s

(0)
, of all the measurements. Find the 

measurement furthest from the mean, y
(0)

, and remove it from the dataset. 

3) Compute the mean x (1)
 and standard deviation, s

(1)
, of all the remaining measurements. Find the 

measurement furthest from the new mean, y
(1)

, and remove it from the dataset. Continue until all 

potential outliers are removed. 

4) Test for r outliers (where r ≤ r0) by iteratively computing the test statistic, R, as: 
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Critical values are obtained from Table 12-2 in Appendix D of EPA 530/R-09-007 based on 

sample size and using a level of significance (α) of 0.05. Test for r0 outliers initially. If the test 

statistic exceeds the first critical value, conclude there are r0 outliers. If not, test for r0-1 outliers 

by the same method using the next critical value from the table and continue until a block of 

outliers is identified or no outliers are identified. 

4 Assumptions and Inputs 

Ninety-five percent confidence that a measured concentration lies within ±25% of the true concentration 

at the LOQ concentration level depends on the assumption that the field blank results are normally 

distributed. Dixon's and Rosner’s tests for outliers also assume that the blanks results are normally 

distributed. To evaluate each data set for normality, the Shapiro-Wilk test (Section 3.1) was applied to 

each of the quarterly TOC and TOX blanks results (from each laboratory). The test was performed only 

for those quarters in which 8 or more blank sample results were available, in accordance with guidance in 

EPA 530/R-09-007. 

It should be noted that the Shapiro-Wilk normality test is performed for information only. Quarterly 

blanks results that are found to be not normally distributed are still used in the LOD and LOQ 

calculations. This is done for several reasons. First, the method of calculating the LOD as 3 times the 

standard deviation of the blanks results and the LOQ as 10 times the standard deviation of the blanks 

results is a simplified method that yields only an estimate of the “true” LOD and LOQ. Thus, there is 

already some uncertainty in these calculations even when the data are normally distributed. Second, LOD 

and LOQ values for a given laboratory fluctuate over time (hence the need to periodically recalculate the 

values), which further adds to the uncertainty of determining values applicable for a particular quarter. 

Thus, it is assumed that the additional uncertainty of using non-normal data sets in the calculations is 

small given the sources of uncertainty already present in the calculations. In addition, a better estimate of 

“true” LOD and LOQ values would entail the analysis of many blind standards near the estimated LOD 

and LOQ concentration levels. This is not a viable option because it would unacceptably increase 

analytical costs. 

A total of 14 normality tests were performed on the blanks results for 2012 and 2013 and the results are 

shown in Table 1. Only 6 of the 14 data sets were determined to be normally distributed. As stated above, 

it is assumed that the effect of using non-normally distributed data to calculate the LOD and LOQ is small 

given the other sources of uncertainty in the calculations. 

Table 1. Results of the Shapiro-Wilk Normality Test 

Quarter/Analyte 
Number of 

Samples 

Level of 

Significance 
Test Statistic Critical Value Result 

Waste Sampling & Characterization Facility (WSCF) Total Organic Carbon 

2012 1
st
 Q TOC 23 0.01 0.485 0.881 Non-Normal 

2012 2
nd

 Q TOC 27 0.01 0.600 0.894 Non-Normal 

2012 3
rd

 Q TOC 20 0.01 0.615 0.868 Non-Normal 

2012 4
th

 Q TOC 10 0.05 0.733 0.842 Non-Normal 

2013 1
st
 Q TOC 29 0.01 0.675 0.898 Non-Normal 

2013 2
nd

 Q TOC 17 0.05 0.912 0.892 Normal 

2013 3
rd

 Q TOC 11 0.05 0.978 0.850 Normal 
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2013 4
th

 Q TOC 18 0.05 0.924 0.897 Normal 

Waste Sampling & Characterization Facility (WSCF) Total Organic Halides 

2012 1
st
 Q TOX 20 0.01 0.958 0.868 Normal 

2012 2
nd

 Q TOX 16 0.05 0.691 0.887 Non-Normal 

2012 3
rd

 Q TOX 17 0.05 0.973 0.892 Normal 

2012 4
th

 Q TOX 4 n/a n/a n/a n/a 

2013 1
st
 Q TOX 18 0.05 0.842 0.897 Non-Normal 

2013 2
nd

 Q TOX 12 0.05 0.868 0.859 Normal 

2013 3
rd

 Q TOX 6 n/a n/a n/a n/a 

2013 4
th

 Q TOX 12 0.05 0.839 0.859 Non-Normal 

 

The spreadsheets used for the normality testing and the calculation of the LODs and LOQs are shown in 

Appendix A. Two replicate analyses were found to be outliers and were excluded from the calculations: 

sample numbers B2K2P8 (2012 1
st
 quarter TOC results from WSCF) and B2KTT3 (2012 2

nd
 quarter TOC 

results from WSCF). Other measurements were found to be statistical outliers but were retained for the 

analyses because they were within the historical range of blanks results. The outlier tests are documented 

in the spreadsheets shown in Appendix A. 

Replicate analyses for samples B2N5B3, B2N5B5, and B2N5B7 (TOX blanks results for 1/13/2013) were 

high and exhibited a wide range (4.88 to 30.71 µg/L). A field transfer blank collected the same day had a 

methylene chloride result of 19 µg/L indicating likely contamination of the deionized water supply used 

to prepare the blanks. It was assumed that samples B2N5B3, B2N5B5, and B2N5B7 were affected by the 

same contamination, so they were removed from the LOD/LOQ calculations for TOX. 

5 Software Applications 

A Microsoft Excel 2010®2 spreadsheet was used to perform calculations described in Sections 3 and 4, 

using functions available in that software. 

5.1 Description 

Software Title:  Microsoft® Excel 2010 

Software Version: 2010 

Hanford Information System Inventory (HISI) Number: 1915 

Workstation Type and property number:  HLAN Standard Workstation WF22699 

5.2 Software Installation and Checkout 

The Microsoft® Excel 2010 spreadsheets used for the calculations are shown in Appendix A. Inclusion of 

the calculation spreadsheet files in their complete configuration is exempt from the validation and 

verification requirements of PRC-PRO-IRM-309, Controlled Software Management. 

                                                           
2 Microsoft Excel is a registered product of the Microsoft Corporation. 
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5.3 Statement of Valid Software Application 

Microsoft® Excel 2010 is approved software for use in performing calculations at Hanford and the 

calculations were performed within the limitations of the software as approved, and consistent with the 

requirements of PRC-PRO-IRM-309. 

6 Calculations 

Spreadsheets for the quarterly calculation of the LODs and LOQs for CY 2013 are shown in Appendix A. 

The spreadsheets include the Shapiro-Wilk tests for normality and Dixon's and Rosner’s tests for outliers. 

7 Results 

Table 2 lists the calculated LOD and LOQ values for TOC and TOX for each quarter of CY 2013. The 

calculations apply to the WSCF laboratory; no blanks results were received from the TASL laboratory 

during 2012 and 2013. 

Table 2. Calendar Year 2013 Total Organic Carbon and Total Organic Halides 
Limits of Detection and Limits of Quantitation for WSCF. 

Quarter Limit of Detection (µg/L) Limit of Quantitation (µg/L) 

Total Organic Carbon
1
 

CY2013-Q1 200 650 

CY2013-Q2 150 490 

CY2013-Q3 110 350 

CY2013-Q4 110 350 

Total Organic Halides
2
 

CY2013-Q1 9.0 30.1 

CY2013-Q2 8.1 26.9 

CY2013-Q3 8.7 29.1 

CY2013-Q4 8.5 28.5 

Notes: 

1. Total organic carbon Limits of Detection and Limits of Quantitation are rounded to the nearest 10 µg/L. 

2. Total organic halide Limits of Detection and Limits of Quantitation are rounded to the nearest 0.1 µg/L. 
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Figure A.1. Example Spreadsheet with Formulas Displayed Showing the Shapiro-Wilk Normality Test and Dixon's Test for Outliers - CY 2012 1st Quarter TOC from WSCF (2 sheets) 
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Figure A.1. Example Spreadsheet with Formulas Displayed Showing the Shapiro-Wilk Normality Test and Dixon's Test for Outliers - CY 2012 1st Quarter TOC from WSCF (2 sheets) 
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Figure A.2. Example Spreadsheet with Formulas Displayed Showing Rosner’s Test for Outliers - CY 2012 2nd Quarter TOC from WSCF 
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Figure A.3. Spreadsheet for TOC from WSCF (17 sheets) 
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Figure A.3. Spreadsheet for TOC from WSCF (17 sheets) 
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Figure A.4. Spreadsheet for TOX from WSCF (7 sheets) 
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Figure A.4. Spreadsheet for TOX from WSCF (7 sheets) 
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Figure A.5. Example LOD/LOQ Spreadsheet (TOC for WSCF) with Formulas Displayed 

 

Figure A.6. WSCF LOD/LOQ Spreadsheet for TOC 
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Figure A.7. WSCF LOD/LOQ Spreadsheet for TOX 
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Figure A.8. Chart of Historical Range of TOC Blanks Results from WSCF 
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Figure A.9. Chart of Historical Range of TOX Blanks Results from WSCF 
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