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DISCLAIMER
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1.0 INTRODUCTION AND SUMMARY

During the period from 1999 through 2002, the Defense Waste Processing Facility (DWPF) received and
processed radioactive sludge slurry from High Level Waste Tank 51. The radioactive sludge slurry in Tank 51
was a blend of the remaining sludge slurry from Sludge Batch 1A (Macro Batch 1) and sludge slurry that had
been transferred from Tank 42. The combination of these sludges formed Macro Batch 2 or Sludge Batch 1B.

The Savannah River Technology Center (SRTC) has analyzed samples of Sludge Batch 1A [1] and Tank 42
sludge slurry [2] (before Tank 42 was combined with the sludge slurry from Sludge Batch 1A), To meet the
reporting requirements as specified in the Waste Form Compliance Plan [3] and the Department of Energy’s
(DOE) Waste Acceptance Product Specifications (WAPS) [4] for the final glass product, certain analytical
information must be provided for a given Macro Batch of material, The DWPF has requested the analyses of
sludge slurry samples from Tank 51 (Macro Batch 2) be completed in the Shielded Cells Facility of SRTC to
obtain this analytical information [5, 6]. This information will be used to complete the necessary Production
Records so that the final glass product, resulting from Macro Batch 2, may be disposed of at a Federal
Repository.

The Waste Acceptance Product Specifications (WAPS) [4] 1,2 require that “The Produwr shall report the
inventory of radionuclides (in Curies) that have half-lives longer than 10 years and that are, or will be, present in
concentrations greater than 0,05 percent of the total inventory for each waste type indexed to the years 2015
and 3115”. As part of the strategy to meet WAPS 1,2, the Defense Waste Processing Facility (DWPF) will
report for each waste type, all radionuclides (with half-lives greater than 10 years) that have concentrations
greater than 0.01 percent of the total inventory from time of production through the1100 year period from 2015
through 3115. The initial listing of radionuclides to be included is based on the design-basis glass as identified
in the Waste Form Compliance Plan (WCP) [3]. However, it is required that this list be expanded if other
radionuclides with half-lives greater than 10 years are identified that meet the greater than 0,01% criterion for
Curie content,

Specification 1.6 of the WAPS, IAEA Safeguards Reporting for HLW, requires that the ratio by weights of the
following uranium and plutonium isotopes be reported: U-233, U-2W, U-235, U-236, U-238, Pu-238, Pu-239,
Pu-240, Pu-241, and Pu-242. Therefore, the complete set of reportable radionuclides must also include this set
of U and Pu isotopes.

After sludge slurry in Tank 51 was thoroughly mixed, seven dip samples (-80 mL/each) were taken from Tank
51 and sent to the Shielded Cells Facility. Upon receipt of these samples, six of the seven samples (one
stainless steel sample bottle was empty) were combined and the final composite was used for the requested
analyses [5, 6,& 7].

This report describes the results obtained from the analyses of the combination of six sludge slurry samples
taken from Tank 51 and the reportable radionuclides for this Macro Batch of sludge slurry. The combined
sludge slurry sample and the supernate were also analyzed for nonradioactive and radioactive elemental
composition, weight percent solids and density. The radioactive composition was calculated based on input
from time zero (May 1999) to the years 2015 and3115 in order to determine the reportable radionuclides as
required by the WAPS,
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Highlights from this report are found below.

1. Twen~-seven radioisotopes wereidentified asrepoflable by WAPSl.2for Macro Batch2, Thetwenty.
seven radioisotopes met the criteria of having a half-life longer than 10 years and contributing greater than
0.01% of the total radioactivity during the first 1100 years after glass production [3], Two additional uranium
isotopes (U-235 and U-236) were added to the list of reportable radionuclides in order to meet WAPS 1.6,
This brings the total number of reportable radionuclides for Macro Batch 2 to twenty-nine.

2. Theradionuclides C-14, 1-129, Cm-246 and Cm-247 weredetected inthesludgeslurW. This isthe first
time these radionuclides have been detected and measured in the high level waste sludge slurry,

3. Theweight percent soluble sohdsof thesupernate for Macro Batch 2was2,63wt, %

4. Thedensity of thesupemate for Macro Batch 2wasl,03g/mL

5. Theweight percent total solids of thesludge sluryfor Macro Batch 2was18.8 wt.%,

6. Thedensity forthesludge sluryfor Macro Batch 2wasl,lOg/mL

7, Theconcentrations (weight percent based ontotal solids) ofnoble metals in Macro Batch 2are:

Ru 2.18E-02
Rh 4.97E-03
Pd l.l IE-03
Ag 1.40E-02
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2.0 COMBINATION OF THE SLUDGE SLURRY SAMPLES

Seven samples (ESP 215- ESP 221) from Tank 51 were received in 80 mL stainless steel bottles on 1/14/99,
These sludge slurry samples were placed into Cell Block A of the Shielded Cells and then combined into a one-
Iiter container labeled “ESP 215-ESP-221 Composite Sample”, Prior to the combination of the samples in the
one-liter container, the sludge slurry samples were individually mixed by shaking each stainless steel bottle for
approximately 5 minutes, To ensure all of the sludge slurry solids had been removed from each stainless steel
bottle, the sludge slurry-slurry was allowed to settle in the one-liter container for 2 days, After two days the
sludge slurry had settled into two layers, one being a clear supernate layer and the other being a sludge slurry
layer. Approximately 5 mL of clear supernate was carefully pipetted into each stainless steel bottle, The
stainless steel bottles were recapped and mixed by shaking each bottle for 5 minutes. The caps of the
stainless steel bottles were removed after 5 minutes and the volume was returned to the one-liter container.
The final volume of sludge slurry was -454 mL (the sample labeled ESP 215 was empty),

The combined sludge slurry sample was then analyzed as specified in the analytical study plan [7], Samples
required for the analyses were obtained after mixing the sludge slurry for approximately 30 minutes using a
magnetic stirrer and new magnetic stir bar. The majority of the analyses were performed by the Analytical
Development Section (ADS) with the exception of weight percent solids, calcined solids and density
determinations which were performed by qualified Shielded Cells Technicians.

3.0 RESULTS OF THE ANALYSES PERFORMED ON THE SUPERNATE OF THE COMBINED
SLUDGESLURRYSAMPLES

Protided below are the results from the analyses of the supernate of the combined sludge slurry sample, A
mixed sample of the combined sludge slurry was filtered through a Nalgene@ filter resulting in a clear
supernate. A portion of this supernate was diluted and removed from the Shielded Cells along with elemental
standards to check the analytical methods. These diluted samples were sent to ADS Sample Receiving so that
analyses could be performed by ADS. The dilution of the supernate samples was required so that only a small
portion of the radioactivity was removed from the Shielded Cells. The results for the elemental standards
submitted with the supernate indicated good agreement with the known values of the standards. This indicates
that the analytical methods were complete and performed correctly.

Presented below are the results of the Inductively Coupled Plasma- Emission Spectroscopy (ICP-ES) data,
Atomic Adsorption (AA) data, Inductively Coupled Plasma - Mass Spectroscopy (ICP-MS) data, Ion
Chromatography (IC) data, Ion Selective Electrode (lSE) data, Total Organic Carbon (TOC) data, Cold Vapor
Mercury (CV Hg) and counting techniques. Also presented below are the weight percent dissolved solids and
density determinations of the supernate that was performed in the Shielded Cells Facility.

3.1 IC, ISE, AIOZ”, COS2., Free OH, TIC/ TOC and Total OH Results for the Supernate

Presented below in Table 1 are the results for the supernate obtained from the following methods: IC,
lSE, AIOz-, COt2-, Free OH., TIC/ TOC&Total OH-. Theresults areanaverage of4samples and the
standard deviation and the percent relative standard deviation are also provided for each determination,
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Table 1- IC, ISE, AIOz., C03Z-, Free OH, TIC / TOC and Total OH Results for the Supernate

w Averaqe of StDev of % RSD of
Resultsa w w

IC Results for Chloride 3,29E-04 M * 7.4E-05 23

IC Results for Fluoride 2.03E-03 M t 1.2E-04 6.0

IC Results for Formate <1 .04E-03 Mb

IC Results for Nitrate 5.00E-02 M + 6.2E-04 1.2

IC Results for Nitrite 1.66E-01 M + 3,0E-03 1,8

IC Results for Phosphate <4.92E-03 Mb

IC Results for Sulfate 6,92E-03 M * 4.7E-04 6.8

IC Results for Oxalate 6,06E-03 M + 5,1 E-04 8,5

ISE Results for Chloride 5.20E-04 M i 1.8E-04 35

ISE Results for Fluoride 1.92E-03 M f 5.2E-05 2,7

Results for AIOZ- < 1,28E-02 Mb

Results for COS2- 3.69E-02 M * 2. IE-03 5,6

Results for Free OH- 3.35E-02 M t l.l E-03 34

Results for TIC 5.58E02 mg/L + 2,5EOI 4.5

Results for TOC 3.12E02 mg/L * 5,9EOI 19

Results for Total OH. 7,56E-02 M * 2.5E-03 3,3

a Average of four sample results,
bDetection Limit of the Instrument

3.2 ICP-ES, AA and CV Hg Results for the Supernate

Presented below in Table 2 are the results obtained from the ICP-ES, AA and CV Hg for the supernate,
The results in Table 2 are the average of 4 sample results (unless otherwise indicated) and are
presented intheunits of Molarity (moles/Liter) andmg/L, Thestandard deviations areprovided inthe
parentheses next to each value and percent relative standard deviation for the values are presented in
a separate column,
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Table 2- Concentration of Elements Detected by ICP.ES, W and CV Hg in the Supernate
Presented in Units of Moles/Liter and mg/L

I Mnla,it.,a mglLa

1 (StDev)
% RSD

.55E-06 (*4.5 E-07) 2.76E-01 (*4,8 E-02) 18

Al 3.33E-03 (*7.2 E-05) 9,00EOI (* I,9EOO) 2.2
Bd <2. OE-04 <2,7EO0

B~e 8.13E-07 (*9. IE-08) 1.12E-01 (*1.3 E-02) 11

Ca 6.66E-05 (+1.6 E-05) 2,67EO0 (*6.2 E-01) 23
Cde 5. IIE-07 (+9,6 E-08) 5.74E-02 (*1. IE-02) 19

co 3.45E-06 (*7,18 E-07) 2.03E-01 (t4.2E-02) 21

Cr 5.56E-04 (* I,12E-05) 2.89E01 (t5.8E-01) 2.0

Cu 3.60E-06 (*6.15 E-07) 2.29E-01 (*3.9 E-02) 17
Fed <3. OE-06 <1 .90E-01
Hgb 4,08E-05 (*2,59 E-06) 8.18EO0 (+5.2 E-01) 6.3
KC 3,34E-04 (+6.79 E-06) 1.31EOI (+2.7 E-01) 2.0

Lad <3. OE-06 <4.96E-01
u 2.98E-05 (*4.53 E-06) 2,07E-01 (*3. IE-02) 15

Mgd <1 ,58E-05 <3.84E-01
Mnd <8. OE-07 <4,63E-02
Mo 6,55E-06 (*2.5 E-07) 6.28E-01 (*2.4 E-02) 3.8
Na 3.61E-01 (+7.5 E-03) 8.29E03 (+1.7E02) 2,1
Nac 3.51E-01 (11.2 E-02) 8.07E03 (*2,8E02) 3.5
Ni 4.39E-06 (+1.5 E-06) 2.58E-01 (+9. OE-02) 35
P 1.13E-04 (11.2 E-05) 3,49EO0 (*3,8 E-01) 11

Pb 5.66E-06 (tl.4E-06) 1.17EO0 (*2,8 E-01) 24
Si 9.98E-05 (+7.5 E-06) 2.80EO0 (*2. IE-01) 7.5
Sn 4.02E-06 (t6.7E-07) 4.77E-01 (+8. OE-02) 17
SF <8. OE-07 <7,45E-02
Tie 3,17E-06 (*4,6 E-07) 1.52E-01 (~2,2E-02) 15
v 4,88E-06 (+7.4 E-07) 2.49E-01 (t3,8E-02) 15

Znd <7. OE-06 <4.76E-01
Zra 370F.06 (+29 F-07) 797F-01 (+77 F-07) 9.1

aMajotity of thesample results predetermined bylCP-ES unless othemise indicated. Average of4 sample
results unless othemise indicated.
b Result determined by Cold Vapor Hg method.
c Results determined by AA method
d Detection Limit of the Instrument
e Average of three sample results only. Fourth sample result was at the detection limit of the instrument.
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3.3 ICP-MS and Counting Data Reaulta for the Supernate

Presented in Table 3arethe results forthelCP-MS andcounting data forthe supernate, Theresultsin
Table 3arethe average of4samples (unless othewise indicated), Thestandard deviation andthe
relative standard deviation are provided in parentheses,

Table 3- ICP-MS and Counting Data Reaulta for the Supernate

Element Results Units

Sr-90 7.83E-03 (i 4.OE-03, 54) pCi/mL

Tc-99b 2.68E-01 (i 9.8E-03, 3.7) mg/L

Cs-137a 2,44EO0 (t 6.6 E-02, 2.7) ~Ci/mL

LJ-235b,c 3.14E-03 (+ 2.OE-04, 6.4) mg/L

U-238b 4.21E-01 (~ 2.6 E-02, 6.1) mg/L

Cs-133b 7.17E-02 (i 7.3 E-04, 1.0) mg/L

Cs-135b 1.14E-02 (i4.1 E-04, 3.6) mg/L

Cs-137b,~ 3.21 E-02 (~ 9.3 E-04, 2.9) mg/L

Total Wb e 9.65E-02 mg/L

Total Alphaf 1.30E-02 (i 7.3 E-04, 5.6) pCi/mL

Total Betaf 2.98EO0 (+ 1,5E-02, 0,51) pCi/mL

8 Detected by Gamma Scan,
b Detected by ICP-MS.
c Average of only 2 sample results.
dAtrace amount ofnatural Bawasdetected inthe supernate. Natural Bahasa small amount

of Ba-137in iLhowever that amount of Ba-137was sosmall that it didnot significantly affect
the calculation ofCs-137 concentration,

eValues for Wisotopes (180, 182-184, and186) were added together.
f Tank 50 Liquid Scintillation Method,

lnTable 3, Cs-133, Cs-135and Cs-137were detected inthesupernate bylCP-MS. Theknowntission
~eldsof Cs-133:Cs-l 35: Cs-137are 6.77% :6.60%:6.26% respectively. Normalizing theknownflssion
~eldsto Cs-133gives thenormalized ratios ofl.OO:O.97:O.93 Using theisotopic Csresults
obtained for the supernate of the combined sludge slurry sample (7.17 E-02: 1.14E-02: 3.21 E-02),
yields anormalized ratio (normalized to Cs-133) ofl.OO:O.l6:O.45. This rafiois inagreementwith
ratios that were previously calculated for 4 salt tanks (1 .00 :0.14: 0.57) and Tank 42 sludge slurry
supernate (l.00:0.22 :0.61 )[1]. Assuming theloss of Cs-137is solely duetodecay, theage of the
sludge slurry supernate can recalculated Based ontheratio of 0.45/0.93for Cs-137, the average age
of the supernate for the combined sludge slurry sample was calculated to be 32 years out of the
reactor. This implies thatthe average ageofthe sludge slur~could be32years old. Notethat the
concentration of Cs-135is lower than thatexpected from its fission yield. Thereason forthis is that
isobafic decay chain to Cs-135decays first to Xe-135that hasahalf life of9.17hours and athermal
neutron cross section >1000 barns. ltthushas time dutingthe irradiation inareactor to absorba
neutron and become stable Xe-136. Consequently only apofion of the Xe-135decays to Cs-l35,
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3.4 Weight Percent Dissolved Solids Determination for the Supernate of the Combined
Sludge Slurry Sample

Four 10 mL samples of supernate were pipetted out of the 100 mL bottle containing the filtered
supernate and placed into four labeled stainless steel beakers. These stainless steel beakers were
weighed and then placed into a drying oven at 115°C overnight, Three 10 mL samples of 15 wt,Yo

NaCl standard solution were also weighed and dried (in labeled stainless steel beakers) along with the
supernate samples to check the accuracy and precision of the method, All of the samples were
removed from the oven and were allowed to cool for -5 minutes before they were weighed. The results
of the standard solutions showed good reproducibility and good agreement with the known value of the
standard, The average of the calculated results of the weight percent solids for the supernate and 15
wt. % NaCl standard solution are presented in Table 4, The standard deviations (StDev) and the
percent relative standard deviations (% RSD) for the data are also presented in Table 4,

3.5 Density Determinations for the Supernate of the Combined Sludge Slurry Sample

Four density determinations of the supernate sample and three density determinations of a standard
(water) were completed in the Shielded Cells Facility, An 8,25 mL heat sealed pipette tip was used to
perform the density measurements. The sealed pipette tip was first weighed and then a mixed sample
of supernate was pipetted into the sealed pipette, The sealed pipette tip with the supernate sample
was weighed and a densit y calculated, The same steps were followed for the standard. The results of
the standard showed good reproducibility and good agreement with the known value of 1 g/mL, The
results of the supernate sample and standard are presented in Table 4. The standard deviations
(StDev) and the percent relative standard deviations (% RSD) for the data are also presented in
Table 4,

Table 4- Weight Percent Solid Measurements and Density Measurements for
tha Supernate and the Standards

1

\

[

I

, Average 01 Tour resul[s

bAverage of three results

Type of Determination Averaqe of StDev of Yo RSD of
m Results Results

Weight Percent Solids of
the Supernatea

2.63 wt. % * 5.OE-02 1,76

Weight Percent Solids of
the NaCl Standardb

15,07 wt. % i 2,0E-02 013

Density of the Supernatea 1.03 g/mL * 3.8 E-03 0.37

Density of the Standarda 1.00 g/mL * 6,8E-03 068

,,,,
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4.0 RESULTS OF ANALYSES PERFORMED ON THE COMBINED SLUDGE SLURRY SAMPLES

Provided below are the results of the analyses for the combined sludge slurry samples, A portion of the mixed
sludge slurry sample was taken from the one-liter bottle and dried overnight, This dried sludge slurry was
dissolved by the Aqua Regia and Sodium Peroxide/Sodium Hydroxide Fusion methods along with appropriate
standards to check the dissolutions and the analytical methods, After performing the dissolution methods on
the sludge slurry, the dissolved sludge slurry was diluted prior to the, removal from the Shielded Cells Facility.
These diluted samples were sent to ADS Sample Receiving for analyses to be performed by ADS, Dilution of
the sludge slurry samples was required so that only a small portion of the radioactivity was removed from the
Shielded Cells. The dissolution results of the standards for the nonradioactive elemental composition were in
good agreement with the known values indicating that the analytical methods were complete and performed
correctly,

Presented below in the following sections are the results of the Inductively Coupled Plasma- Emission
Spectroscopy (ICP-ES) data, Atomic Adsorption (AA) data, Inductively Coupled Plasma - Mass Spectroscopy
(ICP-MS) data, Ion Chromatography (IC) data, Ion Selective Electrode (lSE) data, Total Organic Carbon (TOC)
data, and counting techniques, Also presented below are the weight percent solids, conversion factor for
determining calcined solids, and density determinations of the sludge slurry that was performed in the Shielded
Cells Facility,

4.1 ICP-ES, and AA Reaulta for the Combined Sludge Slurry Sample

Presented below in Table 5 are the cation results obtained from the ICP-ES and AA for the dissolved
sludge slurry The results in Table 5 are the average of 8 samples (unless otherwise indicated) and are
in the units of weight percent on a dry basis. The standard deviation and percent relative standard
deviation for each element are provided in parentheses.

Table 5- Concentration of Elements Detected by ICP-ES and AA in the Combined Sludge Slurry
Sample Presented in Units of Weight Percent

Element Weight Percent *,o Element Weight Percent *,~
~gb 1.85E-02 (+ 8.8E-04, 4.8) Mg 1.15EO0 (k 3.9 E-02, 3.9)
Al 7.66EO0 (~ 2.2E-01 , 2.9) Mn 3.30EO0 (+ 1.2E-01, 3.5)
Bb 5.49E-03 (+ 1,7E-03, 30) Mob 4.61 E-03 (i 3,5E-04, 7.6)
Bab 4.61E-02 (~ 1.3E-03, 2.7) Nab 5.78EO0 (+ 2.4E-01 , 4.2)
Ca 2.18EO0 (+ 1.1E-01, 5.0) Ni 3.41E-01 (+ 1.4E-02, 4,0)
Cd 1.IOE-01 (+ 3.7E-03, 3.4) P 6.55E-01 (+ 1.6E-01, 24)
Cr 1,32E-01 (* 5.4E-03, 4,1) Pbb 7.48E-02 (~ 3.8E-03, 5.1)
Cu 2,97E-02 (~ 1.IE-03, 3.8) ~b 1.34EO0 (+ 1.2E-02, 0.93)
Cob 7.64E-03 (+ 6.3E-04, 8.2) Snb 9.60E-03 (k 7.OE-04, 7.3)
Fe 2,15EOI (+ 6.9E-01, 3.2) S@ 1.93E-02 (+ 7.1E-04, 3,7)

Hgc,d 8.61E-01 (+4,2 E-02, 4.9) Tib 1.70E-02 (+ 6.1E-04, 3.6)
f(d,e <5.OE-02 ~b 7.84E-03 (+ 6.6E-04, 8,4)
Lab 2.13E-02 (* 6.3 E-04, 3.0) ,znb 3.60E-02 (~ 2. IE-03, 5.8)
Lib 6.57E-03 (+ 3,7 E-03, 5.7) Zfi 2.13E-02 (+ 2.2E-03, 11)

“ The sludge slurry sample was dfled overnight at115°C in a dying oven. Results are present on a dry total aofids basia,
a Majority of the results are determined by ICP-ES unless otherwise indicated and are the average of eight sample results.
bAverage of four results only.
CAverage of three results only.
a Results determined by AA method.
e Detection Umit of the Instrument,
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The TTR requested estimates for Be, Tl, and Sb, These were not detected, Based on the detection
limits, their concentrations were less than 0,001 wt.% in the dried sludge slurry,

4.2 ICP-MS Results and Counting Data for the Combined Sludge Slurry Sample

Presented in Table 6 are the results for the ICP-MS and counting data for dissolved samples of the dried
combined sludge slurry samples. The results in Table 6 are the average of three samples unless
otherwise indicated, The standard deviation and the relative standard deviation are provided in
parentheses. These data will be used as input to determine the reportable radionuclides for Macro Batch
2. Most of the results in Table 6 are from direct ICP-MS analyses of the dried slurry samples dissolved
by aqua regia, The radioactive counting results are from analyses of solutions from both dissolution
methods. For some radionuclides whose concentrations were low, special separation techniques were
necessary in order to detect and analyze these radionuclides, These techniques will now be discussed
for the respective radionuclides,

4.2.1 Separation and Analysis for Pu-241

Pu-241 is a beta emitting Pu isotope that cannot be measured directly in the dissolved sludge
slurry solutions because of its low concentration, Pu-241 has a relatively short half-life (15
years). Its concentration was determined by isolating Pu from each solution by a
thenoyltrifluoroacteone extraction procedure, The extracted Pu was then analyzed by beta and
alpha counting to determine the ratio of beta activity from Pu-241 to the alpha activity from the
other isotopes of Pu (Pu-238, Pu-239, Pu-240, and Pu-242). In the original dissolution solutions,
the total alpha activity from the Pu isotopes was determined by alpha counting and ICP-MS.
Knowing the total alpha activity from’Pu in the solutions resulting from the extraction allows the
concentration of Pu-241 in the original dissolution solutions to be calculated using the betdalpha
ratio determined in the extracted solution,

4.2.2 Separation and Analyaes for Am-243 and Cm-243,Cm-244,
Cm-246and Cm-247

Am-243, Cm-243, Cm-244, Cm-245, Cm-246 and Cm-247 are neutron activation products
produced in the SRS reactors. These isotopes are difficult to measure because of their low
concentrations in the sludge slurry and the dilutions necessa~ to get the dissolved slurry
samples out of the Shielded Cells, These isotopes were not detected directly in any of the
solutions by ICP-MS or any of the radioactive counting techniques. The Analytical
Development Section (ADS) has developed a method for isolating Am and Cm in a dissolved
sludge slurry solution by using a commercially available ion exchange resin. The resulting
solution is then analyzed by gamma spectroscopy for Am-241, Am-243 and Cm-243, alpha
spectroscopy for Cm-244, and ICP-MS for Am-241, Am-243, Cm-244, Cm-245, Cm-246 and
Cm-247, Cm-245 was not detected, but the other isotopes were.

The concentrations Am-241, Am-243, Cm-243 and Cm-244 in the separation solution were
calculated from the gamma and alpha counting data. By knowing the measured ratios of
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Table 6- ICP-MSand Counting Data Reaulta for the Combined Sludge Slurry Sample

Element Resulte Units’ Element Results Units’
C.lq 9.91E-08 (t 5.7E-08,57) wt. % Ba-137c 8.53E-03(+ 2.9E-04,3.4) wt. %
Ni.5~ 5.92-05(~ 6.1E-08,10.) wt. % CS-1378b 1.UE-04 (~ 5.6E-06,3.0) wt. %
Ni.83i 1.63E-05 (+ 1,2 E-06,7,1) wt. % Ba -138C 2.43E-02 (~ 4.1 E-04, 1.7) wt. %

Co.rjl)a,b 8,44E-08 (~ 4.4 E-09, 7.1) wt. % La-139C 1.83E-02 (+ 5.9 E-04, 3.6) wt. %
Sr-86c 1.29E-03 (i i.3E-04, 10) wt. % Ce-14@ 6.34E-02 (t 8.2 E-04, 1.3) wt. %
Sr-87C 1.67E-03 (+ l.l E-04, 6,3) wt. % Pr-141C 1.43E-02 (~ 4.4E-04, 3.1 ) wt. %
Sr-88C 1.87E-02 (+ 2.5E-04, 1.5) wt. % Ce-14Z 2.1 OE-O2 (* 3.7E-04, 1.8) wt. %
Y-89c 7.1 7E-03 (+ 1.8E-04, 2.5) wt. % Nd-143C 1.25E-02 (+3.1 E-05; 0.25) wt. %
Sr-90~ 3.1 OE-O3 (i 7.9E-05, 2.5) wt. “h Nd-144C 1.48E-02 (+ 2.4E-04, 1.8) wt. “h

Sr/Zr-90c 4.99E-03 (+ 7.8E-04, 15) wt. % Nd-145C 8.90E-03 (* 1.5E-04, 1.7) wt. %
Zr-91C 2.1 2E-03 (+ 5,9E-04, 28) wt. % Nd-146C 7.44E-03 (+ 2,9E-04, 3.8) wt. %
Zr-92C 2.23E-03 (+ 8,3 E-04, 28) wt. % Sm-147C 4.45E-03 (+ 8,2E-05, 1.9) wt. %
Zr-93C 3.27E-03 (+ 9,9 E-04, 30) wt. % Nd-148C 4.51E-03 (+ 2,6E-04, 5.6) wt. “h
Zr.94C 2.32E-03 (+ 5.2E-W, 22) wt. % Sm-14S 2.41E-04 (+ 2.3E-05, 9.7) wt. %
Mo-95c 2.91 E-04 (~ 6.3E-06, 2,2) wt. % Nd-15@ 3.85E-03 (i 1.2E-04, 3.1) Wt, %
Zr-96C 2.60E-03 (+ 7.5E-04, 29) wt. % Sm-151C 2.40E-04 (~ 2.2E-05, 9.0) wt. %
Mo-97. 3.32E-04 (i 2,5E-08, 0.007) wt. % Sm-152C 1.20E-03 (i 6.5E-05, 5.4) wt. %
Mo-98c 2.98E-04 (+ 1.4E.05, 4.7) wt.% Eu-154sb 3.89E-06 (+ 1.2E-07, 3.2) Wt, %
Tc-99G 1. 10E-03 (+ 6.7E-05, 6.1 ) wt. % Eu-155ab 3.12E-07 (+ 5.1 E-08, 16) wt. %

Me-l 00~ 4.72E-04 (i 1.1 E-04, 24) wt. % Th-232$J 3.1 OE-O1 (i 1.4 E-02, 4,6) wt. %
Ru-IOIC 8.72E-03 (+ 5,4 E-04, 6.2) wt. % U.233G9 4.52E-04 (+ 1.8 E-05, 4,0) wt. %
Ru-1 02, 8.57E-03 (i 2.1 E-04, 2.5) wt. % U-234C9 4.65E-04 (+ 4.3 E-05, 9.2) wt. %
Rh-103c 4.97E-03 (+ 5,2E-05, 1.0) wt. % U.235C,I 1,30E-02 (+ 4.8 E-04, 3.7) wt. %
Ru-104c 4.50E-03 (~ 1,5E-04, 3.2) wt. % lf.236c,l 1.14E-03 (I 8.4 E-05, 7,4) wt. %
Pal-l 05c 6.74E-04 (+ 6.9 E-05, 10) wt. % NP-237cf 1.83E-03 (~ 9.6 E-05, 5,3) wt. %
Cd-106C 1.89E-03 (+ 2,2 E-04, 12) wt. % u.238c,I I,92EO0 (~ 7.9 E-02, 4,1) wt. %
Ag-107G 7.24E-03 (t 1.9E-04, 2.6) wt. % Pu-238k 5.81E-04 (I 4.8 E-05, 8,3) wt. %
Cd-1 08c 1.13E-03 (+ 1.IE-04, 9,8) wt. % Pu-23Y 7.87E-03 (~ 2.6 E-04, 3,3) wt. %
Ag-1 090 6.74E-03 (+ 2.6 E-04, 3,8) wt. % Pu-240c 7.62E-04 (+ 7.5 E-05, 9,5) wt. %
Cd-1 10c 1.31E-02 (+ 6,7 E-04, 5,1) wt. % Pu-241( 2.75E-05 (k 2.9 E-06, 11) wt. %
Cd-lllc 1,31E-02 (+ 7,1 E-04, 5,4) wt. % Pu-242G 9.41E-05(11.7E-05, 18) wt. %
Cd-1 12C 2.47E-02 (t 1.5E-03, 6.0) wt. % Am-241a 1.94E-04 (* l.l E-05, 5,1) wt. %
Cd-1 13c 1.20E-02 (t 7.3 E.04, 6,0) wt. % Am-243 2.84E-05 (~ 2.4 E-06, 8,6)
Cd-l14C

Wt, %

2.78E-02 (+ 1,OE-03, 3,6) wt. % Cm-243 2.72E-07(+ 1.OE-08, 3.8) wt. %
Sb-1258E “2.58E-08 (+ 3. OE-9, 13) wt. % Cm-244 5.46E-08 (+ 3.3 E-07, 6,1) wt. %

I-127c 1.26E-03 (* 6. OE.05, 4,8) wt. % Cm-24@.e 1.32E-05 wt. %
, 40”, !

o 1RF.OL /+ 9 1F.OA 7d1 Wt of” Cm.7A7.e 7 daF.nfi \Al+ Of.,. ,.=-,. 0. . . . . ,4.. ,- . . . .=, . . -., ..,, . . . . “.

CS-133C
..L. ,.

6,49E-04 (i 4.9 E-05, 7.5) wt. % Total Alphd 1.16E02 (+ 5.5EO0, 4.8)
Ba-134C

yCi/g
9.16E-04 (* 2.6 E.05, 2,8) wt. % Total Betti 9.06E03 (i 3,1 E02, 3,4) ~Ci/g

Ba-135C 9.94E-04 (+ Q n~n~ n Q) 1A{+01-“,” L-.., “,” 1 . . .. ,. 1 I I
-4 6F.n5 A m wt. 0/. II Ba-136C 1,15E-03(+ ..._ .-. ..-, 1 !

‘ The sludge slurry was died overnight at 115°C in a d~inq oven. All results presented on a drv total sohds basis.
~ Detected by Gamma Scan, ‘t Average of four results.
bAverage of eight results, g Average of two results.
c Detected by ICP-MS. h Calculation based on Total Alpha results,
~ Sr-90 Method. Average of four results, i Special separation technique. See Section 4.2 for explanation.
e Only one value obtained, I Tank 50 Uquid Scintillation Counting Method,

k Values taken from WSRC-R P-98-01 400 [8] and multiplied by sludge
dilution factor of 3.0 to convert from a glass basis to a dry sludge slurry
basis.
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Am-243, Cm-243 and Cm-244 tothe Am-241 inthatsolution andknowing inaccurate
concentration of Am-241 in the otiginal sludge slurry solution by gamma counting, the
concentrations of these isotopes intheoflginal sludge slurysolution muldbe calculated. The
results of the ICP-MS analysis gave the concentrations of Am-241, Am-243, Cm-244, Cm-246
and Cm-247 inthe separation solution. Again knowing theratioof Am-241 in the separation
solution to that in the original sludge slurry solution allowed the concentration of Am-243, Cm-
244, Cm-246 and Cm-247 to recalculated intheotiginal sludge slur~ dissolution. Theresults
for Am-243 bythe Womethods (gamma counting andlCP-MS) agreed within 4%, Theresults
for Cm-244 bythetwo methods (alpha counting andlCP-MS) agreed within lO%. Thisgood
agreement supports the reliability of the analytical method,

4.2.3 Separation and Analysis for C-14

C-1 4 is a beta emitter with a half life of 5730 years that could have been produced in the SRS
reactors from aneutron-proton displacement reaction with N-l4. This reaction involves hitting
N-14 with a neutron so that it releases a proton to form C-14, In order to detect C-14 in the
waste a special separation technique was developed by ADS [9]. In this method samples of
dried sludge slurry were dissolved with HN03 in glass vessels that were inside sealed Teflon
pressure vessels. The Teflon pressure vessels each had a basic solution in the bottom of the
vessel which acted as a capture agent for the carbon dioxide which was generated from the
dissolving the sample. The basic solutions were then transferred from the Shielded Cells and
purified further. The base was acidified and the liberated carbon dioxide was captured in an
amine-based capture agent. The agent was then slurried over into a liquid scintillation cocktail
and analyzed by liquid scintillation analysis. A C-14 spike solution was run through the
process in parallel with the sample and the sample was run in triplicate. The C-14 recovery
result from the spike solution was used to correct the sample results for the separation yield,
Based on the concentration of the spike, the C-14 recovery was 25%. A blank was also run in
sequence with the samples. Results for the blank indicated that it contained a negligible
amount of C-14. The liquid scintillation spectra of the three samples clearly indicated the
presence of C-14 based on detection and counting to the characteristic C-14 beta particles that
have an average energy of 0,0495 MeV and a maximum energy of 0,1565 MeV, The spectra
were solely due to C-14 and were clear of any beta activity from other radioactive isotopes.

4.2.4 Separation and Analysis for 1-129

I-129 is a long lived fission product (tllz = 1.6E07 years) that emits beta particles and gamma
rays. 1-129 was not detected by the ICP-MS or gamma counting in the dissolved dried sludge
slurry samples because its concentration was too low. ADS then developed a special
procedure to determine the 1-129 present [10]. Three samples of the dried sludge slurry were
dissofved in presence of a known amount of KI cartier. The resulting solution was further
treated to removeCs-137 and actinide elements. The solution was then treated with AgN03 in
order to precipitate the iodide ion as Ag 1. The precipitate was removed from the Shielded Cells
and counted by gamma spectroscopy to determine the amount of I-129 present. I-129 was
detected by its characteristic gamma ray.
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The amount of 1-129 recovered in the dissolution and precipitation processes was determined
bycompating theamount ofiodide ionadded originally andthe amount precipitated. This
analysis wasperformed byneutron activation. Theaverage andstandard deviation of the
three results forl-129are presented in Table6 Itwasdetermined, however, thatthe complete
separation of 1-129 from the other gamma emitters in the sludge slurry was not achieved.
Consequently, the value in Table 6 may be biased high.

4.2.5 Separation and Analysis for Ni.59and Ni-63

This separation is based on isolation of Ni from the dissolved sludge using a column containing
dimethylglyoxime asanextractant. Details ofthistechnique have been reported [8]. Nickel
wasthen elutedfrom theextractant. The Ni-59was measured byitscharacteristic x-rays and
Ni-63by its betaparticles. Total Niinthe elutedsample wasmeasured bylCP-ES. Thiswas
compared to the total Ni measured in the dried sludge slurry (see Table 5) to calculate the total
Ni-59 and Ni-63 in the dried slurry,

4.2.6 Separation and Analysis for Sn.121m

The fission product Sri-l 21 m with its 55 year half life needs to be considered as a reportable
radionuclide. ltsconcentration could not remeasured inthedtied sludge slur~because of its
low concentration in the solids. The concentration of Sn-121 m was estimated based on the
measured ratio Sri-l 21m activity to Sn-126 activity, This ratio was measured on a sample of
HLWsalt supernate using alowenergy gamma analysis. This analysis wascarriedout ona
sample of SRSWaste Tank 37supernate which had been pre-treated toreduce Cs-1371evels,
This pretreatment took enough Cs-137 out supernate so that the radioactive Sn isotopics in this
SRS supernate could be measured using the low energy gamma assay. The Sn-121 m activity
was determined from the 37.2 keV gamma ray, and verified from the 26.2 and 29,7 keV x-rays
arising from the decay to Sri-l 21m to Sb-121. The Sn-126 activity was determined from the 64.3
keV gamma ray, and the 86.94 and 87.57 keV gamma-ray multiplet. From that measurement, an
activity ratio of Sri-l 21 m/Sri-l 26 was 81.

The experimentally determined activity ratio was then used to calculate the activity of Sn-121 m in
thedtied slur~by knowing theactivity of Sn-126in thedtiedslur~. The Sri-126 activity was
calculated from theestimated concentration (wtYO)of Sn-126in thedtiedslury. The method for
calculating this estimate isdesctibed later in Section 6.l. Theconcentration of Sn-121m was
then calculated using its activity in the dried slurry.

4.3 Weight Percent Total Solids Determination forthe Combined Sludge Slury Sample

Four 10 mL samples of mixed sludge slurry were pipetted out of the one-liter container and placed into
fourlabeled platinum crucibles, These platinum crucibles wereweighed andthen placed intoad~ing
oven at115°C overnight. Three 10mLsamples of15wt.Y0NaCl standard solution were also weighed
and dried (in labeled stainless steel beakers) along with the sludge slurry samples to check the
accuracy andprecision of the method. Allofthe samples were removed from theoven and were
allowed tocoolfor-5 minutes before they were weighed. Thecalculated results of the weight percent
solids forthesludge slurry and 15wt. YONaClstandard solution arepresented in Table7, The results
of the standard solutions showed good reproducibility and good agreement with the known value of the
standard,
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4.4 Factor for Determining Calcined Solids for the Combined Sludge Slurry Sample

The dried sludge slurry from the weight percent solids determination was used for determining the
calcine factor forthe sludge slurry. Theplatinum crucibles containing thedtied sludge slur~werefimt
weighed andthen placed into amuffle furnace that had been heated to65O0C. Thecrucibles were
heated for15minutes, removed fromthe furnace andallowed tocool. Thecrucibles wereweighed and
a calcine conversion factor was calculated.

The calcine conversion factor is used to convert an element in the sludge slurry on a dry basis to a
weight percent calcined solids basis, Once thecalcined solids forthesludge slurry have been
calculated and the amount of frit oxides needed to make glass is known, a waste loading calculation for
theglass can recompleted. Theresults of thecalcine conversion factor arepresented in Table7,

4.5 Density Determinations for the Combined Sludge Slurry Sample

Four density determinations of the combined sludge slurry sample and three density determinations of
astandard were completed inthe Shielded Cells Facility. An8,25mL heat sealed pipette tipwas used
toperform thedensity measurements. Thesealed pipette tipwasfirst weighed andthen amixed
sample ofsludge slurywas pipetted into thesealed pipette, Thesealed pipette tipwith thesludge
slurry sample wasweighed andadensity calculated, Thesame steps were followed forthe standard,
The results of the standard showed good reproducibility and good agreement with the known value,
The results of the combined sludge slurry sample and standard are presented in Table 7.

Table 7.- Weight Percent Total Solid Measurements, Calcined Solids Conversion Factor and
Density Measurements for the Combined Studge Slurry Sample and the Standards

Type of Determination Averaqe of StDev of % RSDof
m Results w

WeightPercentTotal Solids
of the Sludge Slurrya 18,80 wt. % Y 5,50E-02 0.29

Neight Percent Solids of the
NaCl Standardb 15.11 wt. % t 1.20E-02 0.08

Calcined Solids Conversion
Factora 8.48E-01 + 7. IOE-03 0.84

Density of the Sludge l.10g/mL +1.41 E-02 1,28
Slurrya

Density of the Standarda c 1.00 g/mL + 6.8E-03 0.68

!verage of four results
bAverage of three results
CSame value as in Table 4.
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4.6 Calculation of Weight Percent Soluble Solids and Weight Percent insoluble Solids for
the Combined Sludge Slurry Sample

The soluble and insoluble weight percent solids can be calculated by using the following equations [2]
once the weight percent total solids and dissolved solids have been obtained.

Equation 1: Wis ❑ (WtS - Wds) / (1 - Wds) [2]

Equation 2: Ws ❑ Wk w, [2]

Wds - Weight fraction of dissolved solids (weight of dissolved solids/weight of supernate)
Ws - Weight fraction of total solids (weight of total solids/weight of sludge slurry)
Ws - Weight fraction of insoluble solids (weight of insoluble solids/weight of sludge slurry)
WS - Weight fraction of soluble solids (weight dissolved solids/weight of sludge slurry)

Substituting the values of the known components

Wds = 0,0263
wts=o,188
w,. ?
w.. ?

Solving Equation 1:

W,= (0.188 - 0.0263) /(1 - 0.0263)

W13= 0.166

Conveting to weight percent (multiply 100):

~

Solving Equation 2:

w%= Wt, w,

W*, =O.188-O.166

Wss = 0.022

Converting to weight percent (multiply 100):
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4.7 Calculation of Total Noble Metals Concentrations in Macro Batch 2 (Sludge Batch IB)

The noble metals in Macro Batch 2 sludge are Ru, Rh, Pd, and Ag, All of these resulted from the fission of U-235 in
the SRS reactors while they were operating, Results indicated that there was also natural Ag and natural Cd in the
Macro Batch 2 sludge, The Ag resulted from Ag being used to scavenge fission product iodine when irradiated
reactor fuels and targets were dissolved, Cadmium was used in some reactor targets as a neutron absorber, The
metals Ru, Rh, and Pd were never used in any chemical processes at the site; thus, they resulted in the waste only
from being formed in the reactors by fission of U-235. The total RU and total Pd in the waste are comprised of more
than one isotope while Rh has only one. The total Ru in the sludge consists of the three nonradioactive isotopes,
Ru-1 01, Ru-102, and Ru-1 04, Thus the total Ru concentration is the sum of the concentrations of these three
isotopes measured by the ICP-MS (see Table 6), The single isotope for Rh is Rh-1 03, The total Pd is comprised of
five isotopes. These are Pd-105, Pd-106, Pd-107, Pd-108, and Pal-l 10, Of these, only the Pd-107 is radioactive.
Because of natural Ag and also natural Cd being in the Tank 7 sludge, only one Pd isotope, Pd-105, could be
measured in Macro Batch 2 samples, Isotopes of natural Ag and Cd have masses of 106,107,108, and 110 and
thus interfere with the ICP-MS determination of the Pd isotopes at these masses. The concentrations of each of the
isotopes of Pd that could not be measured was calculated by multiplying the measured concentration of Pd-105 by
the ratio of the fission yield for that specific isotope relative to the fission yield for Pd-105, The total Pd is then the
sum of these five concentrations, The total Ag is comprised of isotopes with masses 107 and 109, The total
concentration of Ag is then the sum of the measured concentrationsofAg-107 and Ag-1 09, The isotopic
distribution of the Ag agreed very well with the distribution for natural Ag, The total concentration of each noble
metal for Macro Batch 2 sludge is given in Table 8,

Table 8- Total Noble Metal Concentration in Macro Batch 2 (Sludge Batch lB)
(Weight Percent based on Total Solids in the Dried Slurry~

~
aSee Table 6 in Section 4.2 for results of the individual isotopes of the noble metals.

5.0 FISSION YIELD SCALING FACTOR (FYSF) AND U-235 FISSION PRODUCTS MEASURED IN THE
COMBINED SLUDGE SLURRY SAMPLE

The FYSF is used to estimate concentrations of U-235 fission products that maybe reportable but cannot be
detected, In order to calculate the FYSF, as many as possible of the U-235 fission products were measured in
the four sludge slurry samples. The fission products in SRS high level waste primatily result from the fission of U-
235 used in the SRS reactors to make neutrons or of the U-235 in the uranium irradiated to make Pu-239. The
relative amounts (fission yields) of these products occur in a low and a high mass fraction and their yields are well
known from many studies, A compilation of these yields has been published [11]. The measured concentrations
of the low mass fission products measured in the sludge slurry are plotted as solid circles in Figure 1 as a function
of mass number. Results for the high mass fission products appear in Figure 2. All the concentrations in both
Figures were measured by ICP-MS. The solid squares in both Figures are the weight percent concentration for
the fission product of that mass calculated using the FYSF. Determination of this factor for sludge slurry will be
discussed later.
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Assignment of specific isotopes to these mass numbers is done by considering the half lives of the various
radionuclides intherespec~vei sobaficf issionc hainsfromf issionofU .235, Theisotopes ineachof these chains
areoriginally neutron rich immediately affer the fission, They then beta decay -increasing inatomic number while
theatomic mass remains constant. lneachchain usually theelement withthe longest halflife isassigned tothat
mass, These assignments have been discussed in fourother publications [l, 12, 13&14]where the fission
product concentrations in the sludges in two other SRS waste tanks as well as Tank 51 were measured and
presented in the same format,

Calculation of the fission jeldscaling factor will now bediscussed, The FYSFissimply afactorthat relates the
concentration ofafission product toitsfission yield andtheatomic mass of the fission product, The atomic mass
has to be included in the equation because fission yields are given in terms of atoms produced per 100 fissions of
U-235 andthe FYSFisdefined interms ofweight percent, Theequation fortheconcentration isthen

Concentration (wt%)=FYSF (fission yield X atomic mass)

Thus the FYSF for each isotope can be calculated from the equation

FYSF=wt%/(fission yield X atomic mass)

Forthose isotopes thatmeet following fivectitetia this factor should beaconstant. Theisotopes hadto have low
solubilifies in NaOH and thus occur predominantly in the sludge. They had to have long half lives and thus had
notdecayed significantly since thewaste was generated. Theisotopes hadtohave lowneutron cross sections
andthus were nottransmuted inthe SRSreactors dufing their operation. Theisotopes could not be formed in the
reactors byneutron absorption, Lastly, theisotopes hadtohave masses where intetierences such asthose from
oxides formed in the Ar plasma did not create a problem, Eleven isotopes meet these ctitefia, These isotopes are
Ru-lOl, Ru-l 02, Rh-l 03, La-139, Pr-141, Nd-143, 144, 145, 146, Sm-147, and Nd-l48. Note that isotopes from
boththe lowmass andhigh mass fractions of the fission of U-235 areincluded. The fission yield scaling factor for
each isotope wascalculated. Theaverage FYSFbased ontheeleven isotopes was
1.67E-05+1 .9E-06 wt%/(fyatomic mass) with a 11% RSD,

For the eleven isotopes that meet the above five criteria, the measured concentration agree well with the
calculated asexpected for both thelowand high masses in Figuresl and2, Fortheother isotopes the
measured concentrations areabove or below the calculated concentrations Those measured concentrations that
are significantly above the scaled fission yields in the Figures indicate that something of this mass had been
added towaste that isinthe this tank Forthose isotopes that are below, they may resoluble encaustic and be
primatily in the salt tanks at SRS or they may have appreciable thermal neutron cross sections and be
transmuted while being irradiated in the SRS reactors,
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In Figure 1 for the low mass fission products, the disagreement at masses 86,87, and 88 resulted from natural Sr
in the sludge possibly added as an impurity with the NaoH during processing at SRS, The low concentrations at
masses 90, 91, 92, 94 and 96 have the relative concentrations of isotopes in natural Zr, The concentrations at
masses 95, 97, and 98 follow the relative abundances for natural Mo rather than fission product Mo. Perhaps
natural Mo had been added to the tank from some processing impurity, The deviations from this curve at masses
106 to 112 are due to natural isotopes of Ag and Cd being present in the waste. Silver results from the silver
saddles that that were used to scavenge radioactive iodine isotopes released when the fuel or targets were
dissolved at SRS. Cadmium was used in some instances in the SRS reactors to shape the neutron energy
spectrum. The Cd was then dissolved with the fuel or target rods and eventually added to the waste.

In Figure 2 for the high mass fission products, the isotopes at masses 136, 137, and 138 correspond to natural
Ba, Perhaps a small amount of Ba was added as an impurity with some process chemical, The concentration at
mass 137 is too high to be only the natural Ba, Isotopes at this mass could also be CS-137 and Ba-137 resulting
from decay of CS-137 (tl(z = 30 years), The concentrations at masses 140 and 142 are in proportion to the
abundance of Ce-140 and 142 in natural Ce, again possibly added as an impurity. The concentrations at masses
149 and 151 result from Sm-149 and Sin-l 51, Their concentrations are lower than the scaled fission yield
because they have been transmuted in the SRS reactors due to their large isotopic thermal neutron absorption
cross sections, This accounts for the relatively high concentrations of Sm-150 and Sin-l 52 compared to the
scaled fission yield curve. At masses 153 and above, the concentrations do not agree with the scaled fission
yields due to the contributions of the heavy metal oxides formed in the plasma. For example, 138 BaO+ with a
total mass of 154 contributes to the response at this mass and makes the measured concentration at the mass
higher than the predicted concentration of Sin-l 54, Also, 139 LaO+ with a total mass of 155 contributes to the
response at this mass, Finally the measured concentration at mass 104 is slightly above the calculated value,
possibly due to the formation of the 88 SrO+ ion with a mass of 104.

6.0 IDENTIFICATION AND DETERMINATION OF REPORTABLE RADIONUCLIDES FOR
MACRO BATCH 2

In order to determine the reportable radionuclides for Macro Batch 2, a list of radioisotopes that may meet the
criteria as specified by the Department of Energy’s (DOE) Waste Acceptance Product Specification (WAPS)
was developed [4]. All radioactive U-235 fission products and all radioactive activation products that could be in
the SRS HLW were considered. The WAPS states that all “significant” long-lived radioisotopes must be
quantified for all waste packages that will be stored in a Federal Repository [4]. “SigniftcanV refers to
radioisotopes that have a half-life longer than 10 years and contribute greater than 0.05% of the total
radioactivity (Becquerels or Curie basis) during the first 1100 years afler production. The DWPPS Waste Form
Compliance Plan (WCP) has extended the criteria to include all radioisotopes that have a half-life longer than
10 years and contribute greater than 0.01% of the total radioactivity duting the first 1100 years after glass
production [3].

Table 9 presents the list of radioisotopes considered for the determination. The list was derived from the
analysis of the combined sludge slurry, and the estimation of certain radioisotopes (see Section 6,1), that may
be in the sludge slurry but could not be detected by current techniques. Some of the radioisotopes could be
deleted from the list in Table 9 using the previous arguments as established by reference 15. The
radioisotopes that were deleted from the list and the arguments that support that decision are presented in
Table 10.
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Table 9- List of Radioisotopes Considered for Macro Batch 2

I
Radioisotope Radioisotope Radioisotope Radioisotope

C-14a Sn-126b Ac-227~ Pu-241a
Ni-59a l-129b
Co-60a Cs-135b Th-230d Am-24 1a
Ni-63a Cs-137b Pa-231d Am-242m8
Se-79b I a-l ?,Rb.c Th-7?7c Am.7A?a

Th-229d Pu-242a 1

-- .-. ,,.b--

Rb.8jb

,,. ., -.”

Ce-142b.C U-232a Cm-243a
Sr-90b Nd-144b.C u-233a Cm-244a
Zr-93b Sm-147bC U-234d Cm-245a

Nb-93mb Sm-149bC U-235C Cm-246”
Nb-94a Nd-150bC U-2368 Cm-247a

jb,c Sm-151b Np-236a Cm-248’
Np-237a cf-250a

Eu-154a.b I U-238C

I . . , .- --- 1 , “ -7” I !
activation Product

b Fission Product

c Naturally Occurring Radionuclide that Resulted in the Waste from Processing at SRS

d Decay Product of an Actinide Isotope in SRS Waate

Table 10- Radioisotopes Not Considered for the Determination of Reportable
Radioisotopes for Macro Batch 2

Radioisotope Radioisotope
Nb-941 Eu-1 521
Zr-96Z NP-236S

La-1381 U-2321
Ce-142Z Am-242ms
Nd-144z Cm-245s
Sm-1472 Cm-248s
Sm-149z

1. ''Nb-94and Eu-152aresMelded isotopes theisobafic fission product decay chain forthese stops atastable isotope
before reaching these. Theyaretherefore produced predominately bysecondary processes, andarepresentonlyin
verysmall amounta. They have not been observed inthesludge slurry”[15].

2. Zr-96, La-138, Ce-142, Nd-144, Sm-147and Sm-149were deleted because their long half -lives (>l.O5Ell years)
make their activities negligible at all times [15],

3. “No data was available for NP-236 or Am-242m, but these are known to be made in only very small amounts in reactor
irradiations. Np236is aminorproduct of fast neutron spallation; Am-242 mcanbeproduced from neutron capture in
Am-24 l, buthasa highcross-section forneutrons andisra@dly removed. Bothwere neglected” [15].

4. "U-232 ispresentonly inve~small amounts anddecays rapidly compared tootheractinide isotopes thatare much
more abundant (If is ptimafily obtained as a contaminant at a few ppm from the reactor irradiation of Th-232~ [15],

5. Cm-245 and Cm-248 weredeleted fromthehst duetotheinatil~ of thelCP-MSto detect these isotopes (used the
special separation techniques asdiscussed in Section 4). This indicates thedistribufion of Cm for Macro Batch2is
different than thatassumed for Macro Batchl, However if Cm-245 and Cm.248are detected dutinganalysisofa
DWPFglass poursiream aamplefrom Macro Batch 2,arevision totMarepoti will bemadeatthattime. This scenario
is unlikely due to the Cm isotopes being diluted (factor of 3) by the addition of ffit duflng the vitfificafion process.
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6.1 Estimation of Se-79, Rb-87,Nb-93m, Pd-107, in-115, Sn-121m,Sn-126,CS-135,
Th-230 and Cf-250 Concentrations in the Combined Sludge Slurry Sample

Some of the radioisotopes in the sludge slurry can not be detected by available instrumentation for one or more
of the three following reasons:

1. The isotopes have low concentrations and can not be detected by analytical instruments as a result of
the dilution of the samples.

2. There is an interference of another isotope at the same mass.
3. The isotope cannot be detected due to its long half-life and thus its low specific activity,

When an isotope fits the one of the three criteria listed above, an estimate of the concentration of the isotopes
must bemadeby calculating concentrations based onthe information available. Presented in Tablell are the
values estimated for Se-79, Rb-87, Nb-93m, Pd-107, 1-115, Sn-121m, Sn-126, CS-135, Th-230 and Cf-250 for
the combined sludge slurry sample.

Table 11- Values Estimated for Se-79, Rb-87, Nb-93m, Pd-107, I-115, Sn-121m,
Sn-t26, CS-135, Th-230 and Cf-250 Concentrations for the Combined Sludge Slurry

Sample Assuming the Sludge Slurry is Approximately 32 Years Old

Element Results Units

Se-79a <5.97E-05 wt. %
Rb-87a 3.74E-03 wt. %

Nb-93mb 2.28E-08 wt. %
Pd-107C 1.03E-04 wt. %
in-l15a 2,43E-05 wt.%

Sn-121md <2.15E-06 wt.%
Sn-126a <1 ,25E-04 wt. %
Cs-135e 6.54E-05 wt.%
Th-230f 4.70E-08 wt. %
cf-250g 2.60E-08 wt.%

8 Calculated by multiplying the fission yield (a known yield value from the fission of U-235) by the average of the
fission ~eldscalng faclor(FYSF) andtheatomic massofthefission product. Theaverage FYSFisdetermined
by calculating a FYSF (wt%/(fisson Jeld X atomic mass) for appropriate low and high mass fission products (See
Section 5,0), Thiscalculation cangive onlyanupper limit fortheconcentrabon. (Seediscussion in Reference l.)
bDaughler ofdecayof Zr-93. Calculated assuming thewaste is32years outof the reactor.
GCalculated by multiplying the measured concentration of Pal-l 05 by the ratio of fission yields for Pal-l 05 and
Pd-107,

Equation: wt% Pal-l 05 (FY Pal-l 07/Fy-l 05)
d Calculated as described in Section 4.2.6 using the measured ratio of Sri-l 21 m activity to the Sri-l 26 activity and
the upper timit for the weight percent estimated for Sri-l 26.
e The ratio of Cs-135CS-I 37 was used to calculate the amountofCs-135 in the combined sludge slurry sample,
See the discussion after Table 3 on page 12.
fTh-230grows into thewasteas adecayproduct of U-234. Theconcentration wascalculated using the

aPPrOPfiate decay calculation assumin9 the average age Of the Waste is 32 years old.
E Estimated by adding Cm distribution (wt. ”A) and multiplying by 1.OE-03 as indicated in reference 15,
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6.2 Identification of Reportable Radionuclides

The complete list of radionuclides and their activities that were considered in the determination of
reportable radionuclides are provided in Table 12. For those radionuclides with measured
concentrations, the initial activities were calculated by using the weight percent reported for each
radioisotope (converted to number of atoms), and its half-life by the following equation:
A,. No.1 where: A, = Initial Activity, NO= initial number of atoms, and 1 = 0.693/half-life [16].

Several radionuclides were not included in Table 12 due to their very low concentrations and
insignificant activities. These included Rb-87(5,97E-03 @%andahalf-life of4.90E+l Oyears), Cd-ll3
(1 .20E-02 M% and a half-life of 9,3E+15 years), In-1 15 (2.43E-05 wt% and a half-life of 4,40E+15
years), Th-230 (4,70E-08 wt% and a half-life of 7,70E+04 years), and Cf-250 (2,60E-08 wt% and a half-
Iife of 13.08 years).
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Table 12- List of Radionuclides and Activities used as Input to the Radioactive Decay Calculator,

Radionuclide
Curies per Bequerels per

Kilogram Kilogram

C-14 4.41 E-06 1.63E+05

Ni-59 4.78E-05 1.77E+06

CO-60 7.27E-04 2.69E+07

Ni-63 8.42E-03 3.12E+08

Se-79 4.16E-05

Sr-90

1.54E+06
4 74F+O0 1 57F+II

Zr-93
Tc-99

----- .- ..-.

8.22E-05 3.04E+06

1.88E-04

I
6.96E+06

Pd:l-07 5.30E-07 1.96E+04
c.. doc I ‘ .42E-05 5.27E+05 I

-

U-233 4.-., ---

U-234 I 2.89E-05
I ,.”, G..,-

1.07E+06

U-235 2.81 E-07 1.04E+04

U-236 I 7.38E-07 I 2.73E+04 I
NP-237 1.29E-05 4.77E+05

U-238 6.46E-06 2.39E+05

Pu-238 9.95E-02 3.88E+09

Pu-239 4.89E-03 1.81 E+08

Pu-240 1.78E-03 8.57E+O;

Pu-241 I 2.84E-02 I 1.05E+09 I
Am-241 6.65E-03 2.46E+08

Pu-242 I 3.73E-08 I 1.38E+05 I
Am-243 5.65E-05 2.09E+O:

Cm-243 I 1.41 E-04 I 5.20E+06 I--

I Cm-244 4.43E-03 “ 1.64E+08

Cm-246 I 4.05E-05 I 1.50E+06 I
I Cm.?A7 I 2.30E-09 8.51 E+OI I

4.82E+O0 I 1.78E+III
-. . 1
TOTAL i

The initial activities for 33 isotopes were entered into the “Radioactive Decay Calculator[17] and the
results of calculations with time periods 16 years (2015) and 1116 years (3115) are presented in Tables
13and 14. Those radionuclides thatare repotiable areindicated byayesin therepodable column,
Additional calculations were performed for every 200 years up to 1116 years. The results of these
calculations have not been included in this report Excel spreadsheets were used to calculate the total
activity (Curies/Mlogram of dried sludge slurry) at each time and the percent of the activity that each of
the radionuclides contributed,
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One of the radionuclides (Sn-121 m) is not part of the database within the “Radioactive Decay
Calculator”. Consequently, thecalculations forthedecay of Sn-121m, with ahalf-life of55years, were
performed separately and then added to the output of the Calculator for each calculation.

The calculations performed by the “Radioactive Decay Calculator” and the calculation for Sn-121 m
werevetified by R, A. Sigg[18] using aaseparate program called ccRadDecay for Mndows''[l9], A
comparison between the output of the two programs showed equivalence for all of the repotiable
radionuclides outto3115,
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Table 13. Activities in Curies/Kilogram of Dried Sludge in Year 2015

Curies Fraction
Isotopes Reportable

per Kg of Activity

c-14 4,40E-06 7 15F-07

Ni-59 4.78 E-O
CO-60 8.87E-O. -----
Ni-63 7.54E-03 1.22E-03 yes
Se-79 4.16E-05 6.76E-06
Sr-90 2.88E+O0 4.67E-01 yes
Y-90 2.88E+O0 4.68E-01
Zr-93 8.22E-05 I 2d!=.nG

Nb-93m 4.37E-05 7------
Tc-99 1.88E-04 3.05E-05

Pd-107 5.30E-07 8.61 E-08

Sn-121m 9.43E-04 1.53E-04 yes

Sn-126 1.42E-05 2.31 E-06

Sb-126m 1.42 E-05 221 F-OR

Sb-126 1.99E-06 3------

1-129 1.09E-06 1.77E-07

Ca-135 7.54E-07 1.23E-07 I

,. .,7- --
I

?.ll E-06

.. -,--- 1
).23E-07

)2 I 9.08E-03 I yes

)3 4.84E-04

Th-232 3.41 E-07 5.54E-08

Ra-228 I 2.91 E-07 I 4.73E-08 I
Ac-228 2.91 E-07 4.73E-08

Th-228 2.67E-07 4.34E-08

Ra-224 2.67E-07 4.34E-08

Rn-220 2.67E-07 4.34E-08

Po-21 6 2.67E-07 4.34E-08
Pb-212 2.67E-07 4.34E-08
Bi-212 2.67E-07 4.34E-08
TI-208 9.60E-08 1.56E-08
PO-2 12 1.71 E-07 2.78E-08

U-233 I 4.35E-05 I 7.07E-06 I

Th-229 8.57E-08 1.07E-08

Ra-225 I 6.54E-08 I 1.06E-08 I

Ac-225 6.54E-08 1.06E-06

Fr-221 I 6.54E-08 I 1.06E-08 I
At-21 7 6.54E-08 1.06E-08

Bi-213 I 6.54E-08 I 1.06E-08 I

TI-209 1.41 E-09 2.30E-10

Pb-209 I 6.54E-08 I 1.06E-08 I

PO-2 13 6.40E-08 1.04E-08

U-234 I 3.31 E-05 I 5.38E-06 I

Th-227 1.77E-11 2.87E-12

PO-21 1 6.70E-16 I,09E-16

U-236 7.39E-07 1.20E-07

NP-237 1.29E-05 2. IOE-06

Pa-233 1.29E-05 2. IOE-06

U-238 6.46E-06 1.05E-06

14E-03 I yes

Pu-239 4.89E-03 7,94E-04 j ;;s
Pu-240 1.78E-03 2.90E-04 yes
Pu-241 1.32E-02 2.’

Am-241 6.98E-03 1.13E-03 yes
Pu-242 3.73E-0$ R oGF.n7 I

Am-243 5.64 E-O

NP-239 5.64 E-O

Cm-243 9.56 E-O

Cm-244 2.40 E-O

Cm-246 4.04 E-O

Cm-247 2.30 E-O

Pu-243 2.30E-OY I :j.74E-lfl I

.- -.-s- .,e)5 9.17E-06

)5 9.17E-06

)5 1.55E-05
)3 3.90E-04 yes
)5 6.56E-06

)9 3.74E-10
.
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Table 14. Activities in Curies/Kilogram of Dried Sludge in Year3115

Curies ~---.:.. f
Isotopes

per Kg of

C-14 3.85E-06 4,56E-04 yes
Ni-59 4.73E-05 5.60E-03 yes
CO-60 1.38E-67 1.63E-65
Ni-63 3.71 E-06 4.40E-04 yes
Se-79 4.11 E-05 4.67E-03 yes
Sr-90 7.65E-12 9.05E-10
Y-90 7.65E-12 9.O5E-10

Zr-93 8.22E-05 9.72E-03 yes
Nb-93m 8.22E-05 9.72E-03 yes
Tc-99 1.87E-04 2.22E-02 yes

Pd-107 5.30E-07 6.27E-05

Sn-121m 9.02E-10 1.07E-07

Sn-126 1.41 E-05 1,67E-03 yes
Sb-126m 1.41 E-05 1.~7~-n~

Sb-126 1.97E-06 2,_____
1-129 1.09E-06 1,29E-04 yes

CS-135 7.54E-07 8.92E-05

CS-137 1.17E-19 1 7Q~-3n
Ba-137m I.ll E-1- ,

Sin-l 51 1.17E-05 I 1.39E-03 yes
Eu-154 7.13E-41 I 8.44E-39 I
Th.>?9 3 A’l F.o

,,..,,0”

f Activity IIReportable

... ,-- - I

.33E-04

.-.,..,.,- ,- [
12 I I.31E-10

m I
Bi-212 3.41 E-07 4.04E-05

TI-208 1.23E-07 1.45E-05

PO-212 2.16E-07 2.59E-05

U-233 4.34E-05 5,13E-03 yes
Th-229 4.34E-06 5.14E-04 yes
Ra-225 4.34E-06 5.14E-04

Ac-225 4.34E-06 5.14E-04

Fr-221 4.34E-06 5.14E-04

At-21 7 4.34E-06 5.14E-04

Bi-213 4.34E-06 5.14E-04

TI-209 9.38E-08 1. II E-05

Pb-209 4.34E-06 5.14E-04

PO-2 13 4.25E-06 5.03E-04

U-234 6.44E-05 7.63E-03 yes

Curies Fraction
Isotopes Reportable

per Kg of Activity

Th-230 6.05E-07 7.16E-05
Ra-226 1.20E-07 1.42E-05
Rn-222 1.20E-07 1.42E-05
Po-218 1.20E-07 1.42E-05
Pb-214 1.20E-07 1.42E-05
Bi-214 1.20E-07 1.42E-05
Po-214 1.20E-07 1,42E-05
Pb-210 1.13E-07 1.34E-05
Bi-210 I 1.13E-07 I 1.34E-05 ]
PO-21O i 1.13E-07 I 1.34E-05

U-235 [ 2.86E-07 I 3.39E-05 I
Th-231 [ 2.86E-07 I 3.39E-05

Pa-231 I 5.63E-09 ] 6.90E-07

Ac-227 I 5.66E-09 I 6.70E-07 I
Fr-223 I 7.82 E-I 1 I 9.25E-09

Ra-223 I 5.66E-09 I 6.70E-07 I
Rn-219 5.66E-09 6.70E-07
PO-21 5 5.66E-09 6.70E-07
Pb-211 5.66E-09 6.70E-07

Bi-211 5.66E-09 6,70E-07

TI-207 5.65E-09 6.68E-07
Th-227 5.53E-09 6.55E-07

PO-2 11 2.09E-13 2.47 E-I 1

U-236 7.94E-07 9.40E-05
NP-237 1.42E-05 1.68E-03 yes
Pa-233 1.42E-05 1.66E-03

U-238 6.46E-06 7.65E-04 yes
Th-234 6.46E-06 7.65E-04

Pa-234m 6.46E-06 7.65E-04
Pa-234 1.03E-08 1.22E-06
Pu-238 1.48E-05 1,75E-03 yes
Pu-239 4.74E-03 5.61 E-01 yes
Pu-240 1.59E-03 1.89E-01 yes
Pu-241 1.34E-25 1.59E-23
Am-24 1 1.27E-03 1.51 E-01 yes
Pu-242 3.80E-06 4.50E-04 yes
Am-243 5.09E-05 6.02E-03 yes
NP-239 5.09E-05 6.02E-03

Cm-243 2.31 E-16 2.74E-14

Cm-244 1.26E-21 1.49E-19

Cm-246 3.44E-05 4.07E-03 yes
Cm-247 2.30E-09 2.72E-07
P1l.?43 7.30 F-f19 7 77F-n7
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Twenty-seven radionuclides have been identified as reportable for DWPF Sludge Batch 1B (Macro
Batch 2)asspecified by WAPSl,2, Consistent with thestrategy detailed inthe WCPand WQR, each
of these radionuclides hasahalf-life greater than 10years andconttibutes more than O.Ol %ofthe
radioactivity on a Curie basis at some point from production through the 1100-year period between
2015and 3115. The27reportable radionuclides are:

Table 15- Reportable Radionuclides in Macro Batch 2 (Sludge Batch IB)

C-14 Ni-59 Ni-63 Se-79 Sr-90 Zr-93

Nb-93m Tc-99 Sn-121m Sn-126 1-129 Cs-137

Sm-151 Th-229 U-233 U-234 NP-237 U-238

pu-23a Pu-239 Pu-240 Am-241 PU:241 Pu-242

Am-243 Cm-244 Cm-246

The WCP and WQR require that all of the radionuclides present in the Design Basis glass be
considered astheinifial setofrepoflable radionuclides, For Sludge Batch lB(Macro Batch 2)all of the
radionuclides in the Design Basis glass are reportable except for three radionuclides: Pd-107, CS-135,
and Th-230, At no time through the calendar year3115 did any of these three radionuclides contribute
to more than 0,01 % of the radioactivity on a Cutie basis.

Two additional uranium isotopes (U-235 and U-236) must be added to the list of reportable
radionuclides inorder tomeet WAPS 1.6. Allofthe Puisotopes andother Uisotopes (U-233, U-234
and U-238) identified in WAPS 1,6 were already determined to be reportable according to WAPS 1.2.
This btings the total number of reportable radionuclides for Sludge Batch 2 to twenty-nine.

The WQR requires that the relative concentrations of the uranium and plutonium isotopes be provided
from the analysis of each Macro Batch (in this case Sludge Batch 1B) in order to meet the WAPS IAEA
Safeguards Reporting for HLWSpecification (WAPS 1.6) Theresults arein Table 16.

Table 16- Uranium Isotopics Macro Batch 2 (Sludge Batch IB)

Isotope Mass No. “/. Distribution Wt %

U-233 233 2.34E-02 4.52E-04
U-234 234 2.40E-02 4.65E-04
U-235 235 6.72E-01 1.30E-02

U-236 236 5.89E-02 1.14E-03

u-23a 238 9.92E+OI 1,92E+O0
Total 1.00E+02 1.94E+O0
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Table 17- Plutonium Isotopics Macro Batch 2 (Sludge Batch IB)

Isotope Mass No. “/. Distribution Wt”h

Pu-238 238 6.21 E+OO 5.81 E-04

Pu-239 239 8.41 E+OI 7,87E-03

Pu-240 240 8.36E+O0 7.82E-04

Pu-241 241 2.94E-01 2.75E-05

Pu-242 242 I. OIE+OO 9.41 E-05

Total 1.00E+02 9.35E-03

Thetotal Cutiecontent of thedtied sludge intheyear 2015is6.15 Cuties/Klogram, Thisvalueis
greater than the 4.63 Curies/Kilogram total represented by the reportable radionuclides in Table 6.
The difference is due to the significant contribution to the activity from radionuclides having half-lives
shorter than lOyears. These radionuclides include Co-60, Y-90, Ba-137m, Pm-147, and Eu-l54.
Thetotal cutiecontent reduces to O.0085Cuties/filogram intheyear3ll5, Thisisa reduction bya
factor of 727 over this1100 year period,

7.0 Conclusions

1. The composition (radioactive and nonradioactive), density and weight percent solids of DWPF Macro
Batch 2 have been determined.

2. The following 27 radioisotopes were identified as being reportable by WAPS 1.2 for Macro Batch 2:
C-14, Ni-59, Ni-63, Se-79, Sr-90, Zr-93, Nb-93m, Tc-99, , Sn-121m, Sn-126, I-129 CS-137, Sm-151,
Th-229, U-233, U-234, Np-237, u-238, Pu-238, Pu-239, Pu-240, Pu-241, Am-241, Pu-242, Am-243,
Cm-244, and Cm-246.

3. Two additional uranium isotopes (U-235 and U-236) must be added to the list of reportable
radionuclides inorder tomeet WAPS 1.6, This bfingsthe total number ofrepofiable radionuclidesto
29.
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