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1.0 EXECUTIVE SUMMARY 

With the recent identification of elevated Th-230 as compared to U-238 and Th-232, the 2006 
derived concentration guideline level (DCGL) models are no longer adequate for demonstrating 
compliance to the total effective dose equivalent (TEDE) limit of 25 millirem per year 
(mrem/yr). These DCGLs were independently re-evaluated using RESRAD models to determine 
the DCGLs for each radionuclide, or decay chain, corresponding to 25 mrem/yr. Table 1-1 
provides the re-evaluated DCGLs for use with the unity (sum of fractions) rule for demonstrating 
the release of the site. 

Table 1-1: Re-Evaluated DCGLs 

DCGL (pCi/g) Radionuclide 
Surface Subsurface 

Th-232+C 5.0 65.9 
U-238+D 442.4 8,658 

U-234 2,729 6,113 
Th-230 276.9 97.9 

Ra-226+C 6.2 51.2 

The unity rule as provided below (Equation 1-1) will be used to demonstrate compliance to the 
revised DCGLs provided above. It should be noted that U-238 is a surrogate for U-234 with a 
demonstrated 1:1 ratio (secular equilibrium). 

 
C226Ra

226Ra

230Th

230Th

234U

238U

D238U

238U

C232Th

232Th

DCGL
C

DCGL
C

DCGL
C

DCGL
C

DCGL
CSOF

+−

−

−

−

−

−

+−

−

+−

− ++++=  (1-1) 

The concentration of Th-232 may serve as a surrogate for Th-230 provided Th-230 is not directly 
measured during sample analysis. Using analytical data, a ratio between Th-230 and Th-232 was 
demonstrated to be approximately 9.8:1. For simplicity, instead of modifying the Th-232+C 
DCGL, the Th-230 to Th-232 ratio and Th-232 concentration will be used in the Th-230 term of 
Equation 1-1. The revised Th-230 term is illustrated below. 
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The minimum detectable concentrations (MDCs) for scanning as provided in NUREG-1507 
Table 6.4 are adequately sensitive for every radionuclide as listed in Table 1-1 except for 
Th-230. To account for the lack of scan sensitivity for Th-230, Th-232 will be used as a 
surrogate for Th-230 as addressed in the unity equation above. A modified Th-232 DCGL was 
calculated using Equation I-14 of MARSSIM (NUREG-1575) and a Th-230 to Th-232 ratio of 
9.8:1. The equation is provided below. 
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The modified Th-232 DCGL was calculated to be 4.2 pCi/g and 8.7 pCi/g for Surface and 
Subsurface, respectively. The Th-232 scan MDC of 1.8 pCi/g is less than both modified DCGLs 
and therefore adequate sensitivity can be demonstrated using the re-evaluated DCGLs with 
Th-232 accounting for the dose from Th-230. 

Scan action levels were developed using two different methodologies including analysis of 
empirical field data and the use of MicroShield® modeling to develop a field efficiency for an 
elevated area equal in size to the bounded area between final status survey (FSS) samples. The 
results were 18,000 gross cpm and 31,000 gross cpm for Surface and Subsurface, respectively. 

Sections 2.5.1.1 and 5.5.2.4 of MARSSIM addresses the concern of small areas of elevated 
activity within the survey unit. A simple comparison to an investigation level (DCGLEMC) is used 
to assess the impact of potential elevated areas. The DCGLEMC is the DCGL modified by an area 
factor (AF) to account for the dose from the small area of the elevated activity. The AFs for the 
radionuclides of concern are provided in Table 1-2. 

Table 1-2: Area Factors 

Contaminated Zone Area (m2) Radionuclide 
3,800 3,000 1,000 600 300 100 30 10 3 1 

Surface 
Th-232+C 1.0 1.0 1.0 -- 1.2 1.3 1.7 2.5 5.3 12.4 
U-238+D 1.0 1.0 1.1 -- 1.2 1.4 1.8 2.6 5.4 12.4 

U-234 1.0 1.1 1.2 -- 3.8 9.8 23.6 44.0 82.7 130 
Th-230 1.0 1.0 1.1 -- 1.3 1.6 2.2 3.5 7.4 17.0 

Ra-226+C 1.0 1.0 1.0 -- 1.3 1.5 1.9 2.8 6.0 14.1 
Subsurface 

Th-232+C -- -- -- 1.0 1.9 4.5 8.7 12.9 27.3 54.9 
U-238+D -- -- -- 1.0 2.0 5.7 16.3 36.0 38.8 38.8 

U-234 -- -- -- 1.0 2.0 5.9 18.6 49.0 143 367 
Th-230 -- -- -- 1.0 2.0 5.6 15.5 32.9 81.6 179 

Ra-226+C -- -- -- 1.0 2.0 5.6 15.6 33.1 82.1 181 

2.0 BRECKENRIDGE DCGLS REVISED IN 2006 

The dose assessment performed to establish the Breckenridge DCGLs was revised by Environ in 
20061. Table 6 from the Environ report is provided as Table 2-1 below. 

Table 2-1: 2006 DCGLs 

DCGL (pCi/gram) Isotope 
Surface Subsurface 

Thorium 232+D 3.9 34.0 
Uranium 238 and U234 2.5 21.5 

Radium 226 and Lead 210 1.3 10.5 

                                                 
1 Letter to Dr. Peter Lee (NRC) from Environ International Corporation; Subject: Revised Dose Assessment Methodology, 
Breckenridge Disposal Site, St. Louis, Michigan; April 25, 2006. 
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The 2006 development assumed that the Ra-226 was at 50% equilibrium with the U-238. Table 3 
of the 2007 Supplemental Site Characterization Report prepared by Environ provided DCGLs 
when Ra-226 and U-238 are less than 50% equilibrium (2006 DCGLs) and when Ra-226 and 
U-238 are greater than 50% equilibrium. For the greater than 50% equilibrium, the U-238 DCGL 
was reduced and set equal to the Ra-226 DCGL. These values were determined assuming that 
Th-230 was in equilibrium with U-238. Subsequent sample analyses in 2010 have demonstrated 
that this is not the case and as a result, these DCGLs are no longer adequate in determining site 
compliance; therefore, the DCGLs have been re-evaluated. 

3.0 RE-EVALUATION OF BRECKENRIDGE DCGLS 

With the recent identification of elevated Th-230 as compared to U-238 and Th-232, the 2006 
DCGL models were no longer adequate in demonstrating compliance to the TEDE limit of 
25 mrem/yr. The DCGLs were independently re-evaluated using RESRAD models to determine 
the DCGLs for each radionuclide, or decay chain, corresponding to 25 mrem/yr for use with the 
unity (sum of fractions) rule. 

3.1 DEVELOPMENT OF CHAIN DCGLS 

The 2006 RESRAD v6.3 models were re-entered into RESRAD v6.4 and verified to provide the 
same results as documented in the 2006 report. This ensured comparability to the previous 
RESRAD version. Next, the Surface and Subsurface models were divided into four separate 
models to independently account for the dose from the decay chains Th-232+C, U-238+C, 
Th-230+C, and Ra-226+C, where the contemporary +C nomenclature indicates that the dose of 
all progeny in equilibrium is accounted for in the model. The only RESRAD parameters that 
were modified were the selected radionuclides and their concentrations. The list below shows the 
radionuclides with half-lives greater than 180 days that were included at 1 pCi/g for each revised 
model. 

• Th-232+C: Th-232, Ra-228, and Th-228 
• U-238+C: U-238, U-234, Th-230, Ra-226, and Pb-210 
• Th-230+C: Th-230, Ra-226, and Pb-210 
• Ra-226+C: Ra-226 and Pb-210 

Table 3-1 lists the attachment that provides each RESRAD Summary Report. 

Table 3-1: DCGL RESRAD Summary Report Attachment Matrix 

Attachment Model 
Surface Subsurface 

Th-232+C A E 
U-238+C B F 
Th-230+C C G 
Ra-226+C D H 
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The DCGLs for the four chains noted above were calculated by developing a dose-to-source ratio 
(DSR) for each model. This was calculated by dividing the TEDE of 25 mrem/yr by the reported 
“Maximum TDOSE(t)” from the RESRAD Summary Report. Figure 3-1 shows the Maximum 
TDOSE(t) for U-238+C for the Surface model (Page 9 of the RESRAD Summary Report 
provided in Attachment B). 

 
Figure 3-1: Maximum TDOSE(t) from Surface U-238+C RESRAD Summary Report 

Therefore, for the Surface model, the U-238+C DSR is equal to [4.096 mrem/yr] / [1 pCi/g 
U-238] = 4.096 mrem/yr per pCi/g U-238. Using this DSR, the U-238 DCGL was determined to 
be equal to [25 mrem/yr] / [4.096 mrem/yr per pCi/g U-238] = 6.1 pCi/g. Table 3-2 provides the 
DSR and DCGL for each chain as listed for both the Surface and Subsurface models. 

Table 3-2: DSRs and DCGLs for Decay Chains 

Surface Subsurface 
Chain DSR 

(mrem/yr per pCi/g)
DCGL
(pCi/g)

DSR 
(mrem/yr per pCi/g) 

DCGL 
(pCi/g) 

Th-232+C 5.014 5.0 0.3793 65.9 
U-238+C 4.096 6.1 0.7506 33.3 
Th-230+C 4.030 6.2 0.7437 33.6 
Ra-226+C 4.019 6.2 0.4882 51.2 

3.2 DEVELOPMENT OF INDIVIDUAL DCGLS 

Because Th-230 was not in equilibrium with the U-238 (and in fact was greater than the U-238 
level) and the Ra-226 was also not in equilibrium with U-238, the Th-232+C and Ra-226+C 
DCGLs from Table 3-2 were the only chains that could be directly implemented. To account for 
the dose from remaining portions of the U-238 chain not accounted for in the Ra-226+C DCGL, 
DCGLs were developed for U-234, U-238+D, and Th-230, where the contemporary +D 
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nomenclature indicates that the dose of all short-lived progeny (half-life less than 180 days) of 
the parent is accounted for in the model. 

The development of these additional DCGLs did not require additional RESRAD models. The 
DSRs and DCGLs were taken directly from the U-238+C report section “Single Radionuclide 
Soil Guidelines.” This section of the Surface model report is shown in Figure 3-2 (Page 21 of the 
RESRAD Summary Report provided in Attachment B). 

 
Figure 3-2: Individual DCGLs from Surface U-238+C RESRAD Summary Report 

Table 3-3 summarizes the Surface and Subsurface U-234, U-238+D, and Th-230 DSRs and 
DCGLs. 

Table 3-3: DSRs and DCGLs for Individual Radionuclides 

Surface Subsurface 
Radionuclide DSR 

(mrem/yr per pCi/g)
DCGL
(pCi/g)

DSR 
(mrem/yr per pCi/g) 

DCGL 
(pCi/g) 

U-234 9.162E-03 2,729 4.090E-03 6,113 
U-238+D 5.650E-02 442.4 2.887E-03 8,658 
Th-230 9.030E-02 276.9 0.2555 97.9 

3.3 FINAL DCGLS 

Because the Th-232 decay chain is in equilibrium, the Th-232+C DCGL accounts for all dose 
from the entire chain. If all the DCGLs discussed in the U-238 decay chain were implemented, 
the dose for several radionuclides would be accounted for twice. In order to properly account for 
the U-238 decay chain dose, several DCGL permutation options could be implemented. Options 
for demonstrating compliance for the U-238 decay chain, with respect to the long-lived 
radionuclides that were entered into the RESRAD models, are illustrated below. 
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Long-Lived Radionuclide: U-238 U-234 Th-230 Ra-226 Pb-210 
Option 1: U-238+C 
Option 2: U-238+D U-234 Th-230+C 
Option 3: U-238+D U-234 Th-230 Ra-226+C 

As discussed in the Section 3.0, Th-230 is not in equilibrium with U-238 nor Ra-226. Therefore, 
Option 3 above was selected as the most appropriate model. Table 3-4 provides the re-evaluated 
DCGLs that will be implemented. 

Table 3-4: Re-Evaluated DCGLs 

DCGL (pCi/g) Radionuclide 
Surface Subsurface 

Th-232+C 5.0 65.9 
U-238+D 442.4 8,658 

U-234 2,729 6,113 
Th-230 276.9 97.9 

Ra-226+C 6.2 51.2 

For quality control, the re-evaluated RESRAD models were compared to the RESRAD Summary 
Reports provided in the Appendix of the 2006 Environ report and confirmed to be entered with 
identical parameters except for the selected radionuclides and concentrations which followed the 
technical discussion in this document. 

3.4 AREA FACTORS 

Sections 2.5.1.1 and 5.5.2.4 of MARSSIM addresses the concern of small areas of elevated 
activity in the survey unit. Rather than using statistical methods, a simple comparison to an 
investigation level is used to assess the impact of potential elevated areas. The investigation level 
for this comparison is the DCGLEMC, which is the DCGL modified by an AF to account for the 
small area of the elevated activity. The area correction is used because the exposure assumptions 
are the same as those used to develop the DCGL. Note that the consideration of small areas of 
elevated activity applies only to Class 1 survey units as Class 2 and 3 survey units should not 
have contamination in excess of the DCGL. 

First, the DCGLEMC values were developed by using the RESRAD models and adjusting the size 
of the Surface contaminated zone to 1, 3, 10, 30, 100, 300, 1,000, and 3,000 m2 and Subsurface 
contaminated zone to 1, 3, 10, 30, 100, and 300 m2. Table 3-5 provides the DCGLEMC values, in 
pCi/g. 

Lastly, the resulting DCGLEMC for the smaller areas of activity was then divided by the 
applicable DCGL (contaminated zone area size of 3,800 m2 for Surface and 600 m2 for 
Subsurface) to determine the corresponding AF. The AF calculation is illustrated below for 
U-234 for a Surface contaminated area size of 300 m2. 

8.3
g/pCi729,2
g/pCi370,10

DCGL
DCGLAF EMC ===  
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The AFs are provided in Table 3-6. The Surface and Subsurface AFs are plotted on Figure 3-3 
and Figure 3-4, respectively. 
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Table 3-5: DCGLEMC Values 

Contaminated Zone Area (m2) Radionuclide 
3,800 3,000 1,000 600 300 100 30 10 3 1 

Surface 
Th-232+C 5.0 5.0 5.1 -- 5.8 6.5 8.5 12.6 26.6 62.1 
U-238+D 442.4 448.1 465.0 -- 542.4 612.3 791.8 1,146 2,403 5,466 

U-234 2,729 2,873 3,314 -- 10,370 26,820 64,280 120,200 225,700 355,200 
Th-230 276.9 280.2 291.3 -- 356.6 431.5 613.0 955.9 2,039 4,834 

Ra-226+C 6.2 6.3 6.5 -- 7.8 9.0 11.9 17.6 37.4 87.3 
Subsurface 

Th-232+C -- -- -- 65.9 123.3 293.8 572.7 849.8 1,796 3,616 
U-238+D -- -- -- 8,658 17,120 49,060 141,500 311,400 336,100 336,100 

U-234 -- -- -- 6,113 12,180 35,940 113,400 299,800 877,100 2.241E6 
Th-230 -- -- -- 97.9 192.8 545.6 1,520 3,221 7,984 17,550 

Ra-226+C -- -- -- 51.2 100.9 285.7 796.9 1,693 4,202 9,242 

Table 3-6: Area Factors 

Contaminated Zone Area (m2) Radionuclide 
3,800 3,000 1,000 600 300 100 30 10 3 1 

Surface 
Th-232+C 1.0 1.0 1.0 -- 1.2 1.3 1.7 2.5 5.3 12.4 
U-238+D 1.0 1.0 1.1 -- 1.2 1.4 1.8 2.6 5.4 12.4 

U-234 1.0 1.1 1.2 -- 3.8 9.8 23.6 44.0 82.7 130 
Th-230 1.0 1.0 1.1 -- 1.3 1.6 2.2 3.5 7.4 17.0 

Ra-226+C 1.0 1.0 1.0 -- 1.3 1.5 1.9 2.8 6.0 14.1 
Subsurface 

Th-232+C -- -- -- 1.0 1.9 4.5 8.7 12.9 27.3 54.9 
U-238+D -- -- -- 1.0 2.0 5.7 16.3 36.0 38.8 38.8 

U-234 -- -- -- 1.0 2.0 5.9 18.6 49.0 143 367 
Th-230 -- -- -- 1.0 2.0 5.6 15.5 32.9 81.6 179 

Ra-226+C -- -- -- 1.0 2.0 5.6 15.6 33.1 82.1 181 
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Figure 3-3: Surface Area Factors 
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Figure 3-4: Subsurface Area Factors 
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The 42 individual DCGLEMC RESRAD Summary Reports are not included because the only 
parameter changed was the contaminated area. The DCGLEMC RESRAD Summary Reports were 
compared to the DCGL RESRAD Summary Reports and found to be entered correctly. 

4.0 SCAN SENSITIVITY 

The scan sensitivity was evaluated first using the scan MDCs as documented and provided in 
NUREG-1507 Table 6.4 and secondly by developing specific scan MDCs using the guidance as 
provided in NUREG-1507 Section 6. The results of both evaluations are discussed in the 
following sections. 

4.1 INDIVIDUAL SCAN MDCS 

4.1.1 NUREG-1507 Table 6.4 MDCs 

As shown in Table 4-1, the scan MDCs for a 2-inch by 2-inch sodium iodide (NaI) detector as 
provided in NUREG-1507 Table 6.4 are adequately sensitive for every radionuclide except for 
Th-230. 

Table 4-1: DCGLs and Applicable Scan MDCs from NUREG-1507 

DCGL (pCi/g) Radionuclide 
Surface Subsurface 

Scan MDC (pCi/g) a 

Th-232+C 5.0 65.9 1.8 
U-238+D 442.4 8,658 

U-234 2,729 6,113 80 b 

Th-230 276.9 97.9 2,120 
Ra-226+C 6.2 51.2 2.8 

a Table 6.4 of NUREG-1507 for a 2" × 2" NaI detector 
b Estimated based on processed natural uranium which includes U-234, U-235, and U-238. 

4.1.2 Calculated Scan MDCs Using NUREG-1507 Guidance 

Calculation of Surveyor MDCR 

The scan MDCs were calculated using the guidance in Section 6.8.2 of NUREG-1507. First, the 
minimum detectable count rate (MDCR) for the surveyor, MDCRsurveyor, was calculated using the 
guidance provided in Section 6.7.2.1 of MARSSIM and the equation below summarizes the 
application of the guidance. 

 
p

i
60

60
iBd

MDCRsurveyor

×××′
=  (4-1) 
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where: d′ = Index of sensitivity, MARSSIM Table 6.5 (unitless); 
 B = Background count rate (cpm); 
 i = Observation interval (seconds); and 
 p = Surveyor efficiency (unitless). 

The MDCRsurveyor, was calculated using the following inputs: 

• Index of sensitivity (d′) of 1.38 which provides a 95% true positive proportion and 60% false 
positive proportion, 

• Background count rate of 10,000 cpm, 
• Observation interval of 1 second which is equal to the data acquisition time of the 

electronically collected scan data, and 
• Surveyor efficiency of 0.75 which is greater than the MARSSIM-recommended value of 0.5 

to account for the fact that biased sampling locations are selected visually after plotting 
collected scan data. 

The MDCRsurveyor was calculated to be 1,234 cpm (above background) as illustrated below. 

cpm234,1
75.0

1
60

60
1000,1038.1

MDCRsurveyor =
×××

=  

MicroShield® Modeling 

A model of a postulated small elevated area was created in MicroShield® v8.01. The model was 
setup with the following inputs and options consistent with the information provided on 
Page 6-21 of NUREG-1507: 

• Cylinder Volume – End Shields; 
• Height of 15 cm and radius of 28 cm; 
• Dose Point #1 at x=0 cm, y=25 cm, and z=0 cm; 
• Source material of concrete with a density of 1.6 grams per cubic centimeter (g/cm3); 
• Air gap with density of 0.00122 g/cm3; 
• Source activity concentration equal to 8E-6 microCuries per cubic centimeter 

(µCi/cm3) per Equation 6-19 of NUREG-1507, which is equivalent to 5 pCi/g; and 
• Source input grouping method of standard indices. 

Five models were created for the radionuclides listed in Table 3-4 and associated short-lived 
progeny, as shown below (note that all radionuclides were 100% yield and therefore the modeled 
activity concentration was 8E-6 µCi/cm3 unless other noted): 
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1. Th-232, Ra-228, Ac-228, Th-228, Ra-224, Rn-220, Po-216, Pb-212, Bi-212, Po-212 
(64.0% yield, 5.12E-6 µCi/cm3), and Tl-208 (36.0% yield, 2.88E-6 µCi/cm3); 

2. U-238, Th-234, and Pa-234m; 
3. U-234 only; 
4. Th-230 only; 
5. Ra-226, Rn-222, Po-218, Pb-214, Bi-214, Po-214, Pb-210, Bi-210, and Po-210. 

The MicroShield® outputs for each model are provided in Attachment I. 

Calculation of the MDER 

The MicroShield® results were independently tabulated by grouped gamma energies and 
exposure rates for each model. Table 6.3 of NUREG-1507 provides normalized detector count 
rate versus exposure rate calculations based on the manufacturer’s detector response to 
cesium-137. The exposure rate for each gamma energy group was then multiplied by the count 
rate versus exposure rate to determine the weighted count rate versus exposure rate for each 
energy and the results were summed. The minimum detectable exposure rate (MDER) was then 
calculated by dividing the MDCRsurveyor by the total weighted count rate versus exposure rate per 
Equation 6-21 of NUREG-1507. The results are presented in Table 4-2, Table 4-3, Table 4-4, 
Table 4-5, and Table 4-6 for Th-232+C, U-238+D, U-234, Th-230, and Ra-226+C, respectively. 

Table 4-2: MicroShield® Results and Calculation of MDER for Th-232+C 

Energy (keV) Exposure Rate(µR/hr) cpm per µR/hr cpm per µR/hr 
(weighted) 

60 9.711E-04 13,000 2.601E+00 
80 9.139E-02 12,000 2.259E+02 

100 1.936E-02 9,840 3.925E+01 
150 1.726E-02 6,040 2.148E+01 
200 2.861E-01 4,230 2.493E+02 
300 1.953E-01 2,520 1.014E+02 
400 2.240E-02 1,700 7.846E+00 
500 1.630E-01 1,270 4.265E+01 
600 4.489E-01 1,010 9.341E+01 
800 3.122E-01 710 4.567E+01 

1000 1.232E+00 540 1.371E+02 
1500 2.969E-01 350 2.141E+01 
2000 3.867E-03 260 2.071E-01 
3000 1.764E+00 180 6.542E+01 

-- 4.854 -- 1,054 
MDER (µR/hr, NUREG-1507 Eq. 6-21): 1.171 
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Table 4-3: MicroShield® Results and Calculation of MDER for U-238+D 

Energy (keV) Exposure Rate(µR/hr) cpm per µR/hr cpm per µR/hr 
(weighted) 

60 5.490E-03 13,000 1.524E+03 
80 3.023E-04 12,000 7.745E+01 

100 1.650E-02 9,840 3.467E+03 
800 3.703E-03 710 5.614E+01 

1000 2.084E-02 540 2.403E+02 
-- 4.684E-02 -- 5,364 

MDER (µR/hr, NUREG-1507 Eq. 6-21): 0.2301 

Table 4-4: MicroShield® Results and Calculation of MDER for U-234 

Energy (keV) Exposure Rate(µR/hr) cpm per µR/hr cpm per µR/hr 
(weighted) 

50 1.187E-04 11,800 6.143E+03 
100 1.093E-04 9,840 4.717E+03 
-- 2.280E-04 -- 10,860 

MDER (µR/hr, NUREG-1507 Eq. 6-21): 0.1137 

Table 4-5: MicroShield® Results and Calculation of MDER for Th-230 

Energy (keV) Exposure Rate(µR/hr) cpm per µR/hr cpm per µR/hr 
(weighted) 

60 5.239E-04 13,000 8.440E+03 
150 2.831E-04 6,040 2.119E+03 
-- 8.070E-04 -- 10,560 

MDER (µR/hr, NUREG-1507 Eq. 6-21): 0.1169 

Table 4-6: MicroShield® Results and Calculation of MDER for Ra-226+C 

Energy (keV) Exposure Rate(µR/hr) cpm per µR/hr cpm per µR/hr 
(weighted) 

50 5.187E-03 11,800 1.635E+01 
80 4.909E-02 12,000 1.574E+02 

100 3.704E-04 9,840 9.738E-01 
200 5.673E-02 4,230 6.411E+01 
300 1.572E-01 2,520 1.058E+02 
400 3.774E-01 1,700 1.714E+02 
500 2.150E-02 1,270 7.295E+00 
600 6.794E-01 1,010 1.833E+02 
800 1.693E-01 710 3.212E+01 

1000 6.775E-01 540 9.775E+01 
1500 5.660E-01 350 5.293E+01 
2000 9.831E-01 260 6.829E+01 

-- 3.743 -- 957.8 
MDER (µR/hr, NUREG-1507 Eq. 6-21): 1.289 
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The MDER calculations are illustrated below. 

hr/R171.1
hr/Rpercpm054,1

cpm234,1MDER C232Th μ
μ

==+−  

hr/R2301.0
hr/Rpercpm364,5

cpm234,1MDER D238U μ
μ

==+−  

hr/R1137.0
hr/Rpercpm860,10

cpm234,1MDER 234U μ
μ

==−  

hr/R1169.0
hr/Rpercpm560,10

cpm234,1MDER 230Th μ
μ

==−  

hr/R289.1
hr/Rpercpm8.957

cpm234,1MDER C226Ra μ
μ

==+−  

Calculated Scan MDCs 

The scan MDC for each radionuclide was then calculated using Equation 6-22 of NUREG-1507 
using the results provided above. The scan MDC calculations are illustrated below. Note that the 
value of 5 pCi/g equates to the modeled source activity concentration. 

( ) g/pCi2.1
hr/R854.4
hr/R171.1g/pCi5MDCScan C232Th =×=+− μ

μ  

( ) g/pCi6.24
hr/R02-E684.4

hr/R2301.0g/pCi5MDCScan D238U =×=+− μ
μ  

( ) g/pCi492,2
hr/R04-.280E2

hr/R1137.0g/pCi5MDCScan 234U =×=− μ
μ  

( ) g/pCi3.724
hr/R04-.070E8

hr/R1169.0g/pCi5MDCScan 230Th =×=− μ
μ  

( ) g/pCi7.1
hr/R743.3
hr/R289.1g/pCi5MDCScan C226Ra =×=+− μ

μ  

Summary 

As shown in Table 4-7, the scan MDCs for a 2-inch by 2-inch NaI detector calculated using 
NUREG-1507 guidance are adequately sensitive for every radionuclide except for Th-230 and in 
fact are lower than the values provided in NUREG-1507 Table 6.4. 
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Table 4-7: DCGLs and Calculated Scan MDCs Using NUREG-1507 Guidance 

DCGL (pCi/g) Radionuclide 
Surface Subsurface 

Scan MDC (pCi/g) 

Th-232+C 5.0 65.9 1.2 
U-238+D 442.4 8,658 24.6 

U-234 2,729 6,113 2,496 
Th-230 276.9 97.9 724.3 

Ra-226+C 6.2 51.2 1.7 

4.2 ACCOUNTING FOR TH-230 

To account for the lack of scan sensitivity for Th-230, Th-232 will be used as a surrogate for 
Th-230. The Th-232 DCGL will be modified and the Th-232 scan MDC will be compared to the 
modified Th-232 DCGL. Equation I-14 of MARSSIM, which can be used to modify the Th-232 
DCGL to account for the dose from Th-230, is shown below in the applicable form. 

 

230Th

232Th:230Th

232Th

232Th

DCGL
R

DCGL
1

1DCGL
Mod

−

−−

−

−

+
=  (4-1) 

All the variables in Equation 4-1 are known except for the ratio of Th-230 to Th-232 
(RTh-230:Th-232). Biased samples were recently collected by the Nuclear Regulatory Commission 
(NRC) and EnergySolutions and analyzed by the Oak Ridge Institute for Science and Education 
(ORISE) and ALS Environmental, respectively, by alpha spectroscopy for isotopic thorium and 
uranium. Table 4-8 provides the isotopic thorium results and the calculated RTh-230:Th-232 for each 
sample. 

Table 4-8: Isotopic Thorium Results and Th-230 to Th-232 Ratios 

Alpha Spec Result (pCi/g) Sample ID 
Th-230 Th-232 

RTh-230:Th-232 

ORISE Samples 
2030S0004 3.75 0.86 4.4 
2030S0006 49.8 5.54 9.0 
2030S0007 22.6 2.85 7.9 
2030S0009 71.8 7.5 9.6 
2030S0010 592 59.9 9.9 

EnergySolutions Samples 
SU3FSSB001 61 7.1 8.6 
SU3FSSB006 80 9.1 8.8 
SU3CWA4B03 22.2 2.85 7.8 
SU3CWA4B07 148 15.2 9.7 
SU3CWA5B08 126 11.6 10.9 
SU3CWA7B02 131 13 10.1 
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Figure 4-1 shows the data in Table 4-8 plotted as ordered observations versus theoretical 
quantiles and clearly shows that the result for ORISE sample 2030S0004 (RTh-230:Th-232 = 4.4) is 
an outlier in the data set. Figure 4-2 shows the data set with the result from ORISE sample 
2030S0004 removed and the correlation is improved from 0.91 to 0.99; therefore, the result from 
ORISE sample 2030S0004 will be excluded. 
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Figure 4-1: Th-230 to Th-232 Ratio Quantile Plot 
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Figure 4-2: Th-230 to Th-232 Ratio Quantile Plot with Outlier Excluded 



Re-Evaluation of Breckenridge DCGLs, Gamma Scan Sensitivity, CS-313111-001 
and Gamma Scan Action Levels and Development of Area Factors Revision 1 
 

Page 27 of 236 

The RTh-230:Th-232 data set was analyzed using the Environmental Protection Agency’s (EPA) 
ProUCL v4.00.005 statistical software. Attachment J provides the output from ProUCL showing 
that the Student’s-t 95% upper confidence level (UCL) for this dataset is equal to 9.8. 

Using Equation 4-1 and the calculated RTh-230:Th-232 of 9.8, the modified Th-232 DCGL is 
calculated to be 4.2 pCi/g and 8.7 pCi/g for Surface and Subsurface, respectively. The 
NUREG-1507 provided Th-232 scan MDC of 1.8 pCi/g (Table 4-1) and the calculated Th-232 
scan MDC of 1.2 pCi/g (Table 4-7) are less than both modified DCGLs and therefore adequate 
sensitivity has been demonstrated, using the re-evaluated DCGLs with Th-232 accounting for the 
dose from Th-230. The equations below illustrate the modified Th-232 DCGL calculations. 

g/pCi2.4

g/pCi9.276
8.9

g/pCi0.5
1

1DCGLSurface
Mod232Th =

+
=−  

g/pCi7.8

g/pCi9.97
8.9

g/pCi9.65
1

1DCGLSubsurface
Mod232Th =

+
=−  

4.3 ACCOUNTING FOR U-234 

Uranium-238 will be used as a surrogate for U-234 using the natural uranium ratio of 1:1. The 
U-238 DCGL will be modified and the U-238 scan MDC will be compared to the modified 
U-238 DCGL. Using Equation I-14 of MARSSIM, the modified U-238 DCGL is calculated to be 
380.7 pCi/g and 3,583 pCi/g for Surface and Subsurface, respectively. The equations below 
illustrate the modified U-238 DCGL calculations. 

g/pCi7.380

g/pCi729,2
1

g/pCi4.442
1

1DCGLSurface
Mod238U =

+
=−  

g/pCi583,3

g/pCi113,6
1

g/pCi658,8
1

1DCGLSubsurface
Mod238U =

+
=−  

4.4 SENSITIVITY OF MULTIPLE RADIONUCLIDES 

When multiple radionuclides are present, the effective scan MDC will be greater than the 
smallest scan MDC but less than the largest scan MDC. The following equation2 is used to 
determine the scan MDC for the mixture of multiple radionuclides: 

 

226Ra

226Ra

238U

238U

232Th

232Th

MDCscan
f

MDCscan
f

MDCscan
f

1MDCScanMixture

−

−

−

−

−

− ++
=  (4-2) 

                                                 
2 Decommissioning Health Physics: A Handbook for MARSSIM Users, E.W. Abelquist; Equation 9.15. 
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where fTh-232, fU-238, and fRa-226 are the fractional amounts of each radionuclide and scan 
MDCTh-232, scan MDCU-238, and scan MDCRa-226 are the individual scan MDCs for each 
radionuclide. 

The activity fractions were calculated using isotopic thorium and isotopic uranium results for the 
samples used to determine the RTh-230:Th-232 as well as Ra-226 data for the same samples analyzed 
using gamma spectroscopy by ORISE and on-site by EnergySolutions. Note that ORISE sample 
2030S0004 was excluded from this analysis. The activity fractions were determined to be 0.465, 
0.429, and 0.106 for Th-232, U-238, and Ra-226, respectively. Table 4-9 provides the results. 

Table 4-9: Calculation of Activity Fractions from Sample Results 
Alpha Spec Result (pCi/g) Gamma Spec Result (pCi/g) Sample ID 
Th-232 U-238 Ra-226 a 

ORISE Samples 
2030S0006 5.54 7.13 0.73 
2030S0007 2.85 7.77 1.37 
2030S0009 7.5 5.63 1.11 
2030S0010 59.9 21.3 2.01 

EnergySolutions Samples 
SU3FSSB001 7.1 10.2 2.94 
SU3FSSB006 9.1 9.2 2.94 
SU3CWA4B03 2.85 14.7 6.45 
SU3CWA4B07 15.2 18.1 4.43 
SU3CWA5B08 11.6 18.7 4.99 
SU3CWA7B02 13 11.6 3.75 

Total Activity (pCi/g) 134.64 124.33 30.72 
Activity Fraction 0.465 0.429 0.106 

a ORISE results determined via Pb-214 peak and EnergySolutions results determined via deconvoluted 186 keV Ra-226 Peak. 

The scan MDC for the mixture using Equation 4-2 and the NUREG-1507 provided scan MDCs 
(Table 4-1) is calculated to be 3.3 pCi/g. Using the calculated scan MDCs (Table 4-7), the 
mixture scan MDC is calculated to be 2.2 pCi/g. Both calculations are illustrated below. 

g/pCi3.3

g/pCi8.2
106.0

g/pCi80
429.0

g/pCi8.1
465.0

1MDCScanMixture 6.4 Table 1507-NUREG =
++

=  

g/pCi2.2

g/pCi7.1
106.0

g/pCi6.24
429.0

g/pCi2.1
465.0

1MDCScanMixture Calculated =
++

=  

The mixture scan MDC must be compared to a gross activity DCGL in order to determine if 
there is adequate sensitivity for the mixture. MARSSIM Equation 4-4 is used to calculate the 
gross activity and is shown in the appropriate form below. 
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226Ra
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238U

238U

232Th

232Th

DCGL
f

DCGL
f

DCGL
f

1DCGLActivityGross

modmod −

−

−

−

−

− ++
=  (4-3) 

Using the modified Th-232+C, modified U-238+D, and Ra-226+C DCGLs, the gross activity 
DCGL was calculated to be 7.8 pCi/g and 18.0 pCi/g for Surface and Subsurface, respectively, as 
illustrated below. 

g/pCi8.7

g/pCi2.6
106.0

g/pCi7.380
429.0

g/pCi2.4
465.0

1DCGLActivityGrossSurface =
++

=  

g/pCi0.18

g/pCi2.51
106.0

g/pCi583,3
429.0

g/pCi7.8
465.0

1DCGLActivityGrossSubsurface =
++

=  

Because the mixture scan MDCs (3.3 pCi/g and 2.2 pCi/g) are less than the Surface and 
Subsurface gross activity DCGLs, adequate sensitivity has been demonstrated for the 
radionuclide mixture. 

A bounding analysis using the NUREG-1507 provided scan MDCs (Table 4-1) and the above 
methodology was used to determine the maximum value for RTh-230:Th-232 where the mixture scan 
MDC would be less than both the Surface and Subsurface gross activity DCGLs. The result was 
that RTh-230:Th-232 had to be less than or equal to 112 and 61 for Surface and Subsurface, 
respectively. This demonstrates that there will still be adequate scan sensitivity should there be 
locations with a significantly greater RTh-230:Th-232 than accounted for by the UCL. 

5.0 SCAN ACTION LEVELS 

Scan action levels were developed using two methodologies: analysis of empirical field data and 
use of MicroShield® modeling to develop a field efficiency for an elevated area equal in size to 
the bounded area between FSS samples. 

5.1 EMPIRICAL METHOD 

Scan action levels were developed using in situ NaI 1-minute static measurements, on-site 
gamma spectroscopy analytical sample results, and sum of fractions (SOF) calculations provided 
in Attachment K. The cumulative percentage of samples that exceeded an SOF of 1 was plotted 
versus the gross in situ NaI measurement. The scan action level was set at a cumulative 
frequency of 5% using a linear regression analysis of the data and the results are 18,000 gross 
counts per minute (cpm) and 38,000 gross cpm for Surface and Subsurface, respectively. 
Figure 5-1 and Figure 5-2 show the plotted data and linear regression analysis for Surface and 
Subsurface, respectively. 
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Figure 5-1: Surface Scan Action Level 
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Figure 5-2: Subsurface Scan Action Level 

Surface Scan Action Level Based on 
Field Results [18,000 cpm] 

Subsurface Scan Action Level Based 
on Field Results [38,000 cpm] 
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5.2 MICROSHIELD® MODELED FIELD EFFICIENCY METHOD 

As an alternate method, a field efficiency was developed for an elevated area equal in size to the 
bounded area between FSS samples. A draft FSS report has been provided to the NRC3 for 
survey unit (SU) 3 and FSS activities are on-going in SU2 as of the date of this report. The FSS 
design of 12 random-start systematic samples excluded the confirmed waste areas and the total 
sampled area was 1,450 m2 and 1,423 m2 for SU2 and SU3, respectively. The bounded area 
between FSS samples is simply the total sampled area divided by the number of samples, or 
120.8 m2 and 118.5 m2 for SU2 and SU3, respectively. 

5.2.1 Developing Individual Field Efficiencies 

The five MicroShield® models discussed in Section 4.1.2 were used to develop the field 
efficiency with all inputs the same except that the radius was set to 614 centimeters (cm), which 
corresponds to the SU3 bounded area of 118.5 m2. The SU3 bounded area was chosen for 
modeling the field efficiency as the slightly smaller area provided a slightly conservative (lower) 
exposure rate. The MicroShield® outputs for each model are provided in Attachment L. 

The exposure rate for each given energy (ignoring energies less than or equal to 15 keV) for each 
model was divided by the source activity input of 5 pC/g to give µR/hr per pCi/g. The µR/hr per 
pCi/g result was then multiplied by the NUREG-1507 Table 6.3 cpm per µR/hr at that energy to 
arrive at a field efficiency for that energy in cpm per pCi/g. The cpm per pCi/g results for all 
energies were summed to calculate the total field efficiency in cpm per pCi/g. The results are 
presented in Table 5-1, Table 5-2, Table 5-3, Table 5-4, and Table 5-5 for Th-232+C, U-238+D, 
U-234, Th-230, and Ra-226+C, respectively. 

Table 5-1: MicroShield® Results and Calculation of Field Efficiency for Th-232+C 

Energy (keV) Exposure Rate 
(µR/hr) µR/hr per pCi/g cpm per µR/hr cpm per pCi/g 

60 1.585E-03 3.170E-04 13,000 4.121E+00 
80 1.599E-01 3.198E-02 12,000 3.838E+02 

100 3.572E-02 7.144E-03 9,840 7.030E+01 
150 3.387E-02 6.774E-03 6,040 4.091E+01 
200 5.783E-01 1.157E-01 4,230 4.892E+02 
300 4.052E-01 8.104E-02 2,520 2.042E+02 
400 4.726E-02 9.452E-03 1,700 1.607E+01 
500 3.486E-01 6.972E-02 1,270 8.854E+01 
600 9.714E-01 1.943E-01 1,010 1.962E+02 
800 6.906E-01 1.381E-01 710 9.807E+01 

1000 2.775E+00 5.550E-01 540 2.997E+02 
1500 6.961E-01 1.392E-01 350 4.873E+01 
2000 9.364E-03 1.873E-03 260 4.869E-01 
3000 4.462E+00 8.924E-01 180 1.606E+02 

Total Field Efficiency (cpm per pCi/g Th-232+C): 2,101 
                                                 
3 E-mail correspondence from A. Palmer (EnergySolutions) to M. McCann (NRC), Subject: SU-3 FSS Report, December 10, 
2010. 
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Table 5-2: MicroShield® Results and Calculation of Field Efficiency for U-238+D 

Energy (keV) Exposure Rate 
(µR/hr) µR/hr per pCi/g cpm per µR/hr cpm per pCi/g 

60 8.959E-03 1.792E-03 13,000 2.329E+01 
80 5.290E-04 1.058E-04 12,000 1.270E+00 

100 3.043E-02 6.086E-03 9,840 5.989E+01 
800 8.192E-03 1.638E-03 710 1.163E+00 

1000 4.694E-02 9.388E-03 540 5.070E+00 
Total Field Efficiency (cpm per pCi/g U-238+D): 90.68 

Table 5-3: MicroShield® Results and Calculation of Field Efficiency for U-234 

Energy (keV) Exposure Rate 
(µR/hr) µR/hr per pCi/g cpm per µR/hr cpm per pCi/g 

50 1.869E-04 3.738E-05 11,800 4.411E-01 
100 2.016E-04 4.032E-05 9,840 3.967E-01 

Total Field Efficiency (cpm per pCi/g U-234): 0.8378 

Table 5-4: MicroShield® Results and Calculation of Field Efficiency for Th-230 

Energy (keV) Exposure Rate 
(µR/hr) µR/hr per pCi/g cpm per µR/hr cpm per pCi/g 

60 8.550E-04 1.710E-04 13,000 2.223E+00 
150 5.554E-04 1.111E-04 6,040 6.709E-01 

Total Field Efficiency (cpm per pCi/g Th-230): 2.894 

Table 5-5: MicroShield® Results and Calculation of Field Efficiency for Ra-226+C 

Energy (keV) Exposure Rate 
(µR/hr) µR/hr per pCi/g cpm per µR/hr cpm per pCi/g 

50 8.166E-03 1.633E-03 11,800 1.927E+01 
80 8.591E-02 1.718E-02 12,000 2.062E+02 

100 6.832E-04 1.366E-04 9,840 1.345E+00 
200 1.147E-01 2.294E-02 4,230 9.704E+01 
300 3.263E-01 6.526E-02 2,520 1.645E+02 
400 7.962E-01 1.592E-01 1,700 2.707E+02 
500 4.599E-02 9.198E-03 1,270 1.168E+01 
600 1.470E+00 2.940E-01 1,010 2.969E+02 
800 3.746E-01 7.492E-02 710 5.319E+01 

1000 1.526E+00 3.052E-01 540 1.648E+02 
1500 1.327E+00 2.654E-01 350 9.289E+01 
2000 2.381E+00 4.762E-01 260 1.238E+02 

Total Field Efficiency (cpm per pCi/g Ra-226+C): 1,502 
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The following equation illustrates the 60 keV calculation from Table 5-1. 

g/pCipercpm121.4000,13
g/pCi5

hr/R03-E585.1
hr/R

cpm =× μ
μ  

5.2.2 Developing Mixture Field Efficiency 

As discussed in Sections 4.2 and 4.3, the Th-232+C DCGL was modified to account for Th-230 
and the U-238+D DCGL was modified to account for U-234. Therefore, the calculated field 
efficiencies for Th-230 (Table 5-4) and U-234 (Table 5-3) will not be used and are provided for 
information only. 

The activity fractions provided in Table 4-9 were used to weight the Th-232+C, U-238+D, and 
Ra-226+C individual field efficiencies to determine a mixture field efficiency of 1,175 cpm per 
pCi/g (gross activity). The calculation is illustrated below. 

( ) ( ) ( ) g/pCi
cpm

g/pCi
cpm

g/pCi
cpm

g/pCi
cpm 175,1502,1106.086.90429.0101,2465.0 =×+×+×  

5.2.3 Calculation of Action Level 

The gross activity DCGLs were calculated in Section 4.4 to be 7.8 pCi/g and 17.9 pCi/g for 
Surface and Subsurface, respectively. Using the mixture field efficiency calculated in 
Section 5.2.2, the gross activity DCGLs are 9,165 cpm and 21,150 cpm (above background). The 
calculations are illustrated below. 

cpm165,9175,1g/pCi8.7DCGLActivityGrossSurface g/pCi
cpm =×=  

cpm150,21175,1g/pCi0.18DCGLActivityGrossSubsurface g/pCi
cpm =×=  

Because the goal of the scan survey is to identify elevated areas that exceed the DCGL, the 
action levels are therefore equal to the DCGL values in cpm plus the background value of 
10,000 cpm. Rounding down to the nearest thousand cpm, the scan action levels equal 
19,000 gross cpm and 31,000 gross cpm for Surface and Subsurface, respectively. 

5.3 SUMMARY 

The scan action level results provided in Sections 5.1 and 5.2 are summarized in Table 5-6, with 
the final scan action levels indicated. 

Table 5-6: Summary of Scan Action Levels 

Action Level (gross cpm) Result 
Surface Subsurface 

Empirical 18,000 38,000 
MicroShield® Model 19,000 31,000 
Final 18,000 31,000 
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6.0 DEMONSTRATING COMPLIANCE 

Once the FSS data are collected, the data for each survey unit will be assessed and evaluated to 
ensure that it is adequate to support the release of the survey unit. The SOF will be calculated to 
ensure a value less than 1 to demonstrate compliance with the TEDE criterion. The Elevated 
Measurement Comparison (EMC) test will be applied to any identified small areas of elevated 
activity as discussed in MARSSIM. 

6.1 UNITY RULE 

The unity rule will be used to demonstrate compliance with the TEDE criterion. The unity rule 
will evaluate the TEDE from Th-232+C and U-238+C using Option 3 discussed above. The 
unity rule equation is provided below. Note that U-238 is a surrogate for U-234 with a 
demonstrated 1:1 ratio (secular equilibrium). 
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230Th

230Th

234U

238U

D238U

238U

C232Th

232Th

DCGL
C

DCGL
C

DCGL
C

DCGL
C

DCGL
CSOF

+−

−

−

−

−

−

+−

−

+−

− ++++=  (6-1) 

The concentration of Th-232 may serve as a surrogate for Th-230 if Th-230 is not measured 
during sample analysis. For simplicity, instead of modifying the Th-232+C DCGL, the Th-230 to 
Th-232 ratio and Th-232 concentration will be inserted into the Th-230 term. The revised Th-230 
term is illustrated below. 

 
230Th

232Th232Th:230Th

230Th

230Th

DCGL
CR

DCGL
C

−

−−−

−

− ×
=  (6-2) 

6.2 SMALL AREAS OF ELEVATED ACTIVITY 

The EMC will be applied to Class 1 survey units only when an elevated area is identified by 
surface scans or biased and systematic samples. The EMC provides assurance that unusually 
large results receive the proper attention and that any area having the potential for significant 
dose contribution is identified. Locations identified by surface scans or sample analyses which 
exceed the DCGL are subject to additional surveys to determine compliance with the elevated 
measurement criteria. Based upon the size of the elevated measurement area, the corresponding 
AF will be determined from Table 3-6, using linear or exponential interpolation as necessary. 

The EMC will be applied by summing the contributing dose fractions of the survey unit through 
the unity equation. This will be performed by determining the fraction of dose contributed by the 
average activity across the survey unit and by adding the additional dose contribution from each 
individual elevated area following the guidance as provided in Sections 8.5.1 and 8.5.2 of 
MARSSIM. 

6.2.1 Average Activity Fraction 

The average activity within the survey unit will be determined from the systematic sampling and 
measurement results, excluding all biased results and any results within an elevated area. This is 
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to ensure the proper statistical testing of the survey data without skewing the results of the 
evaluation. Any samples taken within an elevated area including systematic and biased samples 
used to evaluate the average activity within the elevated area will be excluded from the survey 
unit average. The average activity fraction, fAvg, will be calculated as follows. 

 ∑
=

=
x

1j j

j
Avg DCGL

f
δ

 (6-3) 

where: fAvg = Dose contribution from the average survey unit activity; 
 x = Number of measured contaminants; 
 δj = Survey unit average activity (pCi/g) of contaminant j; and 
 DCGLj = Derived Concentration Guideline Level of contaminant j. 

6.2.2 Elevated Area Fraction 

The additional dose fraction or contribution from each elevated area will be determined by 
calculating the average activity within the elevated area, subtracting the average activity of the 
survey unit, and then dividing by the corresponding DCGLEMC which is the product of the DCGL 
and the AF that applies to the size of the elevated area. The average survey unit activity is 
subtracted as the dose contribution is already accounted for based upon the average activity 
contribution to the dose as calculated above. The additional dose contribution from the elevated 
area(s) is/are a result of any elevated activity in excess of the survey unit average. The elevated 
area fraction, fEMC, will be calculated as follows: 

 
( )

∑∑
= = ×

−
=

x

1j

y

1i jj,i

jj,i
EMC DCGLAF
f

δτ
 (6-4) 

where: fEMC = Dose contribution from elevated area(s); 
 x = Number of measured contaminants; 
 y = Number of elevated areas; 
 τi,j = Average activity of contaminant j in elevated area i; 
 δj = Survey unit average activity for contaminant j; 
 AFi,j = AF for contaminant j based upon the size of elevated area i; and 
 DCGLj = Derived Concentration Guideline Level of contaminant j. 

6.2.3 Sum of Fractions 

Once all the dose contributions are determined, the sum of the average activity fraction 
(Equation 6-3) and the elevated area fraction (Equation 6-4) must be less than or equal to 1. 

 1ff EMCAvg ≤+  (6-5) 

If the test fails, additional remediation will be performed as necessary to address the elevated 
areas. If the other statistical tests pass with the exception of the EMC test, remediation may be 
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performed within these isolated area(s) only and the immediate area(s) re-surveyed without 
having to resurvey the entire survey unit as discussed in Section 8.5.3 of MARSSIM. 
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Surface SOF Subsurface SOF On-Site Gamma Spectroscopy 
Activity Concentration (pCi/g) U-238 Modified to Account for U-234 Sample ID 

In Situ 
NaI 

(cpm) U-238 Ra-226 Th-232 Th-232 Modified to Account for Th-230 

1 SU2B002L00 6,120 2.97E-01 7.36E-01 7.29E-01 0.293 0.098 
2 SU1B003L00 6,250 8.64E-02 7.52E-01 7.91E-01 0.310 0.106 
3 SU1B005L00 6,334 6.32E-01 8.33E-01 6.69E-01 0.295 0.093 
4 SU1B006L00 6,491 3.76E-01 8.16E-01 6.00E-01 0.276 0.085 
5 SU1B012L00 6,705 6.29E-01 4.01E-01 6.49E-01 0.221 0.083 
6 SU3B013L00 6,713 2.85E-01 5.78E-01 5.86E-01 0.233 0.079 
7 SU3B013L00S 6,713 2.34E-01 7.53E-01 3.86E-01 0.214 0.059 
8 SU1B002L00 6,716 3.88E-01 7.59E-01 6.74E-01 0.284 0.092 
9 SU1B008L00 6,750 3.11E-01 0.00E+00 4.94E-01 0.118 0.057 

10 SU1B004L00 6,780 4.59E-01 6.64E-01 4.05E-01 0.205 0.060 
11 SU1B007L00 6,812 6.40E-01 7.68E-01 5.48E-01 0.256 0.078 
12 SU1B001L00 6,857 7.60E-01 3.00E-01 5.29E-01 0.176 0.067 
13 SU2B001L00 6,938 2.37E-01 1.03E+00 6.86E-01 0.330 0.099 
14 SU1B011L00 7,095 7.92E-01 5.56E-01 4.94E-01 0.209 0.068 
15 SU2B008L00 7,131 4.52E-01 4.67E-01 8.31E-01 0.274 0.105 
16 SU3B007L00 7,300 2.13E-01 1.23E+00 6.70E-01 0.359 0.101 
17 SU2B004L00 8,046 8.44E-01 3.82E-01 8.08E-01 0.256 0.101 
18 SU2B009L01 8,360 6.59E-01 8.96E-01 2.17E+00 0.663 0.267 
19 SU2B003L00 8,483 6.84E-01 1.23E+00 9.15E-01 0.417 0.129 
20 SU3B002L00 8,551 7.32E-01 1.27E+00 1.11E+00 0.471 0.153 
21 SU2B006L00 8,690 8.69E-01 8.02E-01 7.82E-01 0.318 0.106 
22 SU2B009L00 8,817 1.04E+00 -2.03E-01 7.97E-01 0.160 0.088 
23 SU3FSSS006 8,967 5.44E-01 9.15E-01 7.38E-01 0.325 0.103 
24 SU2B012L00 8,972 1.08E+00 7.59E-01 9.85E-01 0.360 0.128 
25 SU3FSSS002 9,066 6.31E-01 1.43E+00 7.50E-01 0.411 0.114 
26 SU3CWA5B05 9,138 5.22E-01 1.64E+00 7.90E-01 0.454 0.123 
27 SU2B010L00 9,194 6.84E-01 7.86E-01 1.17E+00 0.407 0.150 
28 SU2B010L00S 9,194 6.96E-01 7.63E-01 1.22E+00 0.415 0.155 
29 SU3FSSS001 9,294 4.47E-01 2.49E-01 4.36E-01 0.145 0.055 
30 SU3FSSS012 9,294 4.46E-01 4.60E-01 5.53E-01 0.207 0.073 
31 SU3CWA5B01 9,374 6.70E-01 5.87E-01 9.32E-01 0.318 0.119 
32 SU3CWA5B02 9,383 1.85E-01 8.13E-01 5.63E-01 0.266 0.081 
33 SU3B001L01 9,432 3.19E-01 1.14E+00 1.60E+00 0.566 0.206 
34 SU3FSSS007 9,496 7.69E-01 9.34E-01 7.72E-01 0.337 0.107 
35 SU3CWA5B04 9,530 6.86E-01 4.86E-01 6.09E-01 0.225 0.080 
36 SU3B004L00 9,620 9.23E-01 5.08E-01 1.23E+00 0.377 0.152 
37 SU3B004L00S 9,620 1.01E+00 1.53E+00 1.25E+00 0.546 0.174 
38 SU3CWA5B06 9,738 7.32E-01 1.13E+00 6.12E-01 0.330 0.093 
39 SU3CWA6B01 9,805 1.12E+00 7.96E-01 6.38E-01 0.283 0.089 
40 SU3CWA5B03 9,862 1.64E+00 5.50E-01 5.79E-01 0.231 0.078 
41 SU2B005L00 9,880 1.28E+00 3.96E-01 1.64E+00 0.458 0.197 
42 SU2B007L01 9,970 3.48E-01 1.94E+00 2.05E+00 0.801 0.274 
43 SU3CWA6B02 10,017 1.49E+00 1.31E+00 1.22E+00 0.507 0.167 
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Surface SOF Subsurface SOF On-Site Gamma Spectroscopy 
Activity Concentration (pCi/g) U-238 Modified to Account for U-234 Sample ID 

In Situ 
NaI 

(cpm) U-238 Ra-226 Th-232 Th-232 Modified to Account for Th-230 

44 SU3B002L01 10,044 1.03E+00 1.55E+00 2.49E+00 0.846 0.317 
45 SU3FSSS009 10,056 6.76E-01 1.37E+00 9.97E-01 0.460 0.142 
46 SU3FSSS010 10,143 5.02E-01 1.00E+00 6.59E-01 0.320 0.095 
47 SU3FSSS003 10,179 2.42E+00 2.50E+00 2.86E+00 1.090 0.378 
48 SU3FSSS005 10,216 1.08E+00 8.43E-01 8.37E-01 0.338 0.113 
49 SU3CWA7B04 10,275 1.79E-01 4.16E-01 9.35E-01 0.290 0.116 
50 SU3B012L00 10,280 3.73E-01 1.28E+00 2.44E+00 0.789 0.306 
51 SU3B008L00 10,294 1.17E+00 1.48E+00 1.30E+00 0.552 0.179 
52 SU3CWA6B03 10,425 1.90E+00 1.53E-01 7.19E-01 0.201 0.086 
53 SU3CWA7B05 10,589 1.96E+00 3.35E-01 1.30E+00 0.369 0.157 
54 SU2B005L01 10,734 1.10E+00 2.06E+00 1.05E+00 0.585 0.161 
55 SU2B011L01 10,771 3.32E+00 9.36E-01 1.45E+00 0.505 0.186 
56 SU3FSSS008 11,019 3.22E-01 9.16E-01 6.69E-01 0.308 0.095 
57 SU2B010L01 11,110 1.48E+00 1.91E+00 1.11E+00 0.576 0.165 
58 SU2B007L00 11,185 1.10E+00 8.03E-01 2.19E+00 0.654 0.268 
59 SU3CWA6B04 11,190 1.47E+00 1.51E+00 9.79E-01 0.481 0.143 
60 SU3CWA5B15 11,299 1.21E+00 1.97E+00 6.56E-01 0.477 0.114 
61 SU3CWA5B09 11,366 1.07E+00 9.84E-01 6.14E-01 0.308 0.090 
62 SU3CWA4B04 11,482 1.74E+00 1.32E+00 8.39E-01 0.417 0.123 
63 SU3CWA7B06 11,554 4.01E-01 1.22E+00 1.16E+00 0.474 0.157 
64 SU3CWA4B01 11,606 1.17E+00 7.54E-01 9.93E-01 0.361 0.129 
65 SU3CWA5B10 11,749 4.51E-01 8.12E-01 5.99E-01 0.275 0.085 
66 SU3CWA3B02 11,847 5.03E-01 8.61E-01 1.01E+00 0.381 0.133 
67 SU3CWA4B05 11,918 1.05E+00 1.12E+00 5.63E-01 0.317 0.087 
68 SU3CWA3B03 12,114 4.55E-01 2.43E+00 4.39E-01 0.497 0.098 
69 SU3B003L01 12,311 2.86E-01 1.56E+00 1.03E+00 0.497 0.149 
70 SU3B003L01S 12,311 9.16E-01 9.79E-01 1.42E+00 0.498 0.183 
71 SU3FSSS004 12,328 1.08E+00 2.57E-01 1.26E+00 0.345 0.150 
72 SU3CWA4B06 12,857 1.04E+00 5.21E-01 8.64E-01 0.293 0.110 
73 SU3FSSS011 13,019 9.27E-01 1.80E+00 1.43E+00 0.633 0.200 
74 SU3FSSS011S 13,019 5.98E-01 1.33E+00 1.38E+00 0.545 0.185 
75 SU3CWA4B02 13,050 9.13E-01 1.02E+00 7.91E-01 0.354 0.111 
76 SU3CWA7B01 13,137 1.14E+00 5.37E-01 8.97E-01 0.303 0.114 
77 SU3CWA5B12 13,186 1.34E+00 1.44E+00 8.79E-01 0.445 0.130 
78 SU2B002L01 13,358 2.99E+00 4.58E-01 2.34E+00 0.639 0.279 
79 SU3CWA5B13 13,916 7.39E-01 4.56E-01 4.78E-01 0.189 0.064 
80 SU3CWA5B11 14,145 2.70E+00 9.98E-01 1.78E+00 0.592 0.225 
81 SU1B009L00 14,633 7.57E-01 1.06E+00 8.07E-01 0.365 0.114 
82 SU3CWA3B01 14,679 5.37E-01 1.78E+00 6.08E-01 0.433 0.105 
83 SU3B009L00 14,811 1.29E+00 1.97E+00 2.78E+00 0.983 0.358 
84 SU3B003L00 14,845 8.07E-01 2.85E+00 2.11E+00 0.965 0.298 
85 SU3B012L01 14,918 1.09E+00 1.46E+00 2.86E+00 0.919 0.357 
86 SU3CWA5B14 14,945 2.41E+00 1.93E+00 2.52E+00 0.918 0.328 
87 SU3B011L01 15,206 1.20E+00 9.82E-01 3.28E+00 0.942 0.397 
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Surface SOF Subsurface SOF On-Site Gamma Spectroscopy 
Activity Concentration (pCi/g) U-238 Modified to Account for U-234 Sample ID 

In Situ 
NaI 

(cpm) U-238 Ra-226 Th-232 Th-232 Modified to Account for Th-230 

88 SU3B008L01 15,321 1.03E+00 7.32E-01 2.06E+00 0.611 0.251 
89 SU3B005L00 15,422 1.14E+00 1.23E+00 2.85E+00 0.879 0.352 
90 SU3FSSB001 15,447 4.73E+00 2.94E+00 6.20E+00 1.963 0.772 
91 SU2B013L01 15,505 2.43E+00 1.78E+00 1.54E+00 0.660 0.212 
92 SU3CWA4B07 16,567 1.23E+01 4.43E+00 1.20E+01 3.607 1.471 
93 SU3B006L01 16,887 9.85E-01 1.06E+00 1.38E+00 0.502 0.180 
94 SU2B014L01 17,025 5.01E+00 3.04E+00 4.08E+00 1.475 0.530 
95 SU2B014L01S 17,025 5.96E+00 2.31E+00 3.82E+00 1.298 0.486 
96 SU2B001L01 17,083 2.14E+00 2.24E+00 2.43E+00 0.945 0.324 
97 SU2B004L01 17,382 1.54E+00 2.35E+00 4.89E+00 1.548 0.608 
98 SU3CWA7B02 17,485 8.48E+00 3.75E+00 8.03E+00 2.539 0.999 
99 SU3FSSB004 18,092 3.05E+00 7.95E-01 8.21E-01 0.332 0.111 
100 SU3FSSB003 18,583 5.55E+00 2.03E+00 3.73E+00 1.231 0.470 
101 SU2B011L00 18,866 1.42E+00 1.58E+00 4.19E+00 1.257 0.513 
102 SU3FSSB002 18,954 7.66E-01 2.02E+00 3.60E+00 1.184 0.453 
103 SU3CWA7B03 18,959 3.47E+00 1.19E+00 9.74E-01 0.432 0.136 
104 SU3CWA3B04 20,201 1.40E+00 2.88E+00 4.32E+00 1.496 0.553 
105 SU2B006L01 20,398 1.70E+00 4.82E-01 2.55E+00 0.689 0.303 
106 SU2B006L01S 20,398 1.09E+00 6.97E-01 3.12E+00 0.858 0.373 
107 SU1B010L00 20,925 4.46E+00 1.16E+01 1.34E+00 2.195 0.381 
108 SU1B010L00S 20,925 4.68E+00 9.87E+00 1.32E+00 1.919 0.346 
109 SU3B004L01 22,004 2.18E+00 3.74E+00 5.68E+00 1.961 0.726 
110 SU3FSSB006 22,532 6.14E+00 2.91E+00 6.38E+00 2.004 0.792 
111 SU3FSSB006S 22,532 5.53E+00 2.18E+00 6.85E+00 1.997 0.832 
112 SU3B011L00 23,577 1.91E+00 2.26E+00 3.15E+00 1.120 0.407 
113 SU3B013L01 23,968 1.16E+00 2.98E+00 3.29E+00 1.267 0.437 
114 SU3B013L01S 23,968 1.25E+00 3.16E+00 4.03E+00 1.472 0.525 
115 SU3CWA5B08 26,453 1.30E+01 4.99E+00 1.72E+01 4.930 2.076 
116 SU3CWA5B07 26,693 4.49E+00 8.02E-01 8.41E-01 0.341 0.114 
117 SU3CWA4B03 27,490 9.28E+00 6.45E+00 1.43E+01 4.470 1.773 
118 SU2B008L01 31,171 8.15E+00 3.76E+00 6.60E+01 16.341 7.662 
119 SU2B008L01S 31,171 1.27E+01 1.42E+00 6.11E+01 14.810 7.054 
120 SU3FSSB005 31,578 3.94E+00 1.29E+00 1.87E+00 0.664 0.241 
121 SU3B006L00 32,323 3.27E+00 4.53E+00 9.94E+00 3.106 1.232 
122 SU3B005L01 38,791 2.48E+00 3.44E+00 6.33E+00 2.068 0.795 
123 SU3B005L01S 38,791 3.37E+00 8.73E-01 7.21E+00 1.866 0.847 
124 SU3B010L01 40,481 5.56E+00 8.54E+00 2.51E+01 7.368 3.053 
125 SU3B010L01S 40,481 8.35E+00 7.91E+00 2.76E+01 7.869 3.329 
126 SU2B003L01 41,095 2.63E+01 2.51E+01 2.03E+02 52.457 23.832 
127 SU2B003L01S 41,095 2.69E+01 3.12E+01 1.95E+02 51.531 23.031 
128 SU3B001L00 44,005 2.14E+00 4.54E+00 8.73E+00 2.816 1.093 
129 SU2B012L01 51,195 9.03E+01 3.78E+01 5.12E+01 18.529 6.649 
130 SU2B012L01S 51,195 8.74E+01 3.89E+01 4.86E+01 18.074 6.370 
131 SU3B014L01 54,525 8.47E+00 1.94E+01 3.30E+01 11.005 4.174 
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Surface SOF Subsurface SOF On-Site Gamma Spectroscopy 
Activity Concentration (pCi/g) U-238 Modified to Account for U-234 Sample ID 

In Situ 
NaI 

(cpm) U-238 Ra-226 Th-232 Th-232 Modified to Account for Th-230 

132 SU3B014L01S 54,525 1.33E+01 2.22E+01 3.62E+01 12.237 4.599 
133 SU3B007L01 85,476 2.86E+01 2.05E+01 5.26E+01 15.908 6.455 
134 SU3B007L01S 85,476 3.03E+01 1.99E+01 5.73E+01 16.925 6.983 
135 SU3B010L00 89,886 1.93E+01 1.42E+01 3.94E+01 11.716 4.811 
136 SU3B009L01 114,227 1.27E+01 1.09E+01 3.50E+01 10.129 4.240 
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ATTACHMENT L: Field Efficiency MicroShield® Outputs for 
Area Bounded by FSS Samples 
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