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EXECUTIVE SUMMARY 
 
This annual report summarizes the status of ongoing work initiated in June 2014 – work performed to 
meet DOE-EM’s objective of developing strategies and technologies to understand, optimize, scale, and 
speed up tank waste characterization.  The end goal is to implement programmatic changes that accelerate 
tank waste processing and tank closure schedules, and at the same time reduce characterization costs, 
while maintaining data integrity.   
 
To this end, the following five initial activities were performed at SRNL during the past year:   
1) identification of the characterization activities driving cost and schedule; 2) investigation of potential 
streamlining of characterization requirements based on the relative constituent risks (with the goal of 
reducing characterization requirements for "low risk" and “negligible risk” constituents); 3) determination 
of the relative usefulness of various potential characterization bases, including laboratory analyses, waste 
receipt history, process knowledge, scaling factors, and historic trends; 4) utilization of the differences 
between sludge, salt, and post-cleaning residue to hone characterization needs as a function of waste type; 
and 5) investigation of alternative characterization methods holding promise for being less costly and/or 
less time consuming.  These activities relied heavily on the use of baseline information drawn from 
SRNL’s history of characterizing Savannah River Site (SRS) high level waste sludge, salt, and tank 
closure residue samples.  The primary conclusions drawn from these activities are summarized below.     
 
Of the various tank waste characterization programs, the program focusing on tank closure samples (post-
cleaning residue) has clearly been the most resource-intensive and time-consuming, due to the complexity 
and variability of the sample matrices, and the low targeted minimum detection levels, which necessitate 
multiple sample preparations performed remotely in the Shielded Cells (which are considerably more 
labor intensive than sample preparations performed outside of the Shielded Cells), multiple cycles of 
radiochemical separations, and application of multi-step hybrid measurement techniques.  For these 
reasons, the tank closure characterization program offers the greatest potential for reducing costs and 
schedule through application of alternative characterization approaches.   
 
The second greatest potential for reducing cost and schedule is in the salt waste characterization program, 
due to the high frequency of the salt characterization campaigns (which include both salt batch 
qualification and quarterly waste acceptance criteria feed samples).  In contrast, the sludge 
characterization program is a relatively small portion of the characterization scope, and therefore offers 
minimal potential for reducing cost and schedule at this point in time. 
 
Of the approximately thirty analytical methods utilized during each characterization campaign, less than 
ten of the methods drive the costs, and a smaller number of the methods drive the schedule.  The most 
costly methods include those for Cl-36, Ni-59/63, Tc-99, I-129, Ra-226, Th-229/230, Pa-231, and the 
Am/Cm isotopes.  In contrast, the most time-consuming methods include those for Ra-226, Pa-231, and 
the Am/Cm isotopes.  As such, improved methods for characterizing these constituents offer the greatest 
potential advantages with respect to reducing costs and schedule.    
 
Environmental risk screening indicates that a relatively small number of waste constituents drives the 
future potential environmental dose.  Based on waste-specific modeling and performance assessment 
modeling, the most significant constituents contributing potential dose from emptied, cleaned, and closed 
waste tanks include Tc-99, Ra-226, Pa-231, and Np-237 (and the applicable parent nuclides).  In contrast, 
the most significant constituents contributing potential dose from Saltstone vaults containing 
treated/stabilized waste include Tc-99, I-129, Ra-226, and Np-237 (and the applicable parent nuclides).  
Clearly, these are some of the constituents for which highly accurate quantification is important.   
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Comparison of the quarterly salt feed characterization results with the Saltstone waste acceptance criteria 
(WAC) indicates that only five of the fifty-one radionuclides that are quantified have ever exceeded 10% 
of the WAC limits/targets.  These five include Tc-99, Sb-125, Cs-135, Cs-137/Ba-137m, and Pu-238, 
three of which are now being removed via salt waste processing and therefore should now be less of an 
issue (the cesium is being removed using caustic side solvent extraction and the plutonium is being 
removed using monosodium titanate sorption).  The very low incidence of constituent concentrations 
challenging the WAC limits/targets suggests an opportunity for reducing the monitoring frequency of 
many Saltstone constituents – specifically those with minimal likelihood of ever approaching or 
challenging the WAC limits/targets.    
 
Regarding data quality, well-executed sampling and analysis typically provides the characterization data 
with the lowest relative uncertainties (typically ± 20%).  In contrast, other available technical bases (such 
as tank receipt histories, process knowledge, scaling factors, and historic trends) often provide data with 
uncertainties in the 2X to 10X range.  Despite the high relative uncertainties, such data may be adequate 
to meet the needs, particularly with constituents contributing low or negligible potential risks, or present 
at minimal concentrations that are known to be non-impactive.  Such alternative characterization bases 
have been used effectively for safety and planning bases, and offer the benefits of being significantly less 
labor intensive than typical laboratory methods.  As such, consideration of accuracy needs should feed the 
characterization requirements.  While risk-driving constituents often need high accuracy quantification (in 
the ± 20% uncertainty range), conservative order of magnitude estimates may be adequate for “low risk” 
constituents.  Alternatively, less frequent quantification may be an option for “low risk” constituents, and 
elimination from quantification may be an option for “negligible risk” constituents.         
 
At present, the alternative laboratory approaches that would be most beneficial to SRNL’s 
characterization programs include automation of radiochemical separation and waste removal processes, 
optimization of select radiochemical separation protocols, and implementation of new high sensitivity 
mass spectrometry instrumentation.  Such approaches target quicker turnaround times and use of smaller 
sample aliquots, offering the potential for performing less sample preparations in the Shielded Cells.   
 
To summarize, the primary potential approaches for increasing cost-effectiveness and timeliness of 
SRNL’s characterization programs include:  a) elimination or reduction of characterization requirements 
for “negligible risk” and “low risk” constituents; b) improved laboratory methods that reduce Shielded 
Cells processing requirements and/or standard “hands on” processing times; c) replacement of labor 
intensive methods with simpler methods, as applicable; d) utilization of non-laboratory methods for 
characterizing “low risk” constituents (this includes use of projections based on tank receipt histories, 
process knowledge, scaling factors, and/or historic trends); e) reduction of the characterization frequency 
for constituents with low potential risk or relatively consistent concentrations over time; and f) raising of 
highly stringent targeted minimum detection limits, as appropriate. 
 
Over the next year, the proposed continuing scope to be performed by SRNL includes: 

 Development of a technical basis and strategy for improving cost effectiveness and schedule of 
SRNL’s tank closure characterization program 

 Initiation of the design of hardware, plumbing, and software for automating select radiochemical 
separation and waste removal processes 

 Development and feasibility testing for at least two improved radiochemical separation protocols 
(such as those for Ra-226, Pa-231, Tc-99/I-129, and/or Y/trivalent actinide separations) 

 
Results of this project provide a starting point for developing more cost effective and practical 
characterization programs for application at the Savannah River Site, Office of River Protection, and 
other DOE sites involved in tank waste processing, tank waste disposition, and tank closure operations. 
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1.0 Introduction 

 
The U. S. Department of Energy (DOE) Office of Environmental Management (EM) has tasked the Savannah 
River National Laboratory (SRNL) with developing strategies and technologies to understand, optimize, scale, 
and speed up tank waste characterization.a  The end goal is to implement programmatic changes that accelerate 
tank waste processing and tank closure schedules, and at the same time reduce characterization costs, while 
maintaining data integrity.  This document is an annual report summarizing the status of ongoing work initiated in 
June 2014 – work being performed to meet DOE-EM’s waste characterization program objectives.                
 
Specifically, this document addresses the initial activities SRNL conducted to:  a) gain a sound understanding of 
the relative costs, time requirements, and relevancy of current characterization activities/practices; b) assess 
potential alternative characterization methodologies; and c) identify opportunities for improving characterization 
practices in the context of reducing cost and schedule.  This task relied heavily on baseline information drawn 
from SRNL’s history of characterizing Savannah River Site (SRS) high level waste sludge, salt, and tank closure 
residue samples.        

 
The task was divided into the following five primary activities:   

 
 Identify characterization activities driving cost and schedule 
 
 Investigate streamlining of characterization requirements based on the relative constituent risks (reduce 

characterization requirements for "low risk" constituents) 
 
 Determine the relative usefulness of laboratory analyses, waste receipt history, process knowledge, scaling 

factors, and other potential characterization bases 
 
 Utilize differences between sludge, salt, and post-cleaning residue to hone characterization needs as a 

function of waste type  
 
 Investigate alternative characterization methods holding promise for being less costly and/or less time 

consuming 
 

Details of each activity are presented in the sections below, by activity, with each section addressing the rationale, 
approach, results, conclusions, and references associated with a particular activity.  Following these sections, 
overall conclusions based on the “sum of the findings” and a path forward are presented.  
 
Results of this task provide a starting point for developing more cost effective and practical characterization 
programs for application at the Savannah River Site, Office of River Protection, and other DOE sites involved in 
tank waste processing, tank waste disposition, and tank closure operations.   
 
Quality Assurance 
 
This task was performed in accordance with the protocols identified in Task Technical and Quality Assurance 
Plan SRNL-RP-2014-00460 and Program Plan SRNL-RP-2014-00474.  This report has been reviewed per the 
requirements established in Manual E7, Procedure 2.60.  The extent and type of review has been identified using 
the SRNL Technical Report Design Checklist contained in WSRC-IM-2002-00011, Rev. 2. 

                                                      
a Office of Tank Waste and Nuclear Materials (EM-20), Work Authorization/Task Change Request, Project HQTD1001, Topical Area 
WP-1.2.1 (Cost Effective Characterization Approaches), February 2004. 
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2.0 Identifying Characterization Activities Driving Cost and Schedule 

 
This section focuses on the costs and durations for the analytical services provided by the SRNL Analytical 
Development (AD) staff to various tank waste characterization activities.  While this represents only a portion of 
the overall services provided by SRNL groups [AD, shielded cells, Environmental and Chemical Processing 
(E&CPT), and statisticians], the AD effort typically has the longest duration of any of the services and consumes 
a significant fraction of the funding needed to complete tank characterization. 

The cost and schedule duration for tank closure at Savannah River Site (SRS) has been of particular interest in the 
last five years, with Tanks 5, 6, 18, and 19 being characterized successfully to allow the desired end state of full-
tank grouting.  In addition, the primary and annular regions of Tank 16 have been sampled and characterized in 
preparation for grouting.  Other characterization campaigns in the tank farms have also been included in this study 
because they represent a large analytical workload, provide additional cost and schedule metrics, and are integral 
to successful operations at important SRS facilities, such as the Defense Waste Processing Facility (DWPF), 
Actinide Removal Process/Modular Caustic-Side Extraction Unit (ARP/MCU), and Saltstone.  Accordingly, the 
following four types of sample campaigns were examined for cost and schedule duration for the SRNL Analytical 
Development scope of work: 

 Tank 50 quarterly supernate sample in support of Saltstone operation 

 Tank 40 (typically) sludge sample in support of DWPF 

 Tank 21 or 49 (typically) salt sample in support of ARP/MCU (excludes treatability studies on salt sample) 

 Tank residual samples in support of permanent tank closure 

2.1 Approach 

To complete this study of the characterization activities driving cost and schedule for the scope of work 
completed by SRNL AD, data was mined from several available databases. 

For the schedule duration data, the starting date for each of the methods in the analytical suite was determined by 
evaluating the travel copies contained in a Filemaker database, the AD Sample Management System.  In addition 
to the date the sample was submitted to AD, this database provided the methods that were requested by the 
sample submitter and the cost code to which the work was to be charged.  The cost code information was utilized 
to query other databases to determine the actual costs of labor and materials for each of the analytical campaigns.  

The start date obtained from the AD Sample Management System does not reflect the date when samples were 
submitted to SRNL.    That arrival date is earlier because the samples are received into the SRNL Shielded Cells 
for preliminary processing (physical testing, photographing, dissolution, aliquoting, initial radiochemical 
separations, etc.) and then transferred to AD on the start date. 

More importantly, the start date does not represent the time at which AD starts each of the requested analytical 
methods.  The AD staffing level is insufficient to support substantial parallel method preparations.  With a task 
backlog of several man-months at any one time, the large analytical campaigns evaluated in this report are 
typically competing with other high-priority campaigns from the same or different sample submitters.   

To determine the completion date for each of the requested analytical methods, the Oracle-based Laboratory 
Information Management System (LIMS) utilized by AD as the official sample data repository was queried.  The 
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total elapsed time for each method was calculated as the difference between the start date and the completion date.  
Because the analytical methods must be sequenced through the preparation and counting processes due to limited 
staffing, the actual hands-on time required for each method is typically significantly shorter than the total elapsed 
time.  Each of the methods with 3 – 6 months of elapsed time could be easily completed in one month (or less) if 
they were prioritized to start earlier in the campaign and if equipment availability was prioritized to assure rapid 
turnaround of the characterization campaigns.  For tank closure, the Highly Radioactive Radionuclides (HRR), 
such as Cs-137, Sr-90, Pu-238/239, and uranium isotopes, are typically prioritized for early completion and have 
significantly shorter elapsed time than the non-HRR analytes. 

The completion date and total elapsed time documented in this report do not contain any of the time associated 
with efforts to process the samples in the Shielded Cells, to perform statistical evaluation of the data reported by 
AD, and to write reports compiling and evaluating such data.  

To mine cost data, Oracle Business Intelligence Enterprise Edition (OBIEE) queries of the Peoplesoft business 
applications database were performed.  The criteria used to customize the queries consisted of the start date from 
the AD Sample Management System, the method completion date from AD LIMS, and the cost code from the AD 
Sample Management system.  In a few cases, the analytical work was completed prior to implementation of the 
Peoplesoft software, in which case an earlier database was queried to retrieve the pertinent data.  The cost data 
was binned into two categories – the direct-charged costs (direct-charged labor and materials) and the LIMS-
generated labor charges (distributed from the LIMS based on a pre-assigned number of hours per method).  As an 
independent check of the LIMS charge category, the AD Sample Management System was used to generate a cost 
estimate for the specific methods that are recorded as completed in LIMS (in which the hours assigned per task 
are multiplied by the number of tasks and then multiplied by appropriate labor rates). 

2.2 Evaluation of Durations for Analytical Methods 

To obtain method-specific durations, the start date for each analytical method as obtained from the AD Sample 
Management System was subtracted from the completion date of the corresponding method as obtained from the 
AD LIMS.  The durations are shown in Appendices A-D.  A parameter designated as the grand average is 
calculated as the average of the method-specific averages as displayed in the right-most column in these 
appendices.   This grand average indicates the approximate average duration for all the methods shown for a 
particular sample campaign. 

In Appendix A, the durations for five Tank 50 batches (third quarter CY13 through third quarter CY14) have been 
calculated.  The minimum, maximum, and average number of days required to complete the required methods are 
also displayed for each of the five batches.  These statistics are calculated for the non-radiochemical and 
radiochemical methods separately to allow comparison of these two categories.  In the right-most column, the 
average of the five batches is calculated on a method-specific basis.  For the non-radiochemical methods, the 
range of durations for the five batches varied between 2 and 63 calendar days.  The average duration of the 
methods for each batch varied from 21 to 36 days, and the grand average for all non-radiochemical methods 
during the five-batch evaluation was 27 days.  For the radiochemical methods, the range of durations for the five 
batches varied between 2 and 76 calendar days.  The average duration of the methods for each batch varied from 
31 to 38 days, and the grand average for all radiochemical methods during the five-batch evaluation was 36 days.   
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In Appendix B, durations and the same statistical parameters are calculated for the three salt batches evaluated 
(Salt Batches 5, 6, and 7).  For the non-radiochemical methods, the range of durations for the three batches varied 
between 2 and 45 calendar days.  The average duration of the methods for each batch varied from 12 to 22 days, 
and the grand average for all non-radiochemical methods during the three-batch evaluation was 17 days.  For the 
radiochemical methods, the range of durations for the three batches varied between 7 and 69 calendar days.  The 
average duration of the methods for each batch varied from 28 to 40 days, and the grand average for all 
radiochemical methods during the three-batch evaluation was 34 days.   

In Appendix C, durations and statistical parameters are calculated for the three sludge batches evaluated (Sludge 
Batches 7a, 7b, and 8).  For the non-radiochemical methods, the range of durations for the three batches varied 
between 1 and 36 calendar days.  The average duration of the methods for each batch varied from 8 to 23 days, 
and the grand average for all non-radiochemical methods during the three-batch evaluation was 16 days.  For the 
radiochemical methods, the range of durations for the three batches varied between 3 and 192 calendar days.  The 
average duration of the methods for each batch varied from 36 to 90 days, and the grand average for all 
radiochemical methods during the three-batch evaluation was 77 days.  The grand average for the radiochemical 
methods are biased high by the last sludge batch (Batch 8) where a number of methods required in excess of 125 
days to complete.  Most of these methods were requested for the first time for Sludge Batch 8 and required special 
radiochemical separations starting in the Shielded Cells to meet the requested detection limits.  Also, 
radiochemical methods for certain low-abundance radionuclides, such as Cl-36, Pa-231, Ra-226, and Th-229/230, 
frequently required multiple iterations to develop a preparation/analysis protocol that was successful. 

In Appendix D, similar parameters are calculated for the four tank closure batches evaluated (Tanks 5, 6, 16 
Primary, and 16 Annulus).  For the non-radiochemical methods, the range of durations for the four batches varied 
between 1 and 118 calendar days.  The average duration of the methods for each batch varied from 19 to 45 days, 
and the grand average for all non-radiochemical methods during the four-batch evaluation was 31 days.  For the 
radiochemical methods, the range of durations for the four batches varied between 15 and 266 calendar days.  The 
average duration of the methods for each batch varied from 80 to 173 days, and the grand average for all 
radiochemical methods during the four-batch evaluation was 129 days. 

In Table 2-1, the key parameters which allow the most straightforward comparison of the overall durations for the 
various tank characterization matrices are tabulated – specifically, the maximum durations for each type of sample 
campaign (as opposed to the average durations, which are shorter and not reflective of the overall campaign 
durations).  The table includes the number of non-radiochemical and radiochemical methods, respectively, 
requested by the sample submitter for each of the four types of waste characterization campaigns.  The “best 
finish” and “worst finish” durations in the table provide an indication of the typical range of times needed to 
complete each campaign. 
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Table 2-1.  Maximum Analysis Durations Over Multiple Batches for Selected Sample Campaigns 

Sample 
Campaign 

Type of Methods # of 
Batches 

# of 
Methods 

Best 
Finish, in 

days 

Worst 
Finish, in 

days 

Tank 50 
Non-radiochemical 5 16 42 63 

Radiochemical 5 19 62 76 

Salt Batch 
Non-radiochemical 3 12 21 45 

Radiochemical 3 15 48 69 

Sludge Batch 
Non-radiochemical 3 10 17 36 

Radiochemical 3 17 92 192 

Tank Closure 
Non-radiochemical 4 8 43 118 

Radiochemical 4 26 153 266 

 

Using the maximum durations identified for all methods and for all batches within a sample campaign type, two 
other parameters are displayed in Table 2-1.  The “best-finish” duration is determined by examining the maximum 
durations for the various batches in a sample campaign and then selecting the smallest maximum of this data set.  
For example, the salt batches in this report had maximum durations for non-radiochemical methods of 35 days for 
Salt Batch 5, 21 days for Salt Batch 6, and 45 days for Salt Batch 7.  The “best-finish” duration is therefore 21 
days, the shortest time that AD has demonstrated that it can finish all of the non-radiochemical methods for a salt 
batch.  Similarly, the “worst-finish” duration for non-radiochemical methods is the batch maximum which is the 
largest.  In the case of the three salt batches, the “worst-finish” duration is 45 days.  AD has successfully analyzed 
all the batches in this campaign type within the “worst-finish” window. 

Examination of the radiochemical method metrics in Table 2-1 indicates across-the-board higher values for all 
sample campaign types relative to the non-radiochemical methods, with the metrics for sludge batch and tank 
closure campaigns being significantly higher (more than 60 days).  For every sample campaign type, the number 
of radiochemical methods requested is greater than the number of non-radiochemical methods.  This difference is 
largest for tank closure samples, where radiochemical methods out-number non-radiochemical by 26 to 8. The 
“best-finish” duration for a sludge batch is 92 days, with the “worst case” being 192 days.  For tank closure 
samples, the “best-case” scenario requires 153 days to complete the batch, while the “worst-case” requires 266.   

For Tank 50 and salt batch campaigns, the starting matrix for both the non-radiochemical and radiochemical is 
supernatant liquid, which is far simpler to process analytically than the solid-phase sludge batch and tank closure 
matrices.   In addition, for Tank 50 at least, a regulatory driver exists for publication of the sample results by a 
bilaterally agreed-upon milestone; accordingly, Tank 50 samples are given high priority for all methods, which 
minimizes the batch cycle (62 to 76 days). 
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For the sludge batch and tank closure campaigns, the starting matrix is a solid, which must be dissolved in the 
Shielded Cells and then transferred to AD.  The non-radiochemical methods can proceed directly from this 
dissolution with minimal additional preparation steps (dilution, for example).   Radiochemical methods for those 
analytes that are at high activity concentrations can also utilize the dissolution from the Shielded Cells, but the 
methods require significant separation efforts to segregate the analyte-of-interest from any interferences.  For 
radionuclides at low abundance (thereby requiring low minimum detectable activities [MDAs]), a special 
dissolution must be completed in the Shielded Cells using a larger mass of the sample matrix.  To decontaminate 
the special dissolution and allow safe handling in radiohoods, the special method dissolution undergoes one or 
more separation techniques in the cells.  These cell activities add a minimum of 5 – 10 days to each special 
method for sludge batches and tank closure campaigns.   

Once the dissolved sample aliquots reach AD from the Shielded Cells, customized preparation and counting 
techniques are applied to quantify the analytes for the radiochemical methods (not needed by the non-
radiochemical methods).  Because the tank closure sample matrices in particular are highly variable from tank to 
tank, they often require more than one customized preparation/analysis effort to achieve successful separation and 
quantitation for the radionuclides.  In addition, the tank closure characterization program has much higher quality 
assurance requirements based on its Quality Assurance Project Plan1 negotiated with South Carolina Department 
of Health and Environmental Control and the Environmental Protection Agency.  Because of these quality 
requirements, the AD staff spends a substantially greater amount of time processing these batches, which 
increases duration and cost. 

Besides sample preparation that is much more labor-intensive (typically 1 – 2 man days per method for up to 26 
methods) than that for the non-radiochemical methods, the instrumental approaches are also much more 
complicated for the radiochemical methods.  Typically, the radiochemical methods require two or more different 
instruments to measure the samples and quality control standards in each method batch (non-radiochemical 
methods require one).  For example, the americium/curium method requires analysis using gamma spectrometry, 
alpha spectrometry, and inductively-coupled mass spectrometer.  The samples must be scheduled to sequence 
through each of these instruments, and the data from the respective instruments must be processed by multiple 
personnel before it can be reported to the submitter.  In summary, the radiochemical durations are extended 
(particularly for the solid matrices) relative to the non-radiochemical methods, where separations are not 
necessary and one instrument suffices for the quantification. 

Finally, AD could theoretically complete any of its existing radiochemical methods in two months or less 
(regardless of matrix).  This hypothesis assumes that the method has highest priority, that AD is provided much 
greater human resources, that the Shielded Cells facility can perform timely dissolutions and preliminary sample 
decontaminations, and that the applicable measurement instrumentation is fully available.  Practically though, AD 
has more than 50 methods on its backlog at any given time and does not have the staff to achieve this level of 
rapid turnaround except in isolated cases.  Specific workforce limitations include: 

 One radiochemist/nuclear chemist to direct the customized methods and interpret data 

 One radiochemist to direct the quality assurance program and interpret/report data 

 Five chemists/technicians to prepare samples 

 Two chemists to operate counting instruments and reduce data 
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AD is currently staffed such that methods associated with large sample campaigns (such as the four types 
discussed in this report) must be processed in parallel with other backlogged samples over a period of 1 – 6 
months.  To increase staff and instrumentation to accommodate less-than-one-month turnaround on all methods 
would not be a cost-effective approach for providing this highly specialized, labor-intensive analytical service 
because the AD workload can fluctuate substantially depending on site funding levels. 

2.3 Evaluation of Cost for Analytical Methods 

The same four types of sample campaigns were analyzed to determine the cost of the AD services required to 
analyze the non-radiochemical and radiochemical methods for the analytes requested by the sample submitter.  
The costs have been binned into two categories:  1) the labor charges distributed by application of a LIMS 
charging mechanism; and 2) the direct charges for the labor hours each individual worker enters into the site Time 
and Attendance Collection System (TACS) and for the cost of materials.  To determine the costs distributed 
through the LIMS in the first category, the pre-assigned time to complete each method was multiplied by the 
number of submitted samples and then multiplied by the LIMS labor rate to obtain the charge for each method.  
This process was repeated for all methods for a sample type to get the total LIMS-generated charge. 

Based on data mined from two Oracle databases, the LIMS-generated charges, the direct charges, the total charges, 
and the total charges/sample are shown in Appendix E.  The Appendix also includes an estimate of the LIMS-
generated charges that was obtained with a planning tool contained in the Filemaker Sample Management 
database.  An example of the LIMS estimating worksheet is included as Appendix F. 

A significant challenge in mining the AD cost data was defining the proper time interval for which charges should 
be examined.  Many of the cost codes used for these sample campaigns were used to collect costs for multiple 
batches of samples of a particular sample type or for other scopes of work not related to the waste characterization 
examined in this report.  Therefore, this cost evaluation is subject to a higher uncertainty level than would have 
been present if each sample batch had been assigned a unique cost code.  However, the difference between the 
LIMS estimated and actual charges is less than 15% for all four sample types (for example, the LIMS estimate for 
the three Salt Batch campaigns was $47K while the actual LIMS-generated average charges was $40.9K, which is 
13% less than the estimate).  This agreement between the estimate and actual costs suggest that the data mined 
from the Oracle data bases was an adequate representation of the LIMS-generated cost element (Category 1).  

On a per-sample basis, the actual LIMS-generated costs were approximately $20K per sample for the Tank 50, 
salt batch, and sludge batch sample types.  The tank closure sample type was the only campaign that had a higher 
per-sample cost ($33.7K) for actual LIMS-generated costs. 

The direct charges appear to be much more variable between the batches in each sample campaign.  Despite this 
variability, the averages for each sample type provide a reasonable metric for comparing the costs.  The Tank 50, 
salt batch and sludge batch campaigns again had the lowest direct charges for labor and materials at about $5.5K 
to $9K per sample.  The direct charges for the tank closure campaigns at $31.5K were significantly higher than 
that for the other sample campaigns. 

The same trend is evident for the total costs, where the per-sample cost for the Tank 50, salt batch, and sludge 
batch campaigns averaged $26.9K, 29.5K, and 26.8K, respectively.  While the sludge batch preparations involved 
more complicated preparations, some of which start in the shielded cells, AD was required to analyze about 10% 
more methods for Tank 50 and salt batch campaigns.  Also, the sludge batch had more samples in each batch (5 
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per batch), which typically resulted in lower direct charges because the preparation process was more efficient 
with larger batches. 

The per-sample cost for tank closure campaigns averaged $65.2K.  The tank closure costs were significantly 
higher because more of the sample preparations began in the shielded cells, which required AD to expend more 
labor and materials to launch the preparations performed by the shielded cell organization.  Also, the tank closure 
batches were so large that the AD staff often had to create two sub-batches to process the 12 samples per batch.  
This approximately doubled the labor required to prepare the tank closure batches.  Another significant increase in 
the labor arose because AD was required to meet the complex tank closure quality assurance program negotiated 
among SRNL, Savannah River Remediation, and state and federal regulators.   These quality assurance protocols 
required significant effort during the counting, data reduction, and documentation phases of the batch processing, 
including preparation of case narratives and quality assurance checklists.  None of the other sample campaigns 
involved this level of rigorous quality assurance. 

2.4 Evaluation of Cost and Duration for Individual Radiochemical Methods for Tank Closure 

 
To gain insight into the specific methods that drive the cost and duration for analytical studies, the radiochemical 
methods performed for the tank closure characterization were studied in more detail.  The non-radiological 
methods for this sample type are all much less labor-intensive and therefore were not evaluated as drivers of either 
cost or schedule.  To determine the costs of the radiochemical methods, the labor hours were estimated for the 
following phases of sample preparation and analysis:  1) direct charges by Shielded Cell operators for dissolution 
and initial sample decontamination steps; 2)  LIMS per-method charges for Analytical Development labor; 3) 
direct charges by Analytical Development technicians for sample preparation; and 4) direct charges by chemists 
and task supervisors for counting operations, data reduction, data review, and preparation of quality assurance 
documentation.  The labor estimates for Phases 1 and 4 were derived from discussion with the task supervisors 
involved with each task while those from Phases 2 and 3 were obtained from the LIMS hours-per-method list and 
the method-specific Research and Development directions, respectively.  The labor hours in each phase were then 
converted into costs using the labor rates for the current fiscal year.  The results of this evaluation are displayed in 
Appendix G. 
 
A reasonable approach to identifying the most expensive radiochemical methods is to normalize the individual 
costs for each method to that for the most expensive method.  This normalization is shown as the Relative 
Cost, % column at the right of Appendix G, with the Am/Cm method being used for normalization.  If >60% of 
the cost of the Am/Cm method is used arbitrarily to filter for the most expensive methods, one observes that 
Am/Cm, Pa-231, Th-229/230, Cl-36, Ra-226, I-129, Tc-99, and Ni-59/63 (in decreasing order of cost) are the 
eight most costly methods.  One also observes that all of these methods, except Ni-59/63, has a large cost 
contribution from the initial sample preparation steps (beyond the peroxide fusion or aqua regia digestions 
common for all of the less expensive methods) required in the Shielded Cells. 
 
The durations for each method have been tabulated previously and displayed in Appendix D.  By looking at the 
average durations for the four tank closure characterizations, one identifies Pt-193, K-40, Cl-36, Ra-226, Nb-94, 
Pa-231, Am/Cm, C-14, Th-229/230, Np-237, Cs-135, and Zr-93 (in decreasing order of duration) as the 
methods that have historically required the longest cycles for analysis.  Of these methods, Pt-193, K-40, and Cl-
36 have recently been deleted from the analyte list for future tank closure characterizations.  The remaining nine 
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methods represent the prime candidates for elimination if shorter schedule durations are needed for upcoming 
tank closures and if their deletion can be justified from a risk standpoint.  An alternative approach would be to 
develop more rapid analytical methods and/or utilize other technical bases that support quicker characterization 
of these particular radionuclides.  If both cost and schedule reductions are important considerations, then the 
Am/Cm, Pa-231, and Ra-226 methods are the ones that should be considered first as candidates for potential 
elimination or potential alternative characterization methods.  

2.5 Frequency of Campaigns and Annualized Costs 

 
If one considers the frequency with which SRNL Analytical Development receives samples from each of the 
campaign types evaluated in this report, one can estimate an annualized cost for each type by multiplying the 
frequency by the number of samples/campaign and then by the cost/sample.  Using data shown in Appendix E, 
the annualized cost for each campaign type is shown in Table 2-2.   For the salt matrix (taken as the sum of the 
Tank 50 and Salt Batch campaign types), the annualized cost is about $400K.  For the sludge batch campaign, 
the annualized cost is much lower at $135K while, for the tank closure campaign, it is about $1050K. 
 
On an annualized basis, the relative percentage of funds expended for sludge characterization is about 9%; for 
salt characterization, about 25%; and for tank closure characterization, about 66%.  Therefore, a reasonable 
conclusion is that reductions in tank closure and, to a lesser degree, salt batch characterizations would offer the 
most potential for cost savings. 
 

Table 2-2.  Annualized Cost for Tank Characterization by Campaign Type 

Sample 
Campaign 

Frequency # of Samples/campaign Cost/sample Annualized Cost 

Tank 50  3 months 3 26.9K 323K 

Salt Batch 9 months 2 29.4K 78.4K 

Sludge Batch 12 months 5 26.8K 134K 

Tank Closure 9 months 12 65.2K 1043K 

2.6 Conclusions 

 
Four types of sample campaigns were examined for cost and schedule duration for the SRNL Analytical 
Development (AD) scope of work: 

 Tank 50 quarterly supernate sample in support of Saltstone operation 

 Tank 40 (typically) sludge sample in support of DWPF 

 Tank 21 or 49 (typically) salt sample in support of ARP/MCU (excludes treatability studies on salt sample) 

 Tank residual samples in support of permanent tank closure 
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A number of factors drive the cost and schedule for these campaigns.  The number of special sample 
decontamination preparations that must be completed in the Shielded Cells is higher for the sludge batch and 
much higher for tank closure characterization than for the salt campaigns.  Another factor driving cost and 
schedule, particularly for tank closure, involves the number of analyses that require research and development 
and/or rework to obtain a reliable measurement.  Other factors include the number of analyses that require 
multiple rounds of decontamination to achieve low minimum detection limits, the number that require 
integration of multiple measurement techniques, and the number that entail enhanced quality assurance 
protocols and documentation (all of these are greater for tank closure characterization). 
 
This study revealed that the cost per sample is roughly $30K for all sample campaign types, except tank closure 
where the cost is $65K/sample.  On an annualized basis, the relative percentage of funds expended for sludge 
characterization is about 9%; for salt characterization, about 25%; and for tank closure characterization, about 
66%.  Method durations averaged about 35 days for salt batches and Tank 50 salt feed, about 75 days for sludge 
batches, and about 130 days for tank closure. 
 
An evaluation of the costs for the radiochemical methods, which dominated the total costs for tank closure, 
revealed that Am/Cm, Pa-231, Th-229/230, Cl-36, Ra-226, I-129, Tc-99, and Ni-59/63 were the most expensive 
methods.  Of these, Am/Cm, Pa-231, and Ra-226 were also among the set of methods that were found to have the 
longest durations.  If both cost and schedule reductions are important considerations, then these three methods are 
the ones that should be considered first as candidates for potential elimination or potential alternative 
characterization methods. 

The greatest potential for reducing analytical cost and schedule durations clearly lies with tank closure 
characterizations.  Both the salt programs (Tank 50 and salt batch) cumulatively consume more funding than the 
sludge batch characterization and are good candidates to investigate for potential savings, particularly if the 
frequency of batch qualifications is increased.  In such cases, even small reductions in cost and turnaround times 
would be advantageous to the salt characterization campaigns.  The sludge batch characterization has the least 
potential for cost savings although those methods that require sample decontamination in the Shielded Cells to 
attain low method detection limits could be evaluated. 

2.7 Reference 

 
1 Pavletich, J. P., “Liquid Waste Tank Residuals Sampling – Quality Assurance Program Plan,” SRR-CWDA-

2011-00117, Rev. 1, July 2013.  



 

 

 

3.0 Streamlining Characterization Requirements Based on Relative Constituent Risks 

As part of this program to develop a more cost effective approach to waste characterization, it is proposed 
to consider a risk based approach that focuses the waste characterization on those radionuclides that pose 
a potential risk from dose to offsite members of the public.  To establish some context for the current 
work, a Performance Assessment (PA) is required by DOE Order 435.1 to provide a technical basis to 
ensure that Department of Energy (DOE) low-level waste disposal facilities comply with radiological 
protection requirements established in the Order.  A Composite Analysis (CA) is required by DOE Order 
435.1 to provide a reasonable expectation that Department of Energy (DOE) low-level waste disposal, 
high-level waste tank closure, and transuranic waste disposal ensure radiological protection of the public.  
For a CA, the Order requires an accounting of all sources of DOE man-made radionuclides and DOE 
enhanced natural radionuclides that are projected to remain on the site after site operations have ceased.  
A Special Analysis (SA) is performed to ensure that unique waste disposal conditions deviating from 
those considered in the facility PA still comply with radiological protection requirements of DOE Order 
435.1. 

3.1 Approach 

The approach taken in this work is a refinement of the screening process performed prior to PA, CA and 
SA calculations to reduce the number of radionuclides evaluated to a manageable number.  The latest data 
compiled by the Savannah River National Laboratory (SRNL) includes 888 radionuclides that have 
ingestion dose coefficients and a total of 1252 radionuclides that would give some external or internal 
dose to an offsite member of the public.  Typically, for facility PAs and the site CA the number of 
radionuclides considered in the analysis is reduced by first assuming an impossibly large starting 
inventory for each radionuclide (~1 million curies) performing a simple transport and decay calculation 
from the source to a receptor location and eliminating those radionuclides from further analysis that do 
not yield a significant dose to an offsite member of the public under these conditions (e.g. < 0.01 
mrem/yr).  This process typically reduces the number of radionuclides considered in PAs or the CA by an 
order of magnitude to less than 100. 

The proposal evaluated in this work is to perform a more realistic screening calculation that is 
demonstrably conservative but is still at a level well below detailed PA modeling.  It is anticipated that 
this approach will further reduce the number of radionuclides that must be considered in a 
characterization study by approximately another order of magnitude to on the order of 10 species.  The 
cost associated with performing the risk analysis would be relatively small. 

3.1.1 Risk Screening Model 

GoldSimTM is a graphically based programming environment that allows a modular approach to model 
development.  The GoldSimTM software1 has been used to model radionuclide transport and perform dose 
calculations for several applications at SRS.  GoldSimTM is a convenient modeling tool for simple 
applications because it offers the capability of modeling one-dimensional radionuclide transport and 
decay and also includes the capability of performing probabilistic simulations for uncertainty analysis.  
GoldSimTM models have typically been used to perform screening calculations such as those alluded to in 
the above discussion (e.g. Taylor SRNS-STI-2008-00117 2) and a GoldSimTM model was used for all of 
the SRS CA modeling.3  The risk based screening model used in this work was implemented in 
GoldSimTM (Version 10.50 SP 3) and was to a large extent derived from the CA model. 
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While not all aspects of the risk screening model will be described here, a few parts of the model are 
shown in the figures below to provide a brief overview of how the risk screening calculations were 
performed.  Figure 3-1 shows a screen capture from the GoldSimTM model displaying a top level view of 
the radionuclide transport model.  The closure cap placed over the waste disposal unit is modeled 
indirectly through specification of the infiltration flow into the waste zone.  Infiltration representative of a 
geo-synthetic closure cap was used in the risk modeling.  The waste zone is modeled as shown in Figure 
3-2 by a series of 11 vertical cells.  For purposes of modeling the waste tanks following closure, the first 
10 cells were assumed to be clean grout and the contamination was assumed to be concentrated in the last 
cell which covered the bottom of the tank and was one foot thick.  This is consistent with the approach 
used in the Tank Farm PAs.  For Saltstone modeling, the contamination was assumed to be uniformly 
distributed throughout the waste zone.  The concrete floor of the waste tank or Saltstone vault and 
supporting mats were modeled in the barrier container using a vertical series of five cells. 

The unsaturated zone below the waste was modeled as 20 vertical cells having properties consistent with 
SRS vadose zone soils.  At the bottom of the vadose zone, the flow is distributed to a set of ten horizontal 
cells representing discharge into the aquifer region below the waste.  When the bottom of the waste 
disposal unit is below the water table, as indicated by a negative vadose zone length, the transport of 
radionuclides from the waste layer to the aquifer bypasses the vadose zone and directly enters the aquifer. 

As shown in Figure 3-1, the aquifer is divided into two separate zones. These zones are further subdivided 
into regions as shown in Figure 3-3.  The two zones can have different flow lengths which are defined 
through the model input.  The number of cells in each zone is fixed at the values shown in Figure 3-3.  
The model of Zone 1 is shown in Figure 3-4.  The first 10 cells of Zone 1 are used to distribute the 
incoming flow using distribution fractions defined through the model input.  Transport from this region to 
the 100 m well is modeled using a GoldSimTM pipe model equivalent to 10 cells. Cells in Zone 1 contain 
only sandy soil. 

Transport beyond the well from Zone 1 to Zone 2 is represented by another pipe model with 80 cells.  The 
first 50 cells of Zone 2 can have either sandy soil, clayey soil, or a mixture of soils to represent an 
aquitard region.  The last 50 cells in Zone 2 are all sandy soil.  The dose calculations presented in this 
report are based on the concentration of radionuclides in the aquifer at the 100 m well location.  The part 
of the aquifer model beyond the well therefore has no impact on the current dose calculations but was 
retained in the model to allow calculation of a CA dose using stream or river radionuclide concentrations. 

On a fast workstation, this simple model takes on the order of one to two minutes to run a transport and 
dose calculation.  The model can be used to rapidly evaluate many scenarios and, in particular, is 
applicable to performing sensitivity and uncertainty analysis. 
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Figure 3-1.  GoldSim Model of Radionuclide Transport in Waste Characterization Model 

 
 

 

Figure 3-2.  GoldSim Model of Waste Disposal Facility 
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Figure 3-3.  Schematic Representation of Aquifer Transport Model 

 

 

 

Figure 3-4.  Representation of First Aquifer Transport Zone in GoldSim Model 

3.1.2 Dose Calculations 

 
For this preliminary scoping study, the dose to a member of the public from use of water obtained from a 
well located 100 m from the boundary of the waste disposal facility was assumed to be the all-pathways 
dose to a resident farmer.  Doses to a typical member of the public considered in the analysis included: 
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Transport to the well location is represented by a 10 cell pipe segment.
The well is represented by a single cell.
Transport from the weel to the aquitard region is represented by a 50 cell pipe segment. 

Aquifer_Cell_Parameters
SZPath_001

SZPath_002

SZPath_003

SZPath_004

SZPath_005

SZPath_006

SZPath_007

SZPath_008

SZPath_009

SZPath_010

Flow_Path_to_Well

Well

Flow_Path_to_Aquitard
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2) Inhalation Dose 
a. Garden dust 
b. Irrigation water 
c. Shower water 

3) Dose from Direct Exposure 
a. Garden soil 

 
EPA groundwater protection limits for exposure to alpha radiation, beta-gamma radiation, radium and 
uranium were included in the model but were not considered in this preliminary risk analysis.   

The dose calculations used updated dose parameters,4,5 updated radionuclide data (ICRP-107), and 
employed somewhat revised dose equations from those used in prior analyses (e.g. Phifer et al. SRNL-
STI-2009-00424 6).  While this revised dose methodology has not yet been published, it should closely 
reflect the analysis that would be used in future SRNL PA, CA and SA calculations.  The dose 
calculations performed for this study were based on the 63 radionuclides used in the SRS CA which are 
listed in Tables 3-1, 3-2 and 3-3 of the following Section. 

3.1.3 Waste Tank Risk Assessment 

3.1.3.1 Waste Tank Closure Inventories 

To perform the proposed screening calculation it is necessary to assume a realistic but conservative 
source inventory.  For the SRS waste tanks, attempts have already been made to estimate closure 
inventories for previous PA, CA and SA calculations.  The current study compared the assumed 
inventories used in the Tank Farm PAs7,8 and the SRS CA9 to the actual residual inventory estimated from 
existing characterization studies.  This preliminary study was limited to evaluating waste tanks 5-F, 6-F, 
18-F, 19-F, 16-H and 12-H.  Tanks 18-F, 19-F, 5-F, and 6-F have already been characterized and closed.  
Tank 16-H has been characterized and is in the process of being closed.  Tank 12-H is currently being 
characterized and is the next tank scheduled for closure after 16-H.  The inventory comparisons for the 63 
radionuclides used in the SRS CA are shown in Tables 3-1, 3-2 and 3-3.  Cells in the PA and CA 
inventory columns highlighted in yellow indicate assumed inventories that were lower than the value 
estimated from waste characterization data.  The characterization data in these tables used 95% 
confidence limit values and upper bounds for non-detected species as best estimates (BE) of the residual 
inventory.  Nominal estimates of residual volume and waste density were used to convert concentrations 
to total Curie inventory.  The residual volumes and densities used to calculate total Curies for each tank 
are listed in Table 3-4. 

Tanks 5-F and 6-F were the first tanks evaluated.  Characterization data was obtained from Oji et al.,10,11  
Shine,12 and SRR.13  As shown in Table 3-1, these initial results were encouraging in that the CA 
estimated residual inventory appeared to fall relatively close to most characterization values while the PA 
inventory appeared to be in general very conservative.  For a few radionuclides (Cf-249, Cm-247 and 
Cm-248) the CA residual inventory was significantly lower than the value based on sample 
characterization.  However, it was thought that with perhaps some adjustment to the CA inventory it 
could serve as a reasonable basis for risk evaluation. 

This trend did not continue for the other waste tanks evaluated.  As shown in Tables 3-2 and 3-3, for 
many radionuclides, the residual inventory assumed in the CA falls below a reasonably conservative 
estimate based on waste characterization measurements.  In addition, for Tanks 18-F, 19-F and 16-H, the 
inventory for many of the radionuclides assumed in the PA also fall below the measurement values.  
Characterization data for Tank 18-F was taken from Oji et al.,14,15 Hay et al.,16 Harris,17 and SRR.18  
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Characterization data for Tank 19-F was obtained from Oji et al.,19 Harris,20 and SRR.21  Characterization 
data for Tank 16-H was obtained from Oji et al.22 

When increasing the PA inventories by a factor of 100, only I-129 and Pa-231 for Tank 16-H remain 
below the values calculated using characterization data.  However, in many cases, these higher inventory 
values are substantially greater than corresponding characterization values.  For example, the residual Pu-
238 inventory in Tank 16-H (tank and annulus) is estimated to be 37.7 Curies from characterization data 
while the inventory used in the PA analysis is 290 Curies which is already a factor of 7.7 larger.  
Increasing the PA inventory by a factor of 100 gives an extremely conservative estimate of the residual 
Pu-238.  On the other hand, increasing the CA inventories by a factor of 100 still left many values below 
that calculated from the characterization data.  Performing uncertainty analysis using a distribution about 
the best estimate expected inventory would allow determination of inventory levels where the risk factor 
becomes insignificant. 

From this analysis, it was concluded that no ideal method exists for estimating the residual inventory in 
the SRS waste tanks prior to characterization.  Therefore, it was decided to use the characterization based 
inventory to determine which radionuclides contribute the most risk for dose to an offsite member of the 
public.  This approach would appear to preclude applying the risk screening to an uncharacterized tank.  
However, as evidenced by the inventories assumed for the tank farm PAs, inventories in the SRS waste 
tanks are relatively consistent so using information from the five tanks that have had residual waste 
material characterized should provide a good indication of which radionuclides will in general impact the 
dose risk from other tanks.  Since the residual waste in Tank 12-H has not yet been characterized this tank 
was analyzed using the PA inventory to determine what difference this assumption might make.  
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Table 3-1.  Residual Radionuclide Inventory in Tanks 5-F and 6-F 

 Tank 5‐F  Tank 6‐F 

Isotopes PA (Ci)  CA (Ci)  95% BE (Ci)  PA (Ci)  CA (Ci)  95% BE (Ci) 
Ac-227 1.00E‐03  2.63E‐07  4.18E‐06  1.00E‐03  2.05E‐07  6.78E‐07 

Ag-108m 0  0  0  0  0  0 

Al-26 1.00E+00  9.51E‐04  1.55E‐04  1.00E+00  1.24E‐03  0 

Am-241 6.00E+02  4.91E+01  5.82E‐01  6.00E+02  5.95E+01  1.29E+00 

Am-242m 1.00E+00  5.81E‐02  1.44E‐03  1.00E+00  7.07E‐02  1.88E‐03 

Am-243 1.40E+00  1.65E‐04  4.45E‐03  1.40E+00  1.36E‐01  3.03E‐02 

Bi-210m 0  0  0  0  0  0 

C-14 1.00E+00  1.38E‐03  2.71E‐05  1.00E+00  1.13E‐03  3.12E‐04 

Ca-41 0  0  0  0  0  0 

Cf-249 1.00E+00  3.55E‐19  1.50E‐04  1.00E+00  4.26E‐19  1.47E‐04 

Cf-251 0  0  4.03E‐04  0  0  2.23E‐04 

Cl-36 1.00E‐03  0  6.72E‐05  1.00E‐03  0  0 

Cm-243 1.00E+00  1.31E‐03  1.12E‐02  1.00E+00  1.71E‐03  2.14E‐02 

Cm-244 1.20E+02  5.61E‐03  2.59E‐02  1.20E+02  5.20E+00  1.01E+00 

Cm-245 1.00E+00  1.08E‐08  1.20E‐05  1.00E+00  1.28E‐08  1.02E‐04 

Cm-246 0  0  2.57E‐05  0  0  5.49E‐04 

Cm-247 1.00E‐03  5.83E‐17  4.32E‐09  1.00E‐03  6.94E‐17  4.07E‐09 

Cm-248 1.00E‐03  1.34E‐17  4.57E‐07  1.00E‐03  1.60E‐17  3.53E‐07 

Co-60 1.80E+01  9.76E‐01  5.65E‐02  1.80E+01  1.79E+00  1.31E‐01 

Cs-135 1.00E+00  4.40E‐03  1.84E‐05  1.00E+00  5.24E‐03  4.17E‐05 

Cs-137 9.20E+03  7.07E+02  3.55E+00  9.20E+03  9.18E+02  8.19E+00 

Eu-152 1.90E+01  1.30E+00  1.68E‐03  1.90E+01  1.87E+00  2.82E‐03 

Eu-154 1.30E+02  8.53E+00  2.47E‐01  1.30E+02  1.34E+01  3.25E‐01 

Eu-155 0  2.32E+00  4.68E‐02  0  4.36E+00  6.04E‐02 

Gd-152 0  0  0  0  0  0 

H-3 1.00E+00  2.72E‐02  1.46E‐04  1.00E+00  2.72E‐02  3.20E‐04 

I-129 1.00E‐03  3.13E‐05  6.87E‐06  1.00E‐03  3.73E‐05  3.02E‐06 

K-40 1.00E‐03  0  4.10E‐05  1.00E‐03  0  0 

Lu-174 0  0  0  0  0  0 

Mo-93 0  0  0  0  0  0 

Nb-93m 1.00E‐03  0  0  1.00E‐03  0  0 

Nb-94 1.00E+00  2.84E‐04  2.29E‐05  1.00E+00  3.39E‐04  3.17E‐05 

Ni-59 6.30E+00  5.43E‐01  5.01E‐02  6.30E+00  6.31E‐01  7.47E‐02 

Ni-63 4.90E+02  4.09E+01  2.77E+00  4.90E+02  4.89E+01  5.53E+00 

Np-237 2.30E‐01  2.32E‐02  2.19E‐04  2.30E‐01  5.86E‐03  4.71E‐04 

Pa-231 1.00E‐03  5.55E‐07  2.82E‐06  1.00E‐03  4.32E‐07  1.51E‐05 

Pb-210 0  0  0  0  0  0 

Pd-107 1.00E‐03  0  4.12E‐05  1.00E‐03  0  0 

Pt-193 1.00E‐03  0  1.25E‐05  1.00E‐03  0  0 

Pu-238 1.40E+02  1.42E+01  2.20E‐02  1.40E+02  7.17E‐01  5.14E‐02 

Pu-239 3.20E+01  2.67E+00  7.09E‐02  3.20E+01  1.73E+00  4.48E‐02 

Pu-240 7.20E+00  6.36E‐01  1.64E‐02  7.20E+00  6.00E‐01  2.79E‐02 

Pu-241 3.20E+01  2.03E+00  1.09E‐01  3.20E+01  3.21E+00  1.04E‐01 

Pu-242 1.00E+00  1.88E‐04  3.27E‐06  1.00E+00  1.18E‐03  3.34E‐05 

Pu-244 1.00E‐03  8.59E‐07  9.42E‐09  1.00E‐03  5.41E‐06  1.16E‐08 

Ra-226 1.00E‐03  1.99E‐02  7.81E‐05  1.00E‐03  2.45E‐02  6.42E‐05 

Ra-228 0  0  0  0  0  0 

Se-79 4.50E+00  3.80E‐01  1.06E‐04  4.50E+00  4.52E‐01  2.99E‐04 

Sm-147 1.20E+04  0  6.49E+00  1.20E+04  0  3.10E+00 

Sm-151 0  1.00E+03  0  0  1.23E+03  0 

Sn-126 8.40E‐01  7.06E‐01  9.42E‐03  8.40E‐01  8.41E‐01  1.18E‐02 

Sr-90 1.30E+05  9.82E+03  9.98E+01  1.30E+05  1.28E+04  2.45E+02 

Tc-99 7.90E+01  6.57E+00  8.70E‐05  7.90E+01  7.82E+00  1.73E‐03 

Th-229 2.40E‐01  2.44E‐02  2.45E‐07  2.40E‐01  6.17E‐03  1.50E‐06 

Th-230 1.00E‐03  1.98E‐02  1.80E‐05  1.00E‐03  2.44E‐02  1.47E‐05 

Th-232 0  0  0  0  0  0 

U-232 1.00E+00  2.57E‐04  2.77E‐07  1.00E+00  3.15E‐04  1.19E‐06 

U-233 2.30E‐01  2.33E‐02  6.05E‐05  2.30E‐01  5.88E‐03  5.13E‐05 

U-234 1.70E‐01  1.37E‐02  3.76E‐05  1.70E‐01  1.69E‐02  1.46E‐04 

U-235 5.80E‐03  5.79E‐04  1.69E‐06  5.80E‐03  4.52E‐04  6.76E‐06 

U-236 1.00E+00  2.83E‐04  2.07E‐06  1.00E+00  3.46E‐04  8.30E‐06 

U-238 1.70E‐01  1.37E‐02  3.92E‐05  1.70E‐01  1.69E‐02  2.50E‐04 

Zr-93 1.00E‐03  0  2.51E‐02  1.00E‐03  0  2.21E‐02 
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Table 3-2.  Residual Radionuclide Inventory in Tanks 18-F and 19-F 

 Tank 18‐F  Tank 19‐F 

Isotopes PA (Ci)  CA (Ci)  95% BE (Ci)  PA (Ci)  CA (Ci)  95% BE (Ci) 
Ac‐227  1.00E‐03  2.45E‐07  1.79E‐04  1.00E‐03  4.10E‐08  1.33E‐05 

Ag‐108m  0  0  0  0  0  0 

Al‐26  1.00E+00  4.28E‐03  1.56E‐04  1.00E+00  1.71E‐02  3.83E‐05 

Am‐241  8.20E+01  1.86E+01  9.91E+01  2.30E+00  2.90E+00  2.58E+00 

Am‐242m  1.00E+00  1.87E‐01  3.25E‐02  1.00E+00  4.52E‐01  2.66E‐04 

Am‐243  1.00E‐01  1.55E‐06  1.95E+00  1.00E‐01  4.45E‐08  6.83E‐03 

Bi‐210m  0  0  0  0  0  0 

C‐14  1.00E+00  1.41E‐02  7.31E‐01  1.00E+00  2.83E‐02  4.08E+00 

Ca‐41  0  0  0  0  0  0 

Cf‐249  1.00E+00  3.40E‐21  1.95E‐03  1.00E+00  9.74E‐23  5.33E‐04 

Cf‐251  0  0  0  0  0  0 

Cl‐36  1.00E‐03  0  2.27E‐04  1.00E‐03  0  9.16E‐05 

Cm‐243  1.00E+00  1.63E‐05  1.95E‐02  1.00E+00  4.49E‐07  2.17E‐03 

Cm‐244  1.00E+02  2.28E+01  1.17E+02  1.00E+00  3.91E‐04  4.08E‐01 

Cm‐245  1.00E+00  5.48E‐10  9.58E‐03  1.00E+00  5.01E‐10  1.58E‐03 

Cm‐246  0  0  0  0  0  0 

Cm‐247  1.00E‐03  5.48E‐19  1.79E‐06  1.00E‐03  1.57E‐20  1.33E‐06 

Cm‐248  1.00E‐03  1.27E‐19  7.79E‐05  1.00E‐03  3.62E‐21  5.83E‐05 

Co‐60  1.00E+00  1.27E‐01  5.36E‐01  1.00E+00  1.75E‐01  4.41E‐02 

Cs‐135  1.00E+00  2.21E‐04  6.17E+03  1.00E+00  2.02E‐04  2.50E‐02 

Cs‐137  9.70E+03  2.24E+03  6.50E‐03  6.50E+03  8.30E+03  5.50E+03 

Eu‐152  1.00E+00  2.15E‐02  3.90E‐01  1.00E+00  5.70E‐04  2.91E‐04 

Eu‐154  3.20E+00  7.34E‐01  0.00E+00  1.00E+00  9.11E‐01  8.33E‐03 

Eu‐155  0  6.15E‐02  0  0  1.41E‐03  0 

Gd‐152  0  0  1.17E‐02  0  0  0 

H‐3  1.00E+00  6.15E‐03  2.11E‐04  1.00E+00  3.51E‐02  4.50E‐03 

I‐129  1.00E‐03  1.62E‐06  1.32E‐02  1.00E‐03  1.26E‐05  2.25E‐04 

K‐40  1.00E‐03  0  0  1.00E‐03  0  1.08E‐03 

Lu‐174  0  0  0  0  0  0 

Mo‐93  0  0  6.17E‐02  0  0  0 

Nb‐93m  1.00E‐03  0  4.55E‐04  1.00E‐03  0  1.75E‐02 

Nb‐94  1.00E‐03  1.01E‐05  2.60E‐01  1.00E‐03  9.24E‐06  9.99E‐05 

Ni‐59  1.00E+00  2.30E‐01  1.38E+01  1.00E+00  2.11E‐01  3.50E‐04 

Ni‐63  8.20E+01  1.81E+01  1.14E‐01  1.40E+01  1.72E+01  1.42E‐02 

Np‐237  2.40E‐01  3.81E‐02  3.74E‐02  2.20E‐03  2.84E‐03  1.42E‐03 

Pa‐231  1.00E‐03  1.15E‐06  0  1.00E‐03  2.01E‐07  6.91E‐05 

Pb‐210  0  0  1.01E‐01  0  0  0 

Pd‐107  1.00E‐03  0  3.41E‐03  1.00E‐03  0  2.00E‐01 

Pt‐193  1.00E‐03  0  7.79E+01  1.00E+00  0  1.67E‐03 

Pu‐238  7.00E+01  1.56E+01  2.11E+02  4.40E+00  5.39E+00  3.50E+00 

Pu‐239  1.60E+02  3.72E+01  4.71E+01  6.40E+00  7.92E+00  3.91E+00 

Pu‐240  4.90E+01  2.15E+01  2.11E+02  2.30E+00  2.82E+00  9.99E‐01 

Pu‐241  1.30E+02  2.89E+01  9.58E‐03  4.60E+00  5.89E+00  6.25E+00 

Pu‐242  1.00E+00  2.60E‐01  2.76E‐06  1.00E+00  9.46E‐02  1.67E‐03 

Pu‐244  1.00E‐03  8.56E‐05  2.76E‐03  1.00E‐03  4.23E‐04  4.58E‐06 

Ra‐226  1.90E‐03  1.23E‐07  0  1.10E‐03  2.68E‐08  4.16E‐03 

Ra‐228  0  0  3.90E‐04  0  0  0 

Se‐79  1.00E+00  1.28E‐02  0  1.00E+00  1.50E‐02  4.58E‐04 

Sm‐147  0  0  3.25E+01  0  0  0 

Sm‐151  4.60E+01  1.02E+01  1.06E‐02  1.00E+00  2.89E‐01  1.67E‐01 

Sn‐126  1.60E‐01  3.53E‐02  9.91E+02  2.60E‐02  3.24E‐02  3.33E‐03 

Sr‐90  1.10E+03  2.38E+02  7.31E‐01  5.20E+00  6.60E+00  8.33E+00 

Tc‐99  1.00E+00  3.72E‐01  7.15E‐04  1.40E+00  1.72E+00  3.83E‐01 

Th‐229  2.60E‐03  5.72E‐04  1.62E‐03  1.00E‐03  6.64E‐04  2.00E‐04 

Th‐230  1.90E‐03  1.51E‐05  0  1.10E‐03  3.29E‐06  1.17E‐04 

Th‐232  0  0  6.17E‐04  0  0  0 

U‐232  1.00E+00  4.69E‐05  2.11E‐02  1.00E+00  4.50E‐05  1.08E‐04 

U‐233  1.10E+00  3.85E‐01  2.27E‐01  1.90E‐01  2.36E‐01  4.08E‐03 

U‐234  3.80E‐01  1.72E‐01  9.09E‐03  1.10E‐02  1.33E‐02  4.75E‐03 

U‐235  8.40E‐03  1.93E‐03  7.63E‐03  2.60E‐04  3.22E‐04  1.67E‐04 

U‐236  1.00E+00  3.10E‐03  2.27E‐01  1.00E+00  7.35E‐04  2.50E‐04 

U‐238  2.20E‐01  4.92E‐02  6.17E‐02  8.70E‐03  1.09E‐02  5.41E‐03 

Zr‐93  1.00E‐03  0  1.79E‐04  1.00E‐03  0  1.75E‐02 
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Table 3-3.  Residual Radionuclide Inventory in Tanks 12-H and 16-H 

 Tank 12‐H  Tank 16‐H 

Isotopes PA (Ci)  CA (Ci)  95% BE (Ci)  PA (Ci)  CA (Ci)  95% BE (Ci) 
Ac‐227  1.00E+00  6.20E‐09  Not yet determined 1.00E+00  9.20E‐09  0 

Ag‐108m  0  0  Not yet determined 0  0  0 

Al‐26  1.00E+00  4.20E‐04  Not yet determined 1.00E+00  5.80E‐04  0 

Am‐241  7.00E+02  1.50E+01  Not yet determined 8.10E+01  1.90E+01  8.69E+00 

Am‐242m  1.00E+00  1.20E‐02  Not yet determined 1.00E+00  1.60E‐02  8.48E‐02 

Am‐243  3.00E+00  7.10E‐02  Not yet determined 1.00E+00  9.90E‐02  1.59E‐01 

Bi‐210m  0  0  Not yet determined 0  0  0 

C‐14  1.00E+00  2.30E‐04  Not yet determined 1.00E+00  3.30E‐04  7.39E‐03 

Ca‐41  0  0  Not yet determined 0  0  0 

Cf‐249  1.00E+00  3.00E‐12  Not yet determined 1.00E+00  4.30E‐12  1.96E‐02 

Cf‐251  1.00E+00  1.10E‐13  Not yet determined 1.00E+00  1.50E‐13  5.37E‐02 

Cl‐36  2.10E‐03  5.40E‐02  Not yet determined 5.30E‐04  7.40E‐02  6.15E‐03 

Cm‐243  1.00E+00  1.60E‐03  Not yet determined 1.00E+00  2.20E‐03  6.37E‐02 

Cm‐244  2.00E+01  1.50E‐01  Not yet determined 2.40E+00  1.20E‐01  1.00E+01 

Cm‐245  1.00E+00  7.40E‐06  Not yet determined 1.00E+00  1.20E‐05  1.67E‐03 

Cm‐246  0  0  Not yet determined 0  0  0 

Cm‐247  1.00E+00  5.50E‐13  Not yet determined 1.00E+00  7.70E‐13  5.10E‐07 

Cm‐248  1.00E+00  5.80E‐13  Not yet determined 1.00E+00  8.10E‐13  3.04E‐05 

Co‐60  1.00E+00  2.30E‐01  Not yet determined 1.00E+00  2.80E‐01  2.67E‐02 

Cs‐135  5.40E‐03  1.60E‐03  Not yet determined 9.90E‐04  2.30E‐03  1.98E‐02 

Cs‐137  7.90E+02  2.10E+02  Not yet determined 1.30E+02  2.90E+02  5.66E+03 

Eu‐152  2.10E+01  4.00E‐01  Not yet determined 1.00E+00  5.70E‐01  0 

Eu‐154  2.90E+02  5.70E+00  Not yet determined 3.30E+01  7.70E+00  8.53E+00 

Eu‐155  0  4.40E‐01  Not yet determined 0  6.10E‐01  0 

Gd‐152  0  0  Not yet determined 0  0  0 

H‐3  1.00E+00  1.60E‐02  Not yet determined 1.00E+00  2.00E‐02  0 

I‐129  2.80E‐04  8.60E‐06  Not yet determined 5.30E‐05  1.20E‐05  1.18E‐02 

K‐40  1.10E‐03  6.80E‐03  Not yet determined 2.60E‐04  9.50E‐03  1.48E‐02 

Lu‐174  0  0  Not yet determined 0  0  0 

Mo‐93  0  0  Not yet determined 0  0  0 

Nb‐93m  0  1.60E+00  Not yet determined 0  1.90E+00  0 

Nb‐94  1.10E‐01  4.40E‐05  Not yet determined 2.60E‐02  5.10E‐05  2.14E‐02 

Ni‐59  8.60E+00  2.50E‐01  Not yet determined 1.00E+00  3.70E‐01  3.22E+00 

Ni‐63  6.30E+02  1.80E+01  Not yet determined 1.10E+02  2.60E+01  2.50E+01 

Np‐237  2.10E‐01  7.10E‐03  Not yet determined 2.20E‐02  5.20E‐03  2.13E‐02 

Pa‐231  2.10E‐03  3.80E‐08  Not yet determined 5.30E‐04  5.70E‐08  1.04E‐01 

Pb‐210  0  0  Not yet determined 0  0  0 

Pd‐107  2.10E‐01  3.90E‐02  Not yet determined 5.30E‐02  5.70E‐02  0 

Pt‐193  2.10E‐01  7.60E+00  Not yet determined 5.30E‐02  1.10E+01  0 

Pu‐238  6.50E+03  1.00E+02  Not yet determined 2.90E+02  6.70E+01  3.77E+01 

Pu‐239  8.00E+01  2.10E+00  Not yet determined 7.70E+00  1.80E+00  4.80E+00 

Pu‐240  5.00E+01  1.10E+00  Not yet determined 3.70E+00  8.60E‐01  2.18E+00 

Pu‐241  7.60E+02  7.70E+00  Not yet determined 2.00E+01  4.70E+00  1.48E+01 

Pu‐242  1.00E+00  1.70E‐03  Not yet determined 1.00E+00  6.50E‐04  9.56E‐04 

Pu‐244  1.00E+00  7.60E‐06  Not yet determined 1.00E+00  3.00E‐06  2.49E‐06 

Ra‐226  2.10E‐02  7.20E‐09  Not yet determined 5.30E‐03  1.20E‐08  1.46E‐02 

Ra‐228  2.10E+00  5.90E‐05  Not yet determined 5.30E‐01  8.00E‐05  0 

Se‐79  4.80E+00  1.40E‐01  Not yet determined 1.00E+00  2.00E‐01  0 

Sm‐147  0  0  Not yet determined 0  0  0 

Sm‐151  1.10E+04  2.50E+02  Not yet determined 1.80E+03  3.50E+02  0 

Sn‐126  4.60E+00  1.40E‐01  Not yet determined 1.00E+00  1.90E‐01  0 

Sr‐90  1.40E+04  3.60E+03  Not yet determined 2.20E+03  5.10E+03  2.58E+04 

Tc‐99  8.10E+00  2.40E+00  Not yet determined 1.50E+00  3.40E+00  3.08E+00 

Th‐229  2.10E‐03  9.80E‐05  Not yet determined 5.30E‐04  5.80E‐05  0 

Th‐230  2.10E‐02  8.90E‐07  Not yet determined 5.30E‐03  1.50E‐06  4.13E‐03 

Th‐232  2.90E‐02  1.20E‐03  Not yet determined 5.30E‐03  1.70E‐03  0 

U‐232  2.10E‐03  9.40E‐06  Not yet determined 5.30E‐04  1.40E‐06  0 

U‐233  5.90E‐01  3.40E‐02  Not yet determined 8.70E‐02  2.00E‐02  4.51E‐02 

U‐234  9.60E‐02  3.20E‐03  Not yet determined 2.40E‐02  5.60E‐03  2.07E‐02 

U‐235  2.10E‐02  6.10E‐05  Not yet determined 5.30E‐03  9.00E‐05  1.76E‐04 

U‐236  2.10E‐02  2.60E‐04  Not yet determined 5.30E‐03  5.30E‐04  4.63E‐04 

U‐238  2.90E‐02  6.10E‐04  Not yet determined 5.30E‐04  2.10E‐06  7.89E‐04 

Zr‐93  4.00E‐01  1.60E+00  Not yet determined 6.30E‐02  1.90E+00  1.38E+00 
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Table 3-4.  Residual Waste Volume and Density used to Convert Concentrations to Total Curies 

Tank 
Residual Volume 

(gallons) 
Density 

kg/L 
Reference 

5-F 1900 1.11 SRNL-STI-2012-00034 10 

6-F 3000 1.30 
SRR-LWE-2011-00245 13 
SRNL-STI-2012-00365 11 

18-F 3900 1.10 SRR-CWDA-2010-00117 18 
19-F 2000 1.10 SRR-CWDA-2010-00118 21 

16-H 
330/Tank 

1900/Annulus 
1.28/Tank 

0.97/Annulus 
U-ESR-H-00113 23 

SRNL-STI-2014-00321 22 
 

3.1.3.2 Waste Tank Model Input 

Transport parameters used in the GoldSimTM model for the waste tank analysis are listed in Table 3-5.  
For this scoping calculation, it was assumed that the residual inventory was placed in the waste in 2010 
and the cap was placed over the grouted tanks in 2025.  It was further assumed that the cap failed 500 
years after placement.  The Type 2 cap entered in Table 3-5 specifies a geo-synthetic material.  The waste 
thickness is the height of the grout filled tank and the sand fraction of -1 for the waste identifies the waste 
material as concrete.  As noted above, the radioactive contamination in waste tanks was placed in a one 
foot thick layer at the base of the waste zone.  The barrier thickness is the thickness of the tank floor and 
base mat and setting the volume fraction of soil in the barrier to zero specifies concrete material 
properties.   

The vadose zone thickness and distance from the tank to the 100 m well were obtained from the Tank 
Farm PAs.7,8  The only aquifer parameter that influences the calculations reported in this work is the 
aquifer pore velocity which was obtained from the CA.24  The source area was calculated as the tank 
cross-sectional area and the last 10 fractions are set to give a circular distribution of the contamination as 
it enters the aquifer as illustrated in Figure 3-5.  Other parameters in the Table were taken from the SRS 
CA.3 
 
 

 

Figure 3-5.  Illustration of Flow from Waste Tank or Vadose Zone to Aquifer 

Aquifer Flow 

Flow from 
Tank
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Table 3-5.  GoldSim Model Parameters for Waste Tanks 

 

FTF 
Type I 
Tank 5 

FTF 
Type I 
Tank 6 

FTF 
Type IV 
Tank 18 

FTF 
Type IV 
Tank 19 

HTF 
Type I 

Tank 12 

HTF 
Type II 

Tank 16 
Cap Placement Year 2025 2025 2025 2025 2025 2025 
Cap Time to Failure (yr) 500 500 500 500 500 500 
Cap Type 2 2 2 2 2 2 
Waste Thickness (m) 7.47 7.47 10.52 10.52 7.47 8.18 
Fraction Sand in Waste -1 -1 -1 -1 -1 -1 
Barrier Thickness (m) 0.86 0.86 0.18 0.18 0.86 1.22 
Volume Fraction Soil in 
Barrier 

0 0 0 0 0 0 

Vadose Zone Thickness (m) 3.23 3.11 0.64 0.52 -35.5 -6.60 
Distance to Well (m) 264 300 132 127 284 574 
Vadose Zone Clay (m) 0 0 0 0 0 0 
Total Aquifer Path Length 
(m) 

1765.8 1765.8 1627.3 1627.3 2879.7 3300.9 

Length of First Aquifer Zone 
(m) 

1212.6 1212.6 1156.2 1156.2 2031.3 2302.1 

Length of Aquitard Zone (m) 189.5 189.5 124.3 124.3 239.0 308.2 
Aquifer Pore Velocity (m/yr) 3.98 3.98 2.98 2.98 6.53 10.90 
Aquitard Pore Velocity (m/yr) 2.96 2.96 2.06 2.06 3.58 5.87 
Stream ID 1 1 1 1 1 1 
Release Mechanism 1 1 1 1 1 1 
Source Release Rate (1/yr) 0 0 0 0 0 0 

Source Area (m2) 410.43 410.43 527.18  527.18  410.43 527.18 
Number of Aquitard Clay 
Cells 

34 34 26 26 28 30 

Footprint Fraction (1) 0.0520 0.0520 0.0520 0.0520 0.0520 0.0520 
Footprint Fraction (2) 0.0903 0.0903 0.0903 0.0903 0.0903 0.0903 
Footprint Fraction (3) 0.1099 0.1099 0.1099 0.1099 0.1099 0.1099 
Footprint Fraction (4) 0.1212 0.1212 0.1212 0.1212 0.1212 0.1212 
Footprint Fraction (5) 0.1265 0.1265 0.1265 0.1265 0.1265 0.1265 
Footprint Fraction (6) 0.1265 0.1265 0.1265 0.1265 0.1265 0.1265 
Footprint Fraction (7) 0.1212 0.1212 0.1212 0.1212 0.1212 0.1212 
Footprint Fraction (8) 0.1099 0.1099 0.1099 0.1099 0.1099 0.1099 
Footprint Fraction (9) 0.0903 0.0903 0.0903 0.0903 0.0903 0.0903 
Footprint Fraction (10) 0.0520 0.0520 0.0520 0.0520 0.0520 0.0520 

 

3.1.4 Saltstone Risk Assessment 

The risk screening model was applied to evaluate the Saltstone Disposal Facility (SDF) in a similar 
manner to that described above for the waste tanks. 

3.1.4.1 Saltstone Closure Inventories 

A diagram of the Saltstone disposal facility is shown on the left hand side of Figure 3-6 at the end of this 
section.  Saltstone disposal began with rectangular Vaults 1 and 4 and progressed to include six small 
Saltstone Disposal Cells (SDC) designated as SDC-2A, SDC-2B, SDC-3A, SDC-3B, SDC-5A and SDC-
5B.  While it was initially planned to construct 64 SDCs, it is currently planned to complete Saltstone 
disposal using six larger Saltstone Disposal Units (SDU) designated as SDU-6 through SDU-12 as shown 
in Figure 3-6.  The SDUs are designed to hold approximately ten times the waste material contained in a 
single SDC.  Saltstone disposal in Vault 1 and Vault 4 is complete. 
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The right hand side of Figure 3-6 shows aquifer flow paths from the SDF disposal sites across the 100 m 
perimeter.  As this diagram shows, in general, radionuclide transport from the upper group of disposal 
units splits into two paths while transport from the lower group of units follows the same general path.  It 
is expected that the lower group of disposal sites will create the highest dose to an offsite MOP.  The 
maximum dose at the 100 m boundary will be the cumulative dose from radionuclide concentrations in 
ground water originating from all of the units in the lower group.  However, for the purposes of this 
study, the four different types of Saltstone disposal units were evaluated separately.  SDC-2B and SDU-
11 were chosen for this analysis because they appear to have the shortest flow paths to the 100 m 
perimeter. 

The inventories for the disposal vaults and cells used in the Saltstone PA and the SRS CA were obtained 
from Dean25 as reported in the Saltstone PA.  Table 3-6 lists the estimated inventories for Vaults 1 and 4 
and for SDC-2B and SDU-11.  In the Saltstone PA all of the SDCs and SDUs are assumed to have the 
same inventory on a unit volume basis.  Vaults 1 and 4 have significantly different inventories from each 
other and from the other disposal units presumably because they are based on estimates (or 
measurements) of the actual waste material disposed in these units.  For example, Vault 4 contains a 
significant amount of Sr-90, Cs-135, Cs-137, and plutonium isotopes, whereas very small amounts of 
these isotopes are present in the other disposal units, because they are now being stripped from salt waste 
(via sorption and extraction processing treatments) and sent to high-level waste disposal at the Defense 
Waste Processing Facility.  
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Table 3-6.  Radionuclide Inventory in Saltstone Disposal Facilities 

Isotopes Vault 1 Vault 4 SDC-2B SDU-11 

Ac-227 0 1.60E-05 1.70E-07 1.64E-06 
Ag-108m 0 0 0 0 
Al-26 0 3.40E-01 1.90E-01 1.84E+00 
Am-241 4.70E-04 5.60E+00 1.40E+00 1.35E+01 
Am-242m 0 2.80E-03 5.90E-04 5.70E-03 
Am-243 0 1.60E-02 3.70E-02 3.58E-01 
Bi-210m 0 0 0 0 
C-14 1.30E+00 2.70E+01 2.00E+00 1.93E+01 
Ca-41 0 0 0 0 
Cf-249 0 6.50E-13 6.70E-13 6.48E-12 
Cf-251 0 0 2.30E-14 2.22E-13 
Cl-36 7.60E-04 3.00E-03 4.20E-04 4.06E-03 
Cm-243 0 0 2.10E-04 2.03E-03 
Cm-244 0 2.80E+00 9.50E-01 9.18E+00 
Cm-245 0 4.20E-03 2.40E-04 2.32E-03 
Cm-246 0 0 0 0 
Cm-247 0 1.20E-13 7.10E-14 6.86E-13 
Cm-248 0 1.20E-13 7.40E-14 7.15E-13 
Co-60 0 0 5.40E-02 5.22E-01 
Cs-135 0 5.40E+00 1.30E-04 1.26E-03 
Cs-137 4.30E+00 3.00E+05 2.30E+01 2.22E+02 
Eu-152 0 0 9.80E-02 9.47E-01 
Eu-154 0 0 1.80E+00 1.74E+01 
Eu-155 0 0 1.30E-01 1.26E+00 
Gd-152 0 0 0 0 
H-3 6.10E+00 2.60E+02 3.00E+01 2.90E+02 
I-129 1.10E-01 2.80E-01 3.80E-01 3.67E+00 
K-40 7.60E-04 3.00E-03 4.20E-04 4.06E-03 
Lu-174 0 0 0 0 
Mo-93 0 0 0 0 
Nb-93m 2.50E-01 1.30E+00 3.70E-01 3.58E+00 
Nb-94 2.50E-03 1.30E-02 3.80E-03 3.67E-02 
Ni-59 3.50E-02 5.20E-02 8.40E-02 8.12E-01 
Ni-63 7.80E-01 2.20E+01 2.40E+00 2.32E+01 
Np-237 4.50E-03 6.10E-01 5.00E-02 4.83E-01 
Pa-231 0 9.30E-05 9.80E-07 9.47E-06 
Pb-210 0 0 0 0 
Pd-107 1.90E-03 5.00E-02 5.60E-03 5.41E-02 
Pt-193 3.70E-01 1.00E+01 1.10E+00 1.06E+01 
Pu-238 7.80E-03 9.10E+03 1.70E+02 1.64E+03 
Pu-239 1.20E-02 3.80E+02 1.50E+01 1.45E+02 
Pu-240 1.20E-02 1.20E+02 4.10E+00 3.96E+01 
Pu-241 9.80E-03 2.40E+03 4.20E+01 4.06E+02 
Pu-242 9.00E-04 8.10E-01 3.90E-03 3.77E-02 
Pu-244 0 3.60E-03 1.60E-05 1.55E-04 
Ra-226 6.40E-07 3.60E-06 7.80E-07 7.54E-06 
Ra-228 0 1.60E-06 8.70E-05 8.41E-04 
Se-79 3.00E-01 1.40E+00 1.40E+00 1.35E+01 
Sm-147 0 0 0 0 
Sm-151 0 0 5.90E+01 5.70E+02 
Sn-126 0 0 8.20E+00 7.93E+01 
Sr-90 6.90E-03 4.60E+04 3.70E+01 3.58E+02 
Tc-99 1.10E+02 5.80E+02 5.40E+02 5.22E+03 
Th-229 3.00E-01 4.80E+00 3.90E-02 3.77E-01 
Th-230 4.10E-01 7.40E+00 1.90E-01 1.84E+00 
Th-232 0 2.70E-05 1.40E-03 1.35E-02 
U-232 0 0 3.10E-04 3.00E-03 
U-233 2.80E-01 4.60E+00 3.70E-02 3.58E-01 
U-234 2.80E-01 5.10E+00 1.30E-01 1.26E+00 
U-235 3.20E-03 2.10E-01 3.00E-03 2.90E-02 
U-236 3.20E-03 1.70E-01 1.60E-02 1.55E-01 
U-238 7.40E-03 5.90E-01 1.00E-01 9.67E-01 
Zr-93 2.50E-01 1.30E+00 3.70E-01 3.58E+00 
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Figure 3-6.  Diagrams Showing Location of Saltstone Disposal Facilities and Aquifer Flow Streamlines 

 

3.1.4.2 Saltstone Model Input 

Transport parameters used in the GoldSimTM model for the Saltstone analysis are listed in Table 3-7.  
Parameters applied in the Saltstone analysis are similar to those used for the waste tanks.  For this scoping 
calculation, it was assumed that the residual inventory was placed in the waste zone in 2010 and the cap 
was placed over the facility in 2025.  It was further assumed that the cap failed 500 years after placement.  
The Type 2 cap entered in Table 3-7 specifies a geo-synthetic material.  The waste thickness is the height 
of the Saltstone and the sand fraction of -1 for the waste identifies the waste material as concrete.  The 
barrier thickness is the thickness of the facility floor and base mat and setting the volume fraction of soil 
in the barrier to zero specifies concrete material properties.   

The vadose zone thickness was obtained from the Saltstone PA.26  The distance from each disposal 
facility to the 100 m perimeter was estimated from Figure 4-1.  The SDC and SDU facilities with the 
shortest distances to the 100 m perimeter (SDC-2B and SDU-11) were used in the analysis.  The only 
aquifer parameter that influences the calculations in this work is the aquifer pore velocity which was 
obtained from the CA.24  The source area was calculated as the disposal unit cross-sectional area and the 
last 10 fractions in the model input are set to give an even distribution into the aquifer for the rectangular 
vaults and a circular distribution for the SDC and SDU facilities.  Other parameters in the Table were 
taken from the SRS CA.3 
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Table 3-7.  GoldSim Model Parameters for Saltstone Disposal Facilities 

 
Vault 1 Vault 4 SDC-2B SDU-11 

Cap Placement Year 2025 2025 2025 2025 
Cap Time to Failure (yr) 500 500 500 500 
Cap Type 2 2 2 2 
Waste Thickness (m) 8.23 9.14 6.71 13.11 
Fraction Sand in Waste -1 -1 -1 -1 
Barrier Thickness (m) 0.61 0.61 0.2 0.3048 
Volume Fraction Soil in 
Barrier 

1 1 1 1 

Vadose Zone Thickness (m) 14.63 11.58 12.19 12.19 
Distance to Well (m) 438 273 150 172 
Vadose Zone Clay (m) 0 0 0 0 
Total Aquifer Path Length 
(m) 

3188.4 2525.4 3188.4 2525.4 

Length of First Aquifer Zone 
(m) 

2164.5 1180.6 2164.5 1180.6 

Length of Aquitard Zone (m) 374.6 601.0 374.6 601.0 
Aquifer Pore Velocity (m/yr) 109.3 174.9 109.3 174.9 
Aquitard Pore Velocity (m/yr) 17.6 17.0 17.6 17.0 
Stream ID 1 1 1 1 
Release Mechanism 1 1 1 1 
Source Release Rate (1/yr) 0 0 0 0 
Source Area (m2) 5574.2 11148.4 1641.7 10260.8 
Number of Aquitard Clay 
Cells 

1 1 1 1 

Footprint Fraction (1) 0.10 0.10 0.0520 0.0520 
Footprint Fraction (2) 0.10 0.10 0.0903 0.0903 
Footprint Fraction (3) 0.10 0.10 0.1099 0.1099 
Footprint Fraction (4) 0.10 0.10 0.1212 0.1212 
Footprint Fraction (5) 0.10 0.10 0.1265 0.1265 
Footprint Fraction (6) 0.10 0.10 0.1265 0.1265 
Footprint Fraction (7) 0.10 0.10 0.1212 0.1212 
Footprint Fraction (8) 0.10 0.10 0.1099 0.1099 
Footprint Fraction (9) 0.10 0.10 0.0903 0.0903 
Footprint Fraction (10) 0.10 0.10 0.0520 0.0520 
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3.2 Results and Discussion 

3.2.1 Waste Tank Results and Discussion 

The GoldSimTM model described in Section 2.0 was run for a 10,000 year evaluation period to determine 
the all-pathways dose at a 100 m well for each radionuclide.  As noted in the previous section, Tank 12-H 
was evaluated using the PA inventory while analysis of the other tanks used an initial radionuclide 
inventory determined from results of residual waste characterization studies.  Results of the model 
calculations are shown in Figures 3-7 through 3-12 and summarized in Tables 3-8 and 3-9.  Figures 3-7 
through 3-12 show the total all-pathways dose and the dose from the 14 radionuclides yielding the highest 
doses.  Radionuclides are listed in the plot legends ranked from highest to lowest in order of maximum 
dose.  The plots show doses greater than 1.0E-6 mrem/yr (1.0 nrem/yr).  In some cases a radionuclide 
listed in the legend may not appear on the plot if the maximum dose is less than 1.0E-06 mrem/yr. 

The results in Table 3-8 list maximum doses greater than 1.0 nrem/yr over the 10,000 year period of 
assessment.  Highlighted values in Table 3-8 indicate that the maximum dose was obtained at the end of 
the 10,000 year period of analysis and may still be increasing.   The maximum doses are sorted from 
largest to smallest in Table 3-9 and categorized into three levels.  The results in Table 3-9 show that only 
10 radionuclides yield doses greater than 0.01 mrem/yr.  Nb-94 was included in this group because its 
maximum dose rounds off to 0.01 mrem/yr.  The tables also show that the results were very consistent 
among the six tanks evaluated and that substituting the assumed PA inventory in place of characterization 
data for Tank 12-H did not significantly change the results. 

Radioactive decay chains complicate interpretation of the results.  Five of the ten radionuclides (including 
the top three dose contributors) yielding doses greater than 0.01 mrem/year are daughters in decay chains.  
Parent radionuclides for these radionuclides are listed in Table 3-10.  The parents add another 17 
radionuclides that may also need to be included in waste characterization analysis.  It is necessary to have 
characterization information on parent radionuclides to account for daughter ingrowth during the 
evaluation period.  While it is likely that not all of these parents contribute significantly to the final dose 
(e.g. parents with long half-lives), this effect was not evaluated as part of this preliminary study. 

Conversely, the E-Area Low Level Waste Facility (ELLWF) PA27 found that Bi-214 was a major 
contributor to dose even though it did not exist in the facility’s initial inventory.28-30  This demonstrates 
that short-lived daughter radionuclides may contribute to dose risk while not appearing in the initial 
inventory.  It is possible that parent radionuclides could be screened out of the analysis if they move 
slowly and do not reach the point of assessment or if they have a low dose contribution while daughter 
products may contribute to dose. 

3.2.2 Comparison with Tank Farm PAs 

Brief excerpts from the F-Area Tank Farm PA and H-Area Tank Farm PA that summarize results from 
the dose calculations performed in the PAs have been copied into Appendices A and B, respectively, for 
quick reference. 

The F-Area Tank Farm PA concludes that over a 10,000 year period of assessment, the radionuclides 
having the largest contribution to dose to a member of the public (MOP) at the 100 m boundary are Np-
237 and Ra-226 in agreement with the results from this study.  However, the PA finds that other 
radionuclides contributing > 5% to the peak dose are Cs-137, U-233 and U-234.  As shown in PA Table 
5.5-4 reproduced in Appendix H, the Cs-137 dose appears to come from ingestion of fish.  Fish ingestion 
was not included as a dose pathway in the present study because, as was done in the SRS CA, 
consumption of contaminated fish was assumed to occur from recreational use of stream or river water 
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not from residential use of well water.  The appearance of U-233 and U-234 as significant dose 
contributors in the PA is at odds with the results of this study which shows U-233 appearing as only a 
small contributor to dose from Tank 6-F near 10,000 years. 

The F-Area Tank Farm PA included ancillary equipment and transfer lines in its analysis.  The PA found 
that the ancillary equipment accounted for dose peaks in early years.  The PA summary notes significant 
doses from I-129 and C-14 from Type IV tanks which is again in general agreement with the results 
obtained in this study.  The F-Area Tank Farm PA also concludes that the six parent radionuclides Am-
241 (for Np-237), Am-243 (for Pu-239), Cm-244 (for Pu-240), Pu-238 (for Ra-226), Th-230 (for Ra-226), 
and U-235 (for Pa-231) must be included in the analysis.  All of these parent radionuclides were included 
in the present analysis although an assessment of which parent radionuclides are important to dose was 
not made. 

The H-Area Tank Farm PA concludes that over a 10,000 year period of assessment, peak doses to a MOP 
at the 100 m boundary are primarily from Tc-99, Pa-231 and Ra-226.  Based on characterization data, the 
current study found doses from Tank 18-H are primarily from Pa-231, I-129, Ra-226, Np-237 and Nb-
93m.  The dose from Tc-99 was found to be relatively insignificant.  Using the PA inventory for Tank 12-
H, Ra-226, Np-237 and Pa-231 gave the highest doses while the dose from Tc-99 was again small.  Table 
5.5-2, copied from the H-Area Tank Farm PA in Appendix I, shows that the peak dose at 8,790 years in 
Sector A is 96% from Tc-99 with smaller contributions from Ra-226, Pa-231, Np-237 and Nb-94.  Table 
5.5-3 from the PA, also reproduced in Appendix I, indicates that 97% of the dose in Sector A at 8,760 
years is from Tanks 9-H – 12-H.  PA Table 5.5-4, reproduced in Appendix I, indicates that Tc-99 
dominates the dose in Sectors A (Tanks 9-H – 12-H), E and F, but is less important in Sectors B, C and D.  
The footnote to Table 5.5-3 indicates that only Type I Tanks 9-H – 12 H, Type II Tanks 13-H – 16-H and 
Type IV Tanks 21-H – 24-H contribute to dose over the 10,000 year period of assessment. 

The appearance of Tc-99 as the primary dose contributor for H-Area tanks in the Tank Farm PA is 
significantly different from the results obtained with the risk screening model.  The H-Area Tank Farm 
PA assumes an initial inventory of 8.2 Ci Tc-99 in Tank 12-H.  The F-Area Tank Farm PA assumes an 
initial inventory of 79.0 Ci Tc-99 in Tanks 5-F and 6-F, which is almost ten times greater.  Nevertheless, 
Tc-99 does not dominate F-Area Tank Farm doses as it does those for the H-Area Tank Farm.  The source 
of this difference is likely associated with differences in the respective modeling assumptions and/or in 
the application of the dose model.  Further investigation of this difference should be pursued and the 
source of the difference reconciled if the screening method is adopted for routine use.    

The H-Area Tank Farm PA also includes ancillary equipment and transfer lines in its analysis and 
attributes dose peaks in early years to these sources.  The H-Area Tank Farm PA concludes that the six 
parent radionuclides Am-241 (for Np-237), Pu-238 (for Ra-226), Pu-239 (for Pa-231), Th-230 (for Pb-
210 and Ra-226), U-234 (for Pb-210 and Ra-226), and U-235 (for Pa-231) must be included in the 
analysis.  All of these radionuclides were included in the present analysis.  It has not been determined if 
all of these parents produce sufficient decay products to necessitate their inclusion in waste 
characterization measurements. 
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Table 3-8.  Maximum Doses (in mrem/yr) Greater than 1.0 nrem/yr for Waste Tanks 

 Waste Tank 
Nuclide 5-F 6-F 18-F 19-F 12-H* 16-H 

Ac-227 6.3E-04 1.2E-05 5.8E-05 9.9E-05 

C-14 1.5E-06 6.7E-02 3.9E-01 4.0E-03 2.8E-06 

Cl-36 1.3E-04 7.9E-04 3.2E-04 1.3E-03 1.5E-03 

Cs-135 3.0E-03 3.2E-03 2.0E-04 2.8E-04 

I-129 1.1E-03 5.0E-04 4.5E-02 4.8E-02 1.5E-02 1.4E-01 

K-40 5.4E-05 2.7E-02 2.3E-03 6.6E-04 3.4E-03 

Nb-93m 2.8E-03 1.8E-03 1.7E-02 5.1E-03 3.7E-02 4.3E-02 

Nb-94 4.6E-06 6.4E-06 3.3E-04 7.2E-05 7.2E-03 4.6E-04 

Ni-59 2.5E-04 3.6E-04 3.8E-03 5.3E-06 1.4E-02 1.8E-03 

Np-237 7.8E-03 1.7E-02 8.8E+00 1.3E-01 2.7E+00 6.0E-02 

Pa-231 2.8E-04 1.5E-03 1.1E+00 2.1E-02 9.9E-02 1.7E-01 

Pb-210 1.4E-05 9.7E-06 4.0E-03 1.7E-03 1.1E-02 4.6E-04 

Pd-107 9.3E-04 1.9E-03 2.3E-04 

Ra-226 2.4E-03 1.7E-03 6.8E-01 2.9E-01 1.9E+00 7.8E-02 

Sr-90 3.8E-06 

Tc-99 4.7E-05 3.8E-04 3.3E-04 3.3E-04 1.3E-04 7.9E-05 

Th-229 4.3E-05 3.0E-05 

U-233 3.8E-05 2.9E-05 

*Analysis of Tank 12-H used the PA inventory while the analysis of the other tanks used an 
inventory determined from residual waste characterization data.  Shaded cells indicate that the 
maximum dose was reached at 10,000 years. 
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Table 3-9.  Maximum Doses (in mrem/yr) Greater than 1.0 nrem/yr Ranked in Order of Maximum Dose for Waste Tanks 

 
 Waste Tank  
Nuclide 5-F 6-F 18-F 19-F 12-H* 16-H Maximum

> 0.01 
mrem/yr 

Np-237 7.8E-03 1.7E-02 8.8E+00 1.3E-01 2.7E+00 6.0E-02 8.8E+00 

Ra-226 2.4E-03 1.7E-03 6.8E-01 2.9E-01 1.9E+00 7.8E-02 1.9E+00 

Pa-231 2.8E-04 1.5E-03 1.1E+00 2.1E-02 9.9E-02 1.7E-01 1.1E+00 

C-14 1.5E-06 6.7E-02 3.9E-01 4.0E-03 2.8E-06 3.9E-01 

I-129 1.1E-03 5.0E-04 4.5E-02 4.8E-02 1.5E-02 1.4E-01 1.4E-01 

Nb-93m 2.8E-03 1.8E-03 1.7E-02 5.1E-03 3.7E-02 4.3E-02 4.3E-02 

K-40 5.4E-05 2.7E-02 2.3E-03 6.6E-04 3.4E-03 2.7E-02 

Ni-59 2.5E-04 3.6E-04 3.8E-03 5.3E-06 1.4E-02 1.8E-03 1.4E-02 

Pb-210 1.4E-05 9.7E-06 4.0E-03 1.7E-03 1.1E-02 4.6E-04 1.1E-02 

Nb-94 4.6E-06 6.4E-06 3.3E-04 7.2E-05 7.2E-03 4.6E-04 7.2E-03 

< 0.01 
> 0.001 
mrem/yr 

Cs-135 3.0E-03 3.2E-03 2.0E-04 2.8E-04 3.2E-03 

Pd-107 9.3E-04 1.9E-03 2.3E-04 1.9E-03 

Cl-36 1.3E-04 7.9E-04 3.2E-04 1.3E-03 1.5E-03 1.5E-03 

Ac-227 6.3E-04 1.2E-05 5.8E-05 9.9E-05 6.3E-04 

< 0.001 
> 1.0E-06 
mrem/yr 

Tc-99 4.7E-05 3.8E-04 3.3E-04 3.3E-04 1.3E-04 7.9E-05 3.8E-04 

Th-229 4.3E-05 3.0E-05 4.3E-05 

U-233 3.8E-05 2.9E-05 3.8E-05 

Sr-90 3.8E-06 3.8E-06 
*Analysis of Tank 12-H used the PA inventory while the analysis of the other tanks used 
an inventory determined from residual waste characterization data. 
 

Table 3-10.  Parent Radionuclides* 

Radionuclide Parents (Half-life in Years) 

Np-237 
Am-241 (4.32E+02) 
Pu-241 (1.43E+01) 

Cm-245 (8.50E+03) 
Cf-249 (3.51E+02) 

Ra-226 
Th-230 (7.54E+04) 
U-234 (2.46E+05) 
U-238 (4.47E+09) 

Pu-238 (8.77E+01) 
Pu-242 (3.75E+05) 
Am-242m (1.41E+02) 

Pa-231 
U-235 (7.04E+08) 
Cm-243 (2.91E+01) 
Am-243 (7.37E+03) 

Pu-239 (2.41E+04) 
Cm-247 (1.56E+07) 

Nb-93m Mo-93 (4.00E+03) Zr-93 (1.53E+06) 

Pb-210 
Ra-226 (1.60E+03) 
Th-230 (7.54E+04) 
U-234 (2.46E+05) 

U-238 (4.47E+09) 
Pu-238 (8.77E+01) 

*Radionuclides with half-lives less than 1000 years are highlighted. 
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Figure 3-7.  All-Pathways Dose from Tank 5-F Based on Characterization 

 

 

Figure 3-8.  All-Pathways Dose from Tank 6-F Based on Characterization 
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Figure 3-9.  All-Pathways Dose from Tank 18-F Based on Characterization 

 

 
Figure 3-10.  All-Pathways Dose from Tank 19-F Based on Characterization 
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Figure 3-11.  All-Pathways Dose from Tank 12-H Based on PA Inventory 

 

 

Figure 3-12.  All-Pathways Dose from Tank 16-H Based on Characterization 
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3.2.3 Saltstone Results and Discussion 

Results of the model calculations for Saltstone disposal are shown in Figures 3-13 through 3-16 and 
summarized in Table 3-11.  Figures 3-13 through 3-16 show the total all-pathways dose and the dose 
from the 14 radionuclides yielding the highest doses.  Radionuclides are listed in the plot legends ranked 
from highest to lowest in order of maximum dose.  The plots show doses greater than 1.0E-06 mrem/yr 
(1.0 nrem/yr).  In some cases a radionuclide listed in the legend may not appear on the plot if the 
maximum dose is less than 1.0E-06 mrem/yr.  The plots show that after approximately 8,000 years total 
doses from the SDC and SDU units have peaked and remain nearly constant. 

The results in Table 3-11 list maximum doses greater than 1.0 nrem/yr over the 10,000 year period of 
assessment.  Maximum doses are sorted from largest to smallest in Table 3-11 and categorized into three 
levels.  The results in Table 3-11 show that only three radionuclides (Ra-226, I-129 and Np-237) yield 
doses greater than 0.01 mrem/yr.  Extending the risk level to include doses greater than 0.001 mrem/yr 
(1.0 rem/yr) adds another five parent radionuclides.  There is a significant fall-off in dose below 1.0 
rem/yr with the next highest dose from Nb-94 a factor of 20 lower than the dose from Pb-210.  The table 
also shows that results are consistent among the four types of disposal unit evaluated.  As expected Cs-
135 contributes significantly to the dose from Vault 4 but is not a factor for the other units and would not 
need to be included in future Saltstone waste characterization.  The seven radionuclides other than Cs-135 
that contribute significantly to Saltstone dose risk are included in the ten radionuclides that contribute 
significantly to dose risk from the waste tanks.  As for the waste tanks, radioactive decay chains 
complicate interpretation of the results.  Five of the eight radionuclides (including two of the top three 
dose contributors) yielding doses greater than 0.001 mrem/year are daughters in decay chains.  The parent 
radionuclides for these daughters are listed in Table 3-10 and have been discussed in Section 3.2.1. 

The model used in this analysis is very simple compared to the models used for more extensive PA and 
SA calculations.  The risk assessment model is intended to conservatively predict the relative importance 
of radionuclides in determining dose to an off-site MOP and may not provide accurate calculations of 
absolute doses.  Nevertheless, model results should reflect the relative importance of radionuclides to 
dose and it is expected that the top eight radionuclides identified by the Saltstone risk analysis are the 
species of most significance. 

3.2.4 Comparison with Saltstone PA 

A brief excerpt from the Saltstone PA that summarizes results from the dose calculations performed in the 
PA has been copied into Appendix J for quick reference. 

The Saltstone PA identified a set of key radionuclides identified as any radionuclide with a peak all-
pathways dose greater than 0.05 mrem/yr over a 20,000 year period of assessment.  The key radionuclides 
identified in the PA are: Tc-99, I-129, Ra-226, Np-237 and Pa-231.  The risk screening analysis would 
conservatively include Nb-93m, Pb-210, C-14 and Cs-135 (for Vault 4) and remove Tc-99.  The PA also 
identifies the parent radionuclides U-235 (for Pa-231), Th-230 (for Ra-226), U-234 (for Ra-226), and Pu-
238 (for Ra-226) as significant contributors to the total dose.  Results from the PA are in general 
agreement with the results obtained from the risk assessment.  Again some discrepancy appears to exist 
for Tc-99 with the PA dose model finding a significant dose from Tc-99 while risk screening determines 
that the dose from Tc-99 is negligible.  Tc-99 release and transport from Saltstone was modeled very 
differently in the PA including effects such as Tc-99 solubility, a moving reduction front, and flow 
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through fractured media which were not considered in the simple risk screening model.  Both calculations 
agree that I-129 and Ra-226 are the radionuclides that primarily contribute to dose. 

 

Table 3-11.  Maximum Doses (in mrem/yr) Greater than 1.0 nrem/yr  
Ranked in order of Maximum Dose for Saltstone Disposal Facilities 

 
 Saltstone Disposal Facility  
Nuclide Vault 1 Vault 4 SDC-2B SDU-11 Maximum 

> 0.01 
mrem/yr 

Ra-226 4.32E-02 2.72E-01 1.07E-01 1.10E-01 2.72E-01 

I-129 1.42E-02 1.09E-02 4.01E-02 2.52E-02 4.01E-02 

Np-237 7.80E-05 3.53E-03 3.08E-02 3.82E-02 3.82E-02 

< 0.01 
> 0.001 
mrem/yr 

C-14 2.71E-05 3.61E-04 3.37E-03 1.78E-03 3.37E-03 

Nb-93m 6.46E-04 1.50E-03 3.29E-03 3.00E-03 3.29E-03 

Cs-135 1.75E-03 1.75E-03 

Pa-231 6.89E-05 1.68E-03 1.06E-03 1.32E-03 1.68E-03 

Pb-210 2.53E-04 1.60E-03 6.27E-04 6.39E-04 1.60E-03 

< 0.001 
> 1.0E-06 
mrem/yr 

Nb-94 1.30E-06 2.88E-06 7.11E-05 4.56E-05 7.11E-05 

Ni-59 1.91E-06 1.05E-06 3.29E-05 2.23E-05 3.29E-05 

K-40 6.34E-06 7.72E-06 1.75E-05 1.15E-05 1.75E-05 

Cl-36 1.54E-06 1.90E-06 1.11E-05 7.05E-06 1.11E-05 

Tc-99 6.93E-06 4.33E-06 6.93E-06 4.33E-06 6.93E-06 

Pd-107   1.38E-06  1.38E-06 
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Figure 3-13.  All-Pathways Dose from Saltstone Vault 1 Based on PA Inventory 

 

 
Figure 3-14.  All-Pathways Dose from Saltstone Vault 4 Based on PA Inventory 
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Figure 3-15.  All-Pathways Dose from SDC 2B Based on PA Inventory 

 

 
Figure 3-16.  All-Pathways Dose from SDU 11 Based on PA Inventory 
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3.3 Conclusions 

Results from this study evaluating risk screening as a method of reducing waste characterization 
requirements are promising.  Results for the six waste tanks considered in this analysis gave consistent 
results indicating that ten radionuclides contribute significantly to dose.  However, the levels of as many 
as 17 parent radionuclides may need to be determined as well adding a further degree of complexity to the 
required characterization.  Similarly, results for the four Saltstone disposal units considered in this 
analysis gave consistent results indicating that eight radionuclides contribute significantly to the dose risk.  
In addition, the two sets of results are very similar.  With the exception of Cs-135, which is only 
significant for Saltstone Vault 4, the ten radionuclides identified as important for waste tank dose include 
the eight radionuclides identified as important for Saltstone dose. 

Neither the residual waste tank inventories assumed in the Tank Farm PAs or in the SRS CA represented 
particularly accurate estimates of the actual residual material present at tank closure as determined from 
waste characterization analyses.  Inventories for individual radionuclides assumed in the Tank Farm PAs 
were both significantly larger and significantly lower than values determined from characterization data.  
Even though radionuclide inventories assumed in the CA were in general lower than values based on 
characterization data, in many cases absolute differences were small.  The CA estimate of waste tank 
closure inventory was based on preliminary estimates made before any characterization of residual waste 
had been performed.  The CA concluded that doses from the closed waste tanks were small and the 
differences between the preliminary inventory estimates and characterization based values found in this 
study are unlikely to change this conclusion. 

The proposed methodology is also applicable to solid waste disposal in E-Area.  The E-Area PA27 uses 
probabilistic modeling with GoldSimTM to evaluate variability and uncertainty in PA model input 
parameters.  The result is a distribution of likely dose or risk to a member of the public.  E-Area disposal 
includes a wide variety of contaminated materials and no attempt was made to identify the most important 
radionuclides for solid waste disposal in this preliminary study. 

3.4 Recommendations, Path Forward or Future Work 

SRNL and Savannah River Remediation (SRR) have developed GoldSimTM models used in the Saltstone, 
Tank Farm, and E-Area PAs that are more comprehensive than the simple risk assessment model 
described in Section 3.1.1 which was derived from the model used for the SRS CA.  If the risk screening 
approach is to be applied, it may be preferential to employ these more detailed models.  Alternatively, the 
model developed in this study could be enhanced to better emulate PA modeling results.  The model 
needs to be validated against PA dose results before acceptance for risk screening.  In particular, the 
discrepancy between the importance of Tc-99 to doses predicted in the H-Area Tank Farm and Saltstone 
PAs and the relative unimportance of this radionuclide in the risk screening model results needs to be 
resolved.  The SRNL/SRR models were used to conduct uncertainty analysis for the PAs and including 
uncertainty in the risk screening analysis provides a measure of the reliability of conclusions reached by 
applying the model. 

Some additional work is also required to determine whether all of the 17 parent radionuclides identified in 
Table 3-10 contribute significantly to the dose from daughter radionuclides.  The Saltstone and Tank 
Farm PA analyses would suggest that about half of these radionuclides (Am-241, Pu-238, Pu-239, Th-230, 
U-234 and U-235) with the possible addition of Mo-93 and Zr-93 actually need to be considered.  This 
evaluation could be accomplished relatively easily by running the screening model for each parent and 
daughter individually to see how much each radionuclide alone contributes to total dose. 
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4.0 Determining Relevancy of Available Technical Bases 

This section addresses an investigation undertaken to determine the relative usefulness of various 
potential sources of tank characterization data, including:  a) laboratory analysis of tank waste samples; b) 
tank waste receipt histories; c) tank waste process knowledge; d) theoretical scaling factors; and e) 
historic data trends.  Although sample-specific data generated through laboratory analysis is typically 
utilized on its own (in the absence of other waste considerations), there is the possibility of utilizing 
alternative technical bases, where justified, either as a complement to the analytical data or as a potential 
standalone source of data.  Such alternative approaches offer particular advantages in cases where the 
existing laboratory characterization method is unwieldy, costly and/or time consuming.  Additionally, in 
cases where the constituent being characterized has minimal or no practical impact on the disposition 
decisions/requirements, a non-laboratory method may provide sufficient quantification accuracy without 
the high costs and time requirements of laboratory analyses.   

4.1 Approach 

 
Discussions of the merits and limitations of the various available technical bases are provided in this 
section, along with comparisons providing a measure of data consistency and relative data uncertainty.  
This information serves as a basis for developing a path forward for integrating appropriate alternative 
characterization approaches into SRNL’s existing tank waste characterization program.  It also serves as a 
basis for developing “lessons learned,” which can benefit other DOE sites faced with tank waste 
characterization challenges.    

4.2 Laboratory Analysis of Tank Waste Samples 

Laboratory analysis of tank waste samples provides a direct means of acquiring waste-specific 
characterization data.  Although sampling and analysis is extremely resource-intensive, it is often the 
preferred characterization approach due to reasons of data defensibility, sample specificity, and analyte 
specificity.  However, sampling and analysis is not without problems and clearly requires a high level of 
expertise and extensive facility capabilities.   
 
Radioanalytical methods are typically time-consuming and costly, due to the special handling 
requirements associated with potential radiation exposures and the large amount of sample 
preparation/treatment needed to remove interfering radionuclides and stable constituents.  Most 
radioanalytical methods incorporate a succession of the following primary steps:  1) sample dissolution 
and/or dilution; 2) removal of interfering constituents via chemical separations; 3) purification of analytes 
via radiochemical separations; 4) measurement of analytes; and 5) quality assurance measures 
demonstrating analysis effectiveness.  Given that chemical/radiochemical separation techniques are often 
matrix-dependent, the methods for effectively performing radionuclide analyses typically require some 
amount of R&D.  Despite the challenges, sampling and analysis remains the primary source of data used 
to characterize DOE tank waste in preparation for disposition or supporting tank closure. 
 
At the Savannah River Site (SRS), sampling and analysis has been successfully utilized for 
characterizing:  a) sludge waste in preparation for being transferred to the Defense Waste Processing 
Facility (DWPF); b) salt batch qualification demonstrating processability; c) processed salt waste in 
preparation for being transferred to the Saltstone Production Facility/Saltstone Disposal Facility 
(SPF/SDF); and d) post-cleaning residue in preparation for being stabilized in grout prior to operational 
tank closure.  In each of these cases, characterization of the waste includes quantification of a wide set of 
radionuclides and stable constituents, with analysis costs typically on the order of hundreds of thousands 
of dollars and analysis durations on the order of months.   
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Thus far, nine SRS sludge batches have undergone extensive radionuclide characterization to quantify 
“reportable” radionuclides per the requirements of the Waste Acceptance Product Specifications (WAPS).  
In these characterizations, up to 66 different radionuclides were quantified, with the number of 
“reportable” nuclides being on the order of 30.1-9  Per the WAPS, radionuclides contributing greater than 
or equal to 0.01 percent of the total curie content over the years 2015 to 3115 are required to be 
“reportable.”10 
 
In contrast, thus far, eight SRS salt batches have been qualified for the purpose of demonstrating effective 
treatment, and two dozen quarterly salt feed samples have been characterized for the purpose of 
determining Waste Acceptance Criteria (WAC) compliance.  In the salt feed characterizations, 60+ 
different radionuclides were quantified, with almost all the nuclides found to be present at concentrations 
significantly below the WAC limits and targets.11-34    
 
Waste characterizations at SRS have also included post-cleaning residue from a total of seven tanks, six 
of which are now operationally closed, and one of which is currently in the process of being closed.  This 
includes one H-area waste tank (tank 16H, currently in the process of being closed)35 and six F-area waste 
tanks (tanks 6F, 5F, 19F, 18F, 20F, and 17F, all of which have been closed).36-41   Note that 
characterization of post-cleaning residue from a second H-area waste tank (tank 12H) is now in 
progress.42  Also note that for Tank 16H, the annulus of the tank was characterized in addition to the tank 
interior, due to tank leakage which introduced waste material into the annulus.   
 
In the recent tank closure characterizations (those completed in 2010 or after 2010), up to 59 
radionuclides were quantified for the purpose of demonstrating compliance with the requirements of 
Section 3116 of the Ronald W. Reagan National Defense Authorization Act (NDAA) for Fiscal Year 
2005.  In contrast, in the characterizations supporting closure of the first two tanks (tanks 20F and 17F, 
which were closed in 1997), significantly fewer radionuclides were quantified via sampling and analysis, 
due to the less stringent reporting requirements of the time (prior to issue of the NDAA).       
 
The availability of sample analysis data for multiple sludge, salt, and tank closure campaigns provides a 
frame of reference for evaluation of potential alternative characterization bases and for identifying 
potential concentration trends and/or magnitudes of normal concentration variations.  However, for such 
comparisons to be meaningful, there must be confidence that the quality of the sample analysis data is 
high and that the magnitudes of the analytical uncertainties are known.  For the vast majority of the SRNL 
sample analyses, the analytical uncertainties are reasonably low, typically on the order of twenty percent 
based on QA sample results and inter-method comparisons.                 

4.3 Tank Receipt Histories 

Records of the types and quantities of waste received into a given waste tank over time provide a potential 
basis for understanding the variability of waste compositions in a given tank, as well as the expected 
ranges of constituent concentrations and the expected spatial distributions of constituents.  Heterogeneity 
of waste constituents is particularly applicable to solid-phase waste, including sludge and post-cleaning 
residue.  Because waste receipts typically occur in the absence of mixing, there is clearly the potential for 
early receipts into a tank to dominate the character of waste solids that are present at the very bottom of a 
tank, with later receipts dominating the character of the waste solids in the upper layer of solids.  
Similarly, intermediate receipts tend to dominate the character of the mid-layer solids.  Of course, the 
magnitudes of the potential impacts are also a function of the relative quantities of waste that are received 
over time.   
 
Although the distribution of liquid-phase constituents in a tank tends to be significantly more 
homogeneous than that of solid-phase constituents (due to the higher diffusion/equilibration rates), there 
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is still utility in understanding the ranges of liquid-phase constituent concentrations carried with a given 
waste.  Such understanding can provide a basis for quantifying liquid-solid phase constituent partitioning 
and it also can provide a basis for projecting liquid-phase compositions, such as those associated with 
dissolved salt waste. 
 
At SRS, the quantities and compositions of sludge received into each tank over time have been recorded 
to address:  a) the date of each waste receipt; b) the origin of each waste that was received; c) the type of 
each waste that was received; d) the age of each waste; e) the volume of each waste; and f) the 
composition of each waste.  These records capture information applicable to nine primary types of waste, 
identifying the quantities of radionuclides and elemental compounds contained in each receipt.  
Specifically, thirty-seven radionuclides are quantified, including fission products, activation products, and 
actinides.  Also quantified are thirty-seven elemental compounds, including compounds of iron, 
aluminum, uranium, thorium, calcium, manganese, nickel, mercury, silicon, and sixteen other elements.  
Quantification of the constituents contained in each waste receipt is based on an understanding of the 
compositions of each waste type.43-47  In addition to receipts, the tank history records also address 
removals, as waste is transferred to alternate tanks and/or removed for dispositioning.            
 
In the past, the SRS tank waste receipt history has been used for three primary purposes:  1) for 
demonstration of safe tank storage; 2) for planning of sludge processing at DWPF; and 3) for planning of 
salt processing and disposition at Saltstone.48  In addition, the waste receipt history has also been used for 
tank closure planning purposes.  More recently, the waste receipt records were used to identify general 
chemical and radioisotopic differences between sludge solids at the F and H area Tank Farms.49  For each 
of these purposes, information from the waste receipt history has been utilized to quantify the average 
concentrations of waste constituents in a given tank, as well as the total inventories of constituents in a 
given tank.  While such use of the information has been effective and continues to meet project needs, 
there does seem to be the potential to take advantage of the knowledge of the temporal distribution of the 
receipts, to better understand the waste variations, uncertainties, and impacts, and to hone the 
characterization expectations as a function of the waste’s spatial location within the tank.   
 
To date, utilization of the time-dependent differences in a tank’s waste receipts has been very limited 
when characterizing a particular waste.  However, there have been multiple occasions at SRS when the 
usefulness of such a characterization approach has been demonstrated.  Two applicable examples are 
provided below. 
 
Example 1:  Key Constituents in Tank 12 Sludge 
 
As previously mentioned, SRS Tank 12 has already undergone waste removal and chemical cleaning, and 
is currently being prepared for closure.  Fortunately, samples collected prior to, during, and after bulk 
waste removal provide a source of data for comparison with expectations based on the waste receipt 
history.  Brief descriptions of the samples that were collected and analyzed, the sampling timeline, and 
the waste characteristics identified in the tank receipt history are given below. 
 
In 2008, prior to waste removal, solids from the top layer of accumulated sludge in Tank 12 were sampled 
and submitted to SRNL for characterization in support of aluminum dissolution processing.50  These 
solids provide a basis for estimating the composition of the later waste receipts.  Subsequently, as the 
Tank 12 waste removal operations began and progressed, a series of additional Tank 12 solids samples 
were collected and submitted to SRNL for measurements needed to support effective pumping/transfer 
operations.  Unused portions of these samples were combined and mixed, and subsequently utilized in 
2011 as a test medium for performing enhanced chemical cleaning experiments.51  These solids provide a 
basis for estimating the composition of the intermediate waste receipts.  In 2013, following completion of 
aluminum dissolution and bulk waste removal (but prior to oxalic acid cleaning), solids were collected 
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from the floor of Tank 12, from an area where residual solids were found.  These solids were submitted to 
SRNL, along with the subsequent tank cleaning solutions, for the purpose of determining the mass 
balance of the chemical cleaning operations.52  These solids provide a basis for estimating the 
composition of the early waste receipts. 
 
As identified in SRR’s tank receipt history database,53 the earliest material received into Tank 12 was 
~41,000 kg of depleted uranium waste solids, received over the time period from October 1956 to 
November 1957.  The U-235 isotopic enrichment of this early material was identified as being 0.62% (by 
weight), the Pu-238:Pu-239 ratio was identified as being 7.0 (by activity, after adjusting for radiological 
decay occurring since receipt), and the Al:Fe ratio was identified as being 0.13 (by weight).  In contrast, 
the vast majority of waste received into Tank 12 after November 1957 was highly enriched uranium waste 
solids, with typical U-235 isotopic enrichments ranging from 40-80% (by weight), an average Pu-238:Pu-
239 ratio of 44 (by activity, after adjusting for radiological decay), and an average Al:Fe ratio of 3.3 (by 
weight).  Specifically, ~150,000 kg of this waste was identified as being received into Tank 12 over the 
time period from October 1963 to May 1973.   
 
Given this history, one would expect that in the absence of mixing, solids in the bottom layer of sludge (at 
the tank floor) would have a U-235 isotopic enrichment of about 0.6%, a Pu-238:Pu-239 activity ratio of 
about 7, and an Al:Fe mass ratio of about 0.1.  Similarly, in the absence of mixing, one would expect that 
solids in the top layer sludge (away from the floor) would have a U-235 enrichment of at least 40%, a Pu-
238:Pu-239 activity ratio of about 40, and an Al:Fe mass ratio of about 3.  (Note that U-235 enrichment, 
Pu-238:Pu-239 ratio, and Al:Fe ratio were chosen for this example because of their high variability in the 
Tank 12 waste and the fact that they are key constituents from the standpoints of material accountability, 
processing, and criticality).   
 
Table 4-1 provides a comparison of the various values based upon the waste receipt history and the 
sample analysis data referenced above.  As previously described, three general types of Tank 12 samples 
are addressed, those collected from the top layer of sludge (from the aluminum dissolution study),50 those 
collected from the middle layer of sludge (from the waste removal activities),51 and those collected from 
the bottom layer (from the investigation targeting mass balance of the chemical cleaning activities).52  As 
shown in the table, expectations based on the receipt records are given solely for the top layer (late 
receipts) and the bottom layer (early receipts), with expectations for the middle layer omitted, but 
expected to fall somewhere between those for the top and bottom layers.   
 

Table 4-1.  Comparison of Tank 12 Analytical Data with Expectations Based Upon Receipt Records 

Waste 
Descriptor 

U-235 Enrichment 
(Mass %) 

Pu-238:Pu-239 Activity 
Ratio 

Al:Fe  
Mass Ratio 

Receipt 
Records 

Sample 
Analysis 

Receipt 
Records 

Sample 
Analysis 

Receipt 
Records 

Sample 
Analysis 

Top layer  
(late receipts) 

≥40 11 44 36 3.3 10 

Middle layer 
(intermediate 
receipts) 

 1.8  26  5.8 

Bottom layer  
(early receipts) 

0.62 0.73 7.0 13 0.13 0.34 

 
In all cases, there are differences between the values determined by sampling and analysis and the values 
based upon the receipt records.  However, the trends of the sample data are clearly consistent with the 
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trends of the waste receipt history – namely, that U-235 enrichments increase from the bottom to the top.  
For example, the receipt records suggest that the U-235 enrichment in the top layer should be at least 40%, 
while the sample data indicate it is significantly lower at 11%.  In contrast, the receipt records suggest that 
the U-235 enrichment in the bottom layer should be about 0.6%, while the sample data indicate it is 
slightly higher at about 0.7%.   Additional sample data indicate that the U-235 enrichment in the 
intermediate layer is between those of the top and bottom layers (at about 2%), which makes sense, given 
the expected upward trend as one moves from the bottom layer to the top.  Of course, knowing that 
mixing occurred when the solids were slurried during the sampling and waste removals operations, there 
is clearly the expectation that some “averaging” of the waste occurred.  Such “averaging” may be 
responsible for some of the differences observed. 
 
In the case of the Pu-238:Pu-239 ratios, the differences between the measured values and the values based 
on receipt history were smaller, with values in the top layer varying by about 20% (36 versus 44) and 
values in the bottom layer varying by a factor of approximately two (13 versus 7).  As in the case of the 
U-235 enrichment, the Pu-238:Pu-239 ratio for the middle layer was intermediate between that of the top 
and bottom layers (26 for the middle layer), which makes sense, given the expected upward trend as one 
moves from the bottom layer to the top.  The smaller relative difference observed for the Pu-238:Pu-239 
ratio case versus the U-235 enrichment case is likely due to the smaller relative variability of Pu-238:Pu-
239 ratios.     
 
In the case of the Al:Fe ratios, the measured values were about three times the expected values based on 
the receipt histories, both for the top layer and the bottom layer.  Specifically, the measured ratios for the 
top and bottom layers were 10 and 0.34, respectively, as opposed to 3.3 and 0.13 based on the receipt 
records.  As in the cases of U-235 enrichment and Pu-238:Pu-239 ratio, the Al:Fe ratio measured for the 
middle layer (5.8) was intermediate between that of the top and bottom layer, which is consistent with 
expectations.  The fact that the measured Al:Fe ratios for both top and bottom layers were consistently 
higher than the values indicated by the receipt records may be reflective of:  a) higher concentrations of 
aluminum in the waste than anticipated; b) lower concentrations of iron in the waste than anticipated; 
and/or c) physical partitioning of aluminum compounds and iron compounds.  Regardless of the reason, it 
is clear that deviations between sample results and expectations will occur and must be considered when 
applying a characterization strategy.   
 
Example #2:  Key Constituents in Tank 18 Post-Cleaning Floor Residue and Wall Material 
 
As Tank 18 was being prepared for closure (following bulk removal and cleaning), multiple residue 
samples were collected from the floor and wall of the tank, and subsequently submitted to SRNL for 
extensive characterization.  This includes six floor residue samples, two wall corrosion product samples, 
and one wall scale sample.  The analytical results were reported in two separate documents, one for the 
floor samples39 and one for the wall samples.54  
 
In a data quality assessment performed by SRR,55 a portion of the analytical data for the Tank 18 floor 
samples was compared to expectations based on the tank receipt histories.  Specifically, the comparison 
addressed constituent concentrations for Al, Fe, Hg, Mn, U, Tc-99, U-235, U-238, Pu-239, and Pu-240, 
and radioisotope ratios for U-235:U-238 and Pu-240:Pu-239.  A summary of the compared values is 
given below in Tables 4-2 and 4-3, both tables taken from SRR’s data quality assessment report.55  
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Table 4-2.  Comparison of Constituent Concentrations Based on Tank 18 Receipt History and Sample Analysis Results 55 

Constituent Units 

Receipt History 
Concentrations 

Measured Concentrations in Samples 

Range Mean 18-1 18-2 18-3 18-4 18-5 

Al wt% 0 to 3.3E+01 6.7E+00 1.1E+01 1.4E+01 1.7E+01 1.7E+01 1.6E+01 

Fe wt% 0 to 2.8E+01 2.7E+01 9.8E+00 7.0E+00 7.3E+00 7.5E+00 8.8E+00 

Hg wt% 0 to 7.2E-02 6.8E-02 7.2E-02 3.5E-02 2.5E-02 5.0E-02 6.3E-02 

Mn wt% 0 to 1.3E+00 1.2E+00 1.0E+00 8.3E-01 7.9E-01 9.7E-01 1.1E+00 

U wt% 1.4E+00 to 7.8E+01 3.2E+00 6.3E+00 3.7E+00 1.6E+00 1.2E+00 8.3E-01 

Tc-99 µCi/g 0 to 2.7E-01 1.1E-01 2.7E-02 3.3E-02 3.2E-02 4.5E-02 4.5E-02 

U-235 µCi/g 4.5E-05 to 1.0E-02 2.2E-04 8.0E-04 4.4E-04 1.7E-04 1.3E-04 8.4E-05 

U-238 µCi/g 4.8E-03 to 2.6E-01 1.1E-02 2.0E-02 1.1E-02 4.3E-03 3.4E-03 2.1E-03 

Pu-239 µCi/g 3.3E+00 to 9.3E+02 6.6E+00 1.6E+01 9.0E+00 6.6E+00 6.8E+00 7.6E+00 

Pu-240 µCi/g 7.3E-01 to 2.1E+02 1.7E+00 3.6E+00 2.1E+00 1.5E+00 1.6E+00 1.8E+00 

 

Table 4-3. Comparison of Constituent Ratios Based on Tank 18 Receipt History and Sample Analysis Results 55 

Constituent 
Ratio (Ci/Ci) 

Receipt History Ratio Ratio Based on Sample Measurements 

Range Mean 18-1 18-2 18-3 18-4 18-5 18-8 

U-235/U-238 7.7E-03 to 4.9E-02 2.0E-02 4.0E-02 4.0E-02 4.0E-02 3.8E-02 4.0E-02 3.8E-02 

Pu-240/Pu-239 2.2E-01 to 2.6E-01 2.5E-01 2.3E-01 2.3E-01 2.3E-01 2.4E-01 2.4E-01 2.3E-01 

 
These comparisons indicate that in the vast majority of cases, there is good agreement between the sample 
analysis results and the values based on receipt history.  Specifically, in almost every case, the measured 
values were within the range specified by the receipt history and the magnitudes of the measured values 
were consistent with those of the averages indicated by receipt history.  The only exceptions included a 
couple of the U mass and U-238 activity cases, where the measured concentrations were somewhat lower 
than the minimum concentrations indicated by the receipt history (lower by up to a factor of two).  Given 
that U-238 is the dominant isotope driving Tank 18 uranium mass (the uranium in Tank 18 is depleted), it 
is expected that the trends of the U mass and the U-238 activity would track one another.  Despite the 
uranium inconsistencies, it is clear that on the whole, the measured constituent concentrations in the floor 
residue samples were relatively consistent with the values indicated by the waste receipt history.          
 
With respect to the Tank 18 wall samples, use of the waste receipt history provides the rationale for 
understanding why the Pu-238:Pu-239 ratio increases with wall elevation.  Specifically, the receipt 
history identifies that the first 17,000 kg of solids received into Tank 18 contained ~600 Ci of Pu-239, 
with no significant Pu-238 (therefore, a Pu-238:Pu-239 ratio of zero).  These receipts occurred between 
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August 1959 and March 1961.  In contrast, over the later time period (from October 1966 to April 1997), 
an additional 470,000 kg of solids were received into the tank, with a Pu-239 content of ~2700 Ci and a 
Pu-238 content of ~18,000 Ci (corresponding to a Pu-238:Pu-239 activity ratio of about seven).  Note that 
the plutonium activities in the receipt history have been adjusted for radiological decay).  Given this 
history, it is expected that post-cleaning residue at the very bottom of the tank would contain minimal Pu-
238, while higher elevation wall material that had been in contact with the later waste would contain 
significantly higher fractions of Pu-238, dependent on the relative contact times associated with the early 
and later receipts.  Given the distribution of Pu-239 and Pu-238 reported in the waste receipt history, the 
average Pu-238:Pu-239 activity ratio for the later material should be about seven (taking decay into 
account). 
 
A summary of the Pu-238:Pu-239 activity ratios based on the receipt records and the applicable sample 
analysis results is given in Table 4-4.  As already discussed, the Tank 18 receipt records indicate that the 
Pu-238:Pu-239 activity ratios for the top layer of solids (late receipts) and the bottom layer of solids 
(early receipts) should be about 7 and 0, respectively.  In contrast, wall samples collected at elevations of 
17, 10-12, and 6-7 feet were found to have Pu-238:Pu-239 activity ratios of 19, 8.6, and 1.6, respectively; 
and floor samples from the tank bottom were found to have Pu-238:Pu-239 activity ratios averaging at 
0.43.  
  

Table 4-4.  Pu-238:Pu-239 Activity Ratios Based on Tank 18 Receipt Records and Measured Values 

Waste 
Description 

Elevation, 
feet 

Pu-238:Pu-239 Activity Ratio 
Receipt Records Measured Value 

Top layer of solids  7  
Upper wall sample 17  19 
Lower wall sample 10-12  8.6 
Wall scale sample 6-7  1.6 
Floor residue samples (average) 0  0.43 
Bottom layer of solids  0  

 
Although two of the measured ratios (19 and 8.6) are higher than the maximum ratio identified by the 
receipt records (7), the trend of the data is still consistent with expectations – namely, that ratios at higher 
elevations are significantly larger than ratios at lower elevations, and ratios at lower elevations approach 
zero.   Despite the absolute differences, all of the measured values are either within the range of the ratios 
indicated by the receipt records (0-7) or the same order of magnitude as the maximum ratio indicated by 
the receipt records (7).  Clearly, use of the receipt records has limitations – however, it can certainly aid 
understanding of spatial variations within waste and when used wisely, can provide order or magnitude 
estimates of key waste constituent concentrations and/or constituent distributions.      
 

4.4 Tank Waste Process Knowledge 

 
Significant understanding of SRS tank waste compositions and variations has been developed through 
decades of waste handling, processing, characterization, and disposition activities.  This includes 
understanding of the quantities and distributions of many key radionuclides, namely fission products, 
activation products, and actinides.47,56-74  Such understanding comes from several sources, including data 
drawn from sample analyses, waste processing experiences, waste compositional studies, and theoretical 
relationships.  
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Coupling of data identifying the compositions of waste from the site separation facilities and tracking of 
the waste transfers occurring between tanks (or to applicable waste treatment facilities) provides a basis 
for quantifying the inventories of waste constituents stored in each tank, as well as quantifying the 
average constituent concentrations associated with each tank’s waste.  Such information has been 
consolidated in SRR’s Waste Characterization System (WCS), an electronic information system targeting 
quantification of approximately ninety stable constituents and forty radionuclides.75  Over time, WCS has 
been continuously updated to incorporate new data, as applicable, and to make modifications necessary to 
support new characterization needs.76-79  This has resulted in the availability of waste characterization data 
for over fifty key radionuclides and over 100 elemental constituents, ions, and compounds.  The current 
version of WCS is designated WCS 1.5, version 3.1.80 
 
WCS is used for multiple site characterization purposes, such as:  a) planning and scheduling of SRS tank 
waste system activities (which include receipt of waste from the canyons, transfer of waste within the 
Tank Farm, evaporation of supernatant phase waste, and processing of sludge and salt batches); b) 
calculating radiolytic heat loads and hydrogen generation rates; c) estimating source terms for accident 
analyses; d) estimating residual inventories for waste removal planning; and e) providing input for the 
annual DOE Integrated Database.  Over its twenty year history, WCS has proven effective for these 
purposes – however, there is recognition that the system has limitations, due to the inherent variations and 
uncertainties associated with tank waste. 
 
In 2002, an evaluation was performed to determine the consistency of constituent concentrations 
determined through sampling and analysis with those estimated by WCS.81  Specifically, sampling and 
analysis data for two SRS sludge batches (SB1a and SB1b) were compared with WCS projections based 
on the expected distributions of constituents in the waste feeding the sludge batches (sludge waste from 
Tanks 8, 17, 19, 20, 40, and 42).   A total of twenty-three radionuclides and twenty elemental constituents 
were addressed.  This included:  a) Co-60, Sr-90, Tc-99, Ru-106, Sb-125, Cs-134, Cs-137, Ce-144, Pm-
147, Eu-154, U-233, U-234, U-235, U-236, U-238, Np-237, Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, 
Am-241, and Cm-244; and b) Ag, Al, Ba, Ca, Co, Cr, Cu, Fe, Hg, K, La, Mg, Mn, Na, Ni, Pb, Si, Sr, Zn, 
and Zr.        
 
On average, the WCS projections were relatively consistent with the sample analysis data.  In the case of 
the radionuclides, the WCS values averaged 27% higher than the measured values.  In contrast, in the 
case of the elemental constituents, the WCS values averaged 10% lower than the measured values.  On a 
constituent by constituent basis, the range of deviations was higher, with some projections differing from 
measurements by two to three orders of magnitude.  However, on the whole, the majority of deviations 
were one order of magnitude or less.   
 
Specifically, the radionuclide deviations were within an order of magnitude 84% of the time, and the 
elemental deviations were within an order of magnitude 82% of the time.  Clearly, these comparisons 
cannot be assumed representative of all sludge batches – and should not be considered definitive due to 
the inherent sampling and analysis uncertainties.  However, they do provide an example of the extent that 
WCS projections will deviate from sample analysis data – but this example suggests that on the whole, 
the deviations were limited to one order of magnitude or less.  Considering the inherent variability of the 
waste, the ranges of such deviations are not unexpected. 
 
In 2005, after processing the first four sludge batches at DWPF (SB1a, SB1b, SB2, and SB3), a 
determination was made that the quantities of sludge solids projected by WCS were 56% lower than the 
quantities actually received at DWPF.  Because of this difference, an investigation was performed to 
analyze the WCS sludge solids projections on a tank by tank basis, and on a waste type basis, focusing on 
the waste material comprising the first four sludge batches.82  Results of the investigation led to the 
conclusion that underestimates of the quantities of Fe(OH)3, Al(OH)3, and MnO2 (as indicated by WCS) 
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were responsible for the lower mass of sludge sent to DWPF.  Specifically, the investigation determined 
that the average quantities estimated by WCS were low by factors up to 2, 3, and 2, respectively [for 
Fe(OH)3, Al(OH)3, and MnO2].  In the case of aluminum, WCS being low is consistent with the Tank 
12H data comparison example presented in Table 4-1 and the Tank 18F data comparison example 
presented in Table 4-2.  However, in the case of iron, the Tank 12H and Tank 18F data comparisons 
suggest otherwise – namely that the WCS values were high by a factor of 2-3 – and in the case of 
manganese, the Tank 18F WCS value was about right.  Regardless of these differences, the sludge batch 
comparisons provide additional confidence that the WCS projections are usually the appropriate order of 
magnitude, although likely prone to greater uncertainties than typical sample analysis data. 
 
Still, the use of such “process knowledge” data may be well suited for certain characterization 
applications, particularly those where high accuracy is not the primary concern.  
 

4.5 Theoretical Scaling Factors 

 
Use of scaling factors offers a potential means of estimating radionuclide concentrations based on process 
knowledge, radiological properties, solubility characteristics, and waste chemistry.  Potential scaling 
factors are not available for all radionuclides, only those that meet criteria assuring consistency of 
radionuclide production, processing, and waste chemistry.  Non-laboratory characterization methods such 
as scaling are important from the perspective of demonstrating analytical results are consistent with 
expectations, and for estimating radionuclide concentrations when a laboratory technique is unavailable, 
ineffective, or particularly cost prohibitive. 
 
When assessing the possibility of utilizing scaling, it is typically assumed that processing has not changed 
the distribution of radionuclides from that in the original waste.  In other words, no waste radionuclides 
have been selectively concentrated, removed, and/or redistributed through supplemental chemical 
recovery and/or operational processes.  If such processes have been performed, the scaling assumptions 
may no longer be valid, and correspondingly, the application of scaling factors may no longer be 
appropriate.  For this reason, scaling is typically less conducive to characterizing liquid-phase 
radionuclides than solid-phase radionuclides, due to the propensity for changing the liquid-phase 
elemental distributions through supernatant transfers, mixing, and/or evaporation processes.  However, a 
couple of exceptions apply.  One exception applies to isotopes of the same element, which will have 
identical chemical behavior and therefore can migrate in solution together, given that conditions support 
such behavior.  Another exception applies to highly soluble radionuclides, which fully partition to the 
liquid phase (or near-fully partition to the liquid phase) and have the potential to migrate together in 
solution. 
 
Three primary categories of radionuclide scaling factors are utilized at SRS:  1) those based on known 
radionuclide ratios; 2) those based on quantities of parent nuclides and age of the waste; and 3) those 
based on relative fission yields and atomic masses (as determined through application of fission yield 
scaling factors).   
 
In the first category, radionuclide ratios are developed through available data and/or theoretical 
relationships, and then typically applied to estimate a concentration of one radionuclide based on a 
measured concentration of another radionuclide.  Examples of usages at SRS include scaling of:  a) Ni-59 
based on Ni-63 (applicable to both solid-phase and liquid-phase wastes); 74,83,84 b) Tc-99 based on Cs-137 
(applicable to liquid-phase waste); 72 c) Pd-107 based on Pd-105 (applicable to both solid-phase and 
liquid-phase waste); 8 d) I-129 based on Cs-137 (applicable to liquid-phase waste); 65 d) Sn-121m based 
on Sn-126 (applicable to solid-phase waste); 8 e) Cs-135 based on Cs-137 (applied to solid-phase and 
waste); 8,84 and f) Th-230 based on Th-232 (applicable to solid-phase and liquid-phase wastes).56,74,84 
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In the second category, concentrations of in-grown radionuclides are estimated based on known 
concentrations of the parent nuclides and the age of the waste.  The concentrations of the parent nuclides 
are identified through sample analysis or an alternate technically-defendable basis.  The age of the waste 
is typically estimated through process knowledge or through use of an applicable fission yield scaling 
factor.8  Examples of usages at SRS include scaling of:  a) Nb-93m based on Zr-93;84 b) Ra-226 based on 
Th-230, U-234, and Pu-238;84 c) Ra-228 based on Th-232;84 d) Ac-227 and Pa-231 based on U-235;68 and 
e) Th-229 based on U-233.84  In all of these cases, the scaling was applied to solid-phase waste.   
 
In the third category, concentrations of applicable fission products are estimated based on the 
concentrations of other applicable fission products, as typically measured by Inductively-Coupled Plasma 
Mass Spectrometry (ICP-MS)8 or other mass spectrometry technology.  Specifically, an average Fission 
Yield Scaling Factor (FYSF) is determined based upon a set of individual FYSFs applicable to isotopes 
meeting the following five criteria:  
 

 The isotopes have low solubility in NaOH (and thus occur predominately in sludge) or 
will scaled against other fission product isotopes of the same element 

 The isotopes have long half-lives and thus have not decayed significantly since the waste 
was generated 

 The isotopes have low neutron cross sections and thus were not transmuted in the reactor 
during operations 

 The isotopes could not be formed in the reactor by neutron absorption 

 The isotopes have masses where interferences such as those from rare earth oxides 
formed in the argon plasma do not create a problem 

Individual FYSFs for each applicable isotope are computed using the following relationship:   
 
FYSFi = wt%i ÷ (FYi * AMi),  
 
where wt%i is the weight percent of isotope i (as measured by mass spectrometry), FYi is the fission yield 
of isotope i, and AMi is the atomic mass of isotope i.  Since the primary sources of fission products in 
SRS waste are from fission of U-235, the bulk of the SRS cases utilize U-235 fission yield data.  
Alternately, Pu-239 or U-223 fission yield data would be utilized in the cases where fission products have 
been generated from Pu-239 or U-233, respectively.       
 
The average FYSF is then used to estimate the concentrations of the unknown isotopes, based on the 
following relationship: 
 
Wt%i = FYSFavg * FYi * AMi 
 
Examples of FYSF usages at SRS include scaling of:  a) Se-79;8 b) Zr-93;84 c) Cd-113m;84 d) In-115;8 e) 
Sn-126;8,84 and f) Sm-151.84  In all of these cases, the scaling was applied to solid-phase waste (as inferred 
by the first “bulleted” criterion identified above). 
 
In cases where the “scaled” radionuclide concentrations were compared to values determined through 
sampling and analysis, the scaled values were found to be reasonably consistent with the measured 
values.84  For example, in comparisons of data applicable to characterization of Sludge Batch 7b, the 
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scaled Zr-93 concentration was two to three times the analytical value, the scaled Cs-135 was about 10% 
lower than the analytical value, and the scaled Sm-151 was about 40% higher than the analytical value.              

4.6 Historic Data Trends  

 
Historic characterization data collected over an extended period of time provides a direct means of 
quantifying compositional variations and identifying potential constituent concentration trends.  At SRS, 
a range of applicable data are currently available, through the extensive characterization work that has 
been performed in support of sludge processing, salt processing, and tank closure.  As previously 
identified, available data include characterization results for several dozen radionuclides and stable 
constituents in the past nine sludge batches, the past six years of salt batch qualification and quarterly salt 
feed samples, and the post-cleaning residue associated with the five most recent waste tanks prepared for 
closure (four of these tanks are now closed and one is in the final stages of closure preparations).  Given 
below is a summary of the radionuclide data associated with these campaigns, by waste type (sludge, salt 
feed, and post-cleaning residue).  Note that the salt qualification characterization data have not been 
included in the summary, for the purposes of brevity.    
 
Specifically, characterization results for twenty key radionuclides are captured in the tables, and 
characterization results for a smaller group of key radionuclides are captured in the plots.   The twenty 
key radionuclides addressed in the tables include Ni-59, Ni-63, Sr-90, Zr-93, Tc-99, I-129, Cs-135, Cs-
137, Sm-151, Th-232, U-233, U-234, U-235, U-238, Np-237, Pu-238, Pu-239, Am-241, Am-243, and 
Cm-244.  These were selected because of their ubiquitousness in tank waste.  In contrast, the key 
radionuclides addressed in the plots were specific to each waste type, based upon perceived significance 
of potential impacts (such as personnel dose, criticality concerns, and long-term environmental risks).        
 
For the sludge batch cases, the radionuclide data that are presented are those identified in the WAPS 
reports as the present day input concentrations feeding the long-term decay calculations.  For the salt feed 
cases, the data that are presented are the average radionuclide concentrations for each calendar year, 
based upon the quarterly results.  In contrast, for the post-cleaning residue, the data that are presented are 
the average radionuclide concentrations for each tank, based on all the individual samples that were 
analyzed or the composited samples that were analyzed, as applicable.  In cases where the original 
characterization data contained a combination of detectable concentrations and non-detectable 
concentrations, only the detectable concentrations were considered.  In contrast, in cases where the 
original characterization data contained solely non-detectable concentrations, the data that are presented 
in the tables are the averages of the minimum detectable concentrations.  Note that in the case of the Tank 
16 residue, two sets of characterization data are reported – those for the interior of the tank (abbreviated 
INT) and those for the annulus (abbreviated ANN).   
 
In addition to providing the radionuclide concentrations for each waste type and campaign, the tables also 
identify the span of concentrations associated with each radionuclide in each waste type.  Specifically, the 
“span of concentrations” provides an indication of the radionuclide concentration variability.  For a given 
radionuclide and waste type, the span of concentrations is defined as the ratio of the maximum 
radionuclide concentration divided by the minimum radionuclide concentration.  In performing this 
calculation, the maximum concentration is the highest detectable concentration (as opposed to a 
concentration that is less than a minimum detection limit), and the minimum concentration is the lowest 
detectable concentration or minimum detection limit.  In cases where the minimum concentration is 
designated by a minimum detection limit, the span of concentrations is preceded by an “approximately” 
sign, since the minimum concentration is actually “less than” the minimum detection limit identified. 
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4.6.1 SRS Sludge Batches 

 
Measured concentrations of key radionuclides in SRS sludge batches 1b through 8 are given in Table 4-5.  
Note that these characterizations were performed between the years of 1999 and 2014.  As shown in the 
table, the radionuclide concentrations vary over nine orders of magnitude, from a low concentration of 
~8E-06 µCi/g I-129 in SB2 to a high concentration of ~2E+04 µCi/g Sr-90 in SB5.  The variations were 
considerably smaller for each individual radionuclide, where the spans of concentrations ranged from 3x 
for U-235 to 340x for I-129.  Of the twenty key radionuclides addressed, ten had concentration spans less 
than an order of magnitude (10x), including Sr-90, Tc-99, Cs-135, Cs-137, Sm-151, U-238, Np-237, Pu-
239, and Am-241 (as well as U-235).  Of these, the concentration spans for five radionuclides were 
limited to 3x-4x, indicative of general processing uniformity and consistency.  The radionuclides in this 
group included Tc-99, Sm-151, U-235, U-238, and Pu-239.  The radionuclides with the largest 
concentration variations included I-129 (340x), Th-232 (81x), and Am-243 (77x).  The high I-129 
variation is an impact of the unusually low concentration found in SB2, which is two orders of magnitude 
below the concentrations found in the other sludge batches.  The reason for this low concentration is not 
known, but may be due to volatility impacts in the canyons during processing.  In contrast, the high 
variability of Th-232 and Am-243 is attributed to their association with special processing campaigns.  As 
such, their distribution in waste varies considerably from tank to tank. 
 
Figure 4-1 provides a visual depiction of the consistency of concentrations for select radionuclides with 
limited concentration spans in the sludge batches – specifically Sr-90, Cs-137, U-235, Np-237, and Pu-
239.  Note that the slightly increased Sr-90, Cs-137, and Pu-238 concentrations occurring in the later 
sludge batches may correlate with the onset of salt processing, where the Sr/Cs/Pu waste streams were 
introduced into the sludge batches.  Regardless, based on the plotted data, one can easily visualize an 
upper concentration bound, a lower concentration bound, and an average centerline concentration for each 
of these radionuclides.  Typically, the upper bound in these cases is about twice that of the centerline 
concentration, and the lower bound is about half that of the centerline concentration.  For future sludge 
batches comprised of similar source material, such characterization information provides a basis for 
estimating the corresponding ranges of concentrations that can be expected.  Although the estimates will 
have clear uncertainties, it is likely that such an approach will provide some concentration estimates that 
are very good (within a factor of two or three), some that are moderately good (within an order of 
magnitude), and others that are too uncertain to be useful. 
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Table 4-5.  Measured Concentrations of Key Radionuclides in Sludge Batches 1b through 8 

Radionuclide 
Radionuclide Concentration, µCi per gram of total solids Span of 

Concentrations SB1b SB2 SB3 SB4 SB5 SB6 SB7a SB7b SB8 
Ni-59 4.78E-02 3.13E-01 6.63E-01 5.67E-01 1.30E+00 1.05E+00 1.50E+00 2.57E+00 7.53E-01 54x 
Ni-63 8.42E+00 2.05E+01 5.41E+01 6.58E+01 1.11E+02 1.08E+02 2.50E+01 1.60E+02 9.34E+01 19x 
Sr-90 4.24E+03 4.52E+03 4.85E+03 7.23E+03 2.25E+04 1.87E+04 1.40E+04 1.27E+04 9.85E+03 5x 
Zr-93 8.22E-02 1.36E-01 4.43E-02 2.64E-01 5.23E-01 4.59E-01 5.30E-01 4.63E-01 7.02E-01 16x 
Tc-99 1.88E-01 1.26E-01 1.96E-01 1.41E-01 1.53E-01 <1.09E-01 1.00E-01 9.67E-02 3.43E-01 4x 
I-129 1.09E-03 7.57E-06 <4.35E-04 5.20E-04 <3.77E-04 2.56E-03 1.70E-03 1.06E-03 2.04E-03 340x 
Cs-135 7.54E-04 1.08E-03 1.34E-03 1.18E-03 1.61E-03 1.85E-03 2.80E-03 3.32E-03 4.55E-03 6x 
Cs-137 1.59E+02 2.75E+02 3.15E+02 2.49E+02 3.23E+02 3.87E+02 5.90E+02 6.44E+02 8.52E+02 5x 
Sm-151 6.32E+01 1.77E+02 1.96E+02 1.13E+02 1.82E+02 2.62E+02 2.30E+02 2.47E+02 1.63E+02 4x 
Th-232 3.41E-04 3.76E-05 3.01E-05 5.07E-05 7.28E-05 2.44E-03 1.60E-03 1.19E-03 8.95E-04 81x 
U-233 4.35E-02 1.07E-02 1.56E-02 <1.91E-02 2.22E-02 8.98E-02 1.30E-01 4.22E-02 6.00E-02 12x 
U-234 2.89E-03 3.57E-02 3.03E-02 3.40E-02 6.15E-02 8.37E-02 4.80E-02 4.06E-02 4.39E-02 29x 
U-235 2.81E-04 6.57E-04 7.29E-04 6.41E-04 7.00E-04 6.01E-04 6.40E-04 6.12E-04 5.41E-04 3x 
U-238 6.46E-03 2.53E-02 2.26E-02 1.77E-02 1.67E-02 1.22E-02 1.50E-02 1.60E-02 1.25E-02 4x 
Np-237 1.29E-02 1.33E-02 3.30E-02 2.60E-02 6.92E-02 3.61E-02 2.20E-02 2.46E-02 2.50E-02 5x 
Pu-238 9.95E+01 3.85E+01 2.59E+01 1.22E+02 2.76E+02 3.83E+02 1.80E+02 1.42E+02 1.99E+02 15x 
Pu-239 4.89E+00 7.68E+00 1.37E+01 1.03E+01 2.04E+01 1.82E+01 1.30E+01 1.08E+01 7.78E+00 4x 
Am-241 6.65E+00 3.27E+01 1.85E+01 1.76E+01 3.25E+01 3.29E+01 3.70E+01 3.56E+01 2.74E+01 6x 
Am-243 5.65E-02 5.34E-01 1.55E+00 1.64E+00 9.64E-01 4.33E+00 5.70E-01 4.99E-01 1.88E+00 77x 
Cm-244 4.43E+00 4.42E+01 7.00E+01 9.07E+01 4.61E+01 1.49E+02 1.90E+01 1.81E+01 6.81E+01 34x 
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Figure 4-1.  Concentrations of Select Radionuclides in SRS Sludge Batches 1B through 8 

 

4.6.2 SRS Tank 50 Salt Feed 

 
Average concentrations of key radionuclides in Tank 50 Salt Feed between the years of 2008 and 2014 are given 
in Table 4-6.  As shown in the table, the radionuclide concentrations vary over almost ten orders of magnitude, 
from a low concentration of less than ~1E-03 pCi/mL Th-232 in CY 2014 to a high concentration of ~2E+07 
pCi/mL Cs-137 in CY 2008.  The variations were significantly smaller for the individual radionuclides, where the 
spans of concentrations ranged from ~1.3x for Np-237 to 170x for Pu-239.  It may come as a surprise that the Pu-
239 concentration in salt feed is so variable, when one considers the relative consistency of Pu-239 in the sludge 
batches (4x span).  However, the significant drop in the Pu-239 concentration that has occurred since 2009 is an 
indicator of the onset of the actinide removal process (ARP) salt treatment, which removes soluble plutonium 
through monosodium titanate (MST) sorption and removes plutonium-containing entrained solid particles through 
cross-flow filtration.  
 
Seven of the key radionuclides in salt feed had concentration spans less than an order of magnitude (10x), 
including Tc-99, I-129, Th-232, U-234, U-235, and U-238 (as well as Np-237).  Of these, five radionuclides had 
concentration spans of 3x or less, demonstrating relatively high uniformity in waste.  The relatively high variation 
of the Cs-137 concentration (18x) is attributed to the impacts of initiating salt processing (specifically cesium 
removal by caustic side solvent extraction), which have significantly reduced the cesium concentrations of the 
later batches. Regardless of the magnitudes of concentration spans for the 2008 to 2014 period, it is clear that in 
the vast majority of cases, the year to year concentration variation was an order of magnitude or less.  This is 
apparent in Figure 4-2, where concentrations of select radionuclides are plotted as a function of the calendar year.  
In addition to the year to year variation, this figure also illustrates the trends of the concentrations.  Such trends 
provide a basis for predicting whether future concentrations will be higher or lower, and for estimating by how 
much.  For example, in the case of Cs-137, it can be seen that concentrations dropped by a factor of about twenty 
over the time period from 2008 to 2013.  However, since 2013, the concentration has increased slightly, 
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suggesting that the 2015 concentration could be slightly higher than that of 2014.  Addition of a small volume of 
untreated salt waste into the 2014 feed is a likely source of the 2014 increase.  Based on qualification testing, the 
expected cesium concentration of the next salt batch feed (salt batch 8) should increase by a factor of about four.       
 

Table 4-6.  Average Concentrations of Key Radionuclides in Tank 50 Salt Feed 

Radionuclide 
Mean Radionuclide Concentration, pCi/mL Span of  

Concentrations 2008 2009 2010 2011 2012 2013 2014 
Ni-59 <1.36E+02 <1.34E+01 <2.67E+00 <1.42E+01 <1.22E+01 <1.03E+01 <8.31E+00 N/A 
Ni-63 <8.24E+01 7.11E+01 2.44E+02 5.29E+01 <7.41E+00 <1.01E+01 <5.49E+00 ~44x 
Sr-90 2.45E+05 1.06E+05 6.64E+04 3.57E+04 3.46E+03 3.55E+03 4.09E+03 71x 
Zr-93 NM NM NM NM <7.40E+01 <5.47E+01 <1.50E+02 N/A 
Tc-99 2.68E+04 2.69E+04 3.04E+04 3.29E+04 2.63E+04 1.95E+04 1.95E+04 2x 
I-129 <4.17E+00 5.43E+00 5.92E+00 5.37E+00 1.04E+01 1.28E+01 1.37E+01 ~3x 
Cs-135 1.68E+02 9.05E+01 5.31E+01 4.51E+01 <4.06E+01 <2.50E+01 <1.73E+01 ~10x 
Cs-137 2.31E+07 1.33E+07 7.50E+06 3.00E+06 1.54E+06 1.26E+06 1.75E+06 18x 
Sm-151 <2.33E+03 5.98E+02 6.38E+02 <5.62E+02 2.51E+01 <3.21E+01 <2.97E+01 25x 
Th-232 1.13E-02 9.62E-03 9.47E-03 4.43E-03 <3.84E-03 <2.18E-03 <1.28E-03 ~9x 
U-233 <2.24E+02 <1.13E+02 <2.55E+02 <6.72E+02 <2.86E+02 <1.70E+02 <1.13E+02 N/A 
U-234 1.46E+02 2.00E+02 1.45E+02 9.28E+01 <1.84E+02 <1.10E+02 <8.36E+01 ~2x 
U-235 1.70E-01 3.41E-01 3.74E-01 3.58E-01 2.55E-01 1.76E-01 1.76E-01 2x 
U-238 7.79E-01 1.23E+00 1.60E+00 3.51E+00 5.00E+00 3.97E+00 3.90E+00 6x 
Np-237 <1.63E+01 1.08E+01 9.48E+00 <3.16E+01 <2.07E+01 <2.56E+01 <8.22E+00 ~1.3x 
Pu-238 3.41E+04 9.59E+03 1.87E+04 8.49E+03 1.00E+03 1.22E+03 9.42E+02 36x 
Pu-239 1.07E+03 1.06E+04 9.36E+02 5.32E+02 1.49E+02 8.68E+01 6.36E+01 170x 
Am-241 7.75E+02 5.51E+02 1.09E+03 4.56E+02 1.39E+01 7.79E+00 1.80E+01 140x 
Am-243 2.05E+01 1.49E+01 1.52E+01 5.70E+01 <8.35E-01 <6.62E-01 <4.76E-01 ~120x 
Cm-244 2.23E+03 1.29E+03 2.41E+03 9.19E+02 1.34E+02 1.94E+01 1.12E+02 120x 

NM = not measured 
 
 
 

 

Figure 4-2.  Concentrations of Select Radionuclides in SRS Tank 50 Salt Feed 
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Another example is the I-129 concentration, which was relatively constant between 2009 and 2011, increased by a 
factor of about two between 2011 and 2012, and then remained relatively constant between 2012 and 2014, with 
increases during the 2012-2014 period being limited to about 20-30%.  Based on these data, one would expect 
that the 2015 concentration of I-129 would be close to that of 2014 or slightly higher.  In contrast, the Tc-99 
concentration has remained relatively stable from 2008 to 2014.  As such, the 2015 Tc-99 concentration is 
expected to be similar to all those occurring before.  It should be noted that prior to MCU treatment, the 
supernatant phase ratios of I-129 to Cs-137, and Tc-99 to Cs-137, have been reported to be relatively constant for 
a given point in time.65,72  However, because of the relatively short half-life of Cs-137 (30 years) compared to the 
relatively long half-lives of I-129 and Tc-99 (~2E+07 and ~2E+05 years, respectively), the ratios will increase  
over the timeframe of the salt program.     
 
Although there is inherent uncertainty in predicting future concentrations based on past history, the complete 
range of concentrations encountered in the past gives some indication of the magnitude of the uncertainty.  
Clearly, the anticipated uncertainty increases as the historic range of concentrations increases, and decreases as 
historic range of concentrations decreases.  Still, there is utility in applying past history to gain an increased 
understanding of what may occur in the future. 
 

4.6.3 SRS Post-Cleaning Tank Residue 

 
Average concentrations of key radionuclides in SRS Post-Cleaning Tank Residue are given in Table 4-7.  Note 
that these characterizations were performed between the years of 2010 and 2014.  As shown in the table, the 
radionuclide concentrations vary over ten orders of magnitude, from a low concentration of ~2E-06 µCi/g U-238 
in Tank 16 INT to a high concentration of ~2E+4 µCi/g Sr-90 in Tank 6.  The variations were significantly 
smaller for the individual radionuclides, where the spans of concentrations ranged from 10x for Pu-238 to 46000x 
for Sm-151.  Clearly, the concentration spans for the post-cleaning residue were significantly higher than those 
for the sludge batches and those for salt feed.  This difference was attributed to two primary factors:  1) the waste 
at the bottom of a tank is often not representative of the bulk waste – because the earliest receipts are typically not 
representative of the later receipts – and because unusual waste solids, including particularly high density and/or  
large diameter solids, tend to migrate to the floor during bulk removal (this includes ion exchanger waste, for 
example); and 2) the distribution of constituents in the residue has been altered during chemical cleaning, and the 
method of cleaning and extent of cleaning has evolved from tank to tank.  In addition, differences in the 
distribution of the dominant stable constituents (such as iron and aluminum) will affect the chemical cleaning 
efficacies.     
 
Given the wide range of concentration variations, use of the historic waste residue data as a basis for predicting 
future waste residue compositions is limited.  In almost every case, the uncertainties of the predictions would be 
multiple orders of magnitudes, which seem too high for most closure characterization applications.  On the other 
hand, continued tracking of the characterization results is considered useful, to provide an up to date baseline 
understanding of the variations.   
 
An illustration of the high relative concentration variations associated with post-cleaning residue is provided in 
Figure 4-3.  As shown in the figure, the concentration variations for Sr-90, Cs-137, U-235, Np-237, and Pu-239 
range from two to four orders of magnitude.  Note that in the cases of Cs-137, U-235, and Pu-239, the very lowest 
concentrations were observed in the Tank 16H interior residue, and these concentrations were one to three orders 
of magnitude lower than the lowest concentrations observed in the other tank residues.  As such, if the Tank 16H 
interior data were excluded, the concentration variations would be more manageable (particularly in the case of 
Cs-137) – however, on the whole, they would still be significantly greater than those of the sludge and salt cases 
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of the past few years.  Note that the low constituent concentrations observed for the Tank 16H interior residue are 
expected, given the extreme level of cleaning that was performed in this particular case.                       

Table 4-7.  Average Concentrations of Key Radionuclides in Post-Cleaning Tank Residue 

Radionuclide 
Mean Radionuclide Concentration, µCi per gram of total solids Span of 

Concentrations Tank 18 Tank 19 Tank 5 Tank 6 Tank 16 INT Tank 16 ANN 
Ni-59 9.45E-03 <3.29E-02 5.52E+00 4.41E+00 <2.97E-01 <1.21E-02 580x 
Ni-63 6.42E-01 1.14E-02 2.97E+02 3.18E+02 <2.27E+00 <2.80E-01 28000x 
Sr-90 4.75E+01 7.01E-01 1.21E+04 1.60E+04 2.98E+03 1.57E+03 23000x 
Zr-93 2.27E-03 1.35E-03 2.98E+00 9.90E-01 <1.89E-02 <1.52E-01 2200x 
Tc-99 3.62E-02 3.67E-02 9.99E-03 1.07E-01 8.27E-02 2.50E-01 25x 
I-129 1.18E-05 1.11E-05 3.48E-04 1.59E-04 1.76E-04 8.73E-04 79x 
Cs-135 1.12E-03 2.64E-03 2.12E-03 2.75E-03 <1.20E-04 2.50E-03 ~23x 
Cs-137 2.99E+02 5.77E+02 4.15E+02 5.43E+02 7.13E-01 6.89E+02 970x 
Sm-151 1.54E+00 1.70E-02 7.79E+02 2.05E+02 NM NM 46000x 
Th-232 NM NM NM NM NM NM N/A 
U-233 8.22E-04 3.88E-04 <1.07E-03 3.28E-03 1.51E-04 <2.21E-03 22x 
U-234 7.96E-03 4.82E-04 4.45E-03 9.26E-03 1.67E-04 1.57E-03 55x 
U-235 3.10E-04 1.69E-05 1.97E-04 4.31E-04 6.67E-07 2.42E-05 650x 
U-238 7.87E-03 5.52E-04 4.56E-03 1.40E-02 2.38E-06 9.95E-05 5900x 
Np-237 4.79E-03 1.45E-04 2.31E-02 1.98E-02 <6.83E-04 1.97E-03 160x 
Pu-238 3.75E+00 3.58E-01 2.59E+00 3.31E+00 1.17E+00 3.44E+00 10x 
Pu-239 8.99E+00 3.81E-01 8.22E+00 2.91E+00 4.38E-02 4.46E-01 210x 
Am-241 4.50E+00 2.33E-01 7.00E+01 6.85E+01 3.24E-01 7.72E-01 300x 
Am-243 2.77E-02 5.90E-04 5.35E-01 1.47E+00 1.08E-02 1.19E-02 2500x 
Cm-244 2.31E+00 3.61E-02 3.03E+00 5.55E+01 <5.80E-02 <3.90E-01 1500x 

NM = not measured 
 
 
 

 

Figure 4-3.  Concentrations of Select Radionuclides in SRS Post-Cleaning Tank Residue 
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4.7 Conclusions 

In general, the uncertainties of sampling and analysis data are significantly lower than those associated with the 
alternative characterization approaches, due to the relatively high variability of waste compositions, mixing of 
multiple waste types, and the difficulties of tracking waste compositions as a function of location and time.  
However, judicious use of alternative characterization approaches may be adequate for many applications, 
particularly those where sufficient data consistency can be demonstrated and/or where somewhat higher 
characterization uncertainties are deemed acceptable.  Because of the high costs of sampling and analysis, there is 
the clearly the potential to make characterization more cost-effective if some portion of the data is provided by an 
alternative means (by a non-sampling and analysis approach). 

In many cases, use of the alternative characterization approaches are capable of providing constituent 
concentration estimates that are the appropriate order of magnitude, with deviations limited to the 2x-3x range.  
This includes estimates based on the waste receipt histories, process knowledge, use of scaling factors, and the 
historic data.  Interestingly, the efficacies of the alternative characterization approaches appear to be functions of 
both the waste matrix (sludge, salt, or residue) and the particular constituent being addressed.  On the whole, the 
alternative characterization approaches are more suited to sludge and salt, as opposed to post-cleaning residue, 
and to ubiquitous constituents that are present in every waste stream. 

When high quality sampling and analysis data is available, the alternative sources of characterization data should 
still be considered, to assist in understanding the sampling and analysis data and to provide a level of confirmation 
that the sample analysis data is consistent with expectations.   

Examples of cases where the alternative characterization approaches showed high potential for being effective 
included: 

 Use of receipt records for understanding 
--the spatial distributions of plutonium isotopes in Tank 12 sludge and Tank 18 residue 
--the concentration ranges of key radioisotopes and metals in Tank 18 residue 

 Use of process knowledge for estimating the concentrations of radioactive and stable constituents in 
sludge batches 

 Use of scaling factors for estimating the concentrations of select radionuclides in sludge batches and 
salt solutions 

 Use of historic data trends for  
--estimating the concentrations of key radionuclides in sludge batches and in salt feed 
--projecting the concentrations of key radionuclides in future salt feed solutions      

Consideration of the importance of characterization accurateness should feed the potential for using alternate 
characterization approaches.  In cases where constituents have little or no impacts on the disposition decisions and 
risks, use of alternative characterization approaches may be the best choice.                      
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5.0 Honing Characterization Needs as a Function of Waste Type 

5.1 Approach 

 
This section addresses differences between sludge, salt, and post-cleaning residue with the goal of honing 
characterization needs as a function of waste type.  To accomplish this, documentation of sludge, salt, and post 
tank cleaning residue characterization was reviewed.  For sludge, documentation included the Defense Waste 
Processing Facility (DWPF) Waste Acceptance Product Specification (WAPS) documents.1-9  At the start of each 
DWPF sludge batch, extensive radionuclide characterization of the DWPF feed (Tank 40H) is completed.  For 
salt waste, a spreadsheet showing all radionuclide characterization results for Tank 50, the Savannah River Site 
(SRS) Saltstone Disposal Facility (SDF) feed tank, was reviewed.  For post tank cleaning residue, reports 
documenting analysis of material remaining in a tank after cleaning were reviewed,10-14  Finally, several 
performance assessments (PAs) were reviewed to evaluate radionuclides that contributed to short and long term 
environmental dose.15-17 

5.2 Sludge Characterization 

 
SRS Tank Farm sludge is prepared for vitrification at the DWPF facility in a batch process.  Sludge from a tank or 
various tanks is combined in Tank 51H where it is washed (a large portion of sodium is removed and the 
concentrations of major anions may be adjusted).  The washed Tank 51H material is then transferred to the DWPF 
feed tank – Tank 40H.  At this point a new sludge batch (SB) is “declared” and a sample from Tank 40H is 
extensively characterized.  The radionuclide characterization is governed by the WAPS.18  In summary, the 
WAPS requires that 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 between the years 2015 
and 3115 be reported.  The WAPS also requires quantification of U and Pu isotopes.  As part of the strategy to 
comply with WAPS requirements, the DWPF reports all radionuclides (with half-lives greater than 10 years) that 
have concentrations greater than 0.01 percent of the total curie inventory from time of production through the 
1100 year period from 2015 through 3115.19  Note that the criterion of using greater than 0.01 curie percent to 
identify “reportable” radionuclides was an SRS decision made for the purpose of conservatism, as the actual 
“reportability” criterion stated in the WAPS is greater than 0.05 curie percent.    
 
To determine curie content over the required time period, an extensive list of radionuclides in a Tank 40H sample 
is quantified.  The radionuclide content is then input into a radioactive decay calculator to calculate activity over 
the prescribed time period in 100 year increments.  Each WAPS report1-9 describes the radionuclides quantified, 
reasons for not quantifying some radionuclides, and details on quantification methodology (measurement or 
calculation).  The quantified radionuclides from Sludge Batch 1B to Sludge Batch 8 are given in Table 5-1.  As 
can be seen, the number of quantified radionuclides has varied over time.  Some of this change is due to 
improvements in analysis techniques, a better knowledge of the radionuclides in the SRS sludge, and better 
understanding of the DWPF process.  For example, C-14 is no longer quantified since carbon is not present in the 
final DWPF vitrified waste form.   
 
As stated above, Table 5-1 shows the radionuclide concentrations in the past nine sludge batches (SB1b to SB8).  
Blank cells indicate that the radionuclide was not quantified in the Tank 40H sample.  Gray shading indicates that 
the radionuclide was reportable – which means that the radionuclide contributed greater than 0.01% of the total 
curie content at some point in the 1100 year evaluation time period.   
 
An additional table (Table 5-2) shows the minimum and maximum concentrations of radionuclides over the past 9 
sludge batches.  Only radionuclides quantified/detected in five or more sludge batches are included in the table.  
Also included is the ratio of the maximum and minimum concentrations.  This ratio gives a crude indication of 
variability over the sludge batches.    



 

78 
 

 
In a review of the tables and the general WAPS reportable radionuclide process, several observations can be 
made: 
 
 Although the number of quantified radionuclides in each batch has varied significantly (from 32 to 66), the 

number of reportable radionuclides has been relatively consistent (from 26 to 31).  Some of these reportable 
radionuclides are based on inadequate minimum detection limits, particularly the high mass number 
radionuclides.  A more detailed evaluation of the consistently reportable radionuclides could reduce the 
number of radionuclides requiring quantification.   

 With only a few exceptions, the variation in individual radionuclide concentrations in Tank 40H is less than 
100X (see Table 5-2).  Using historical data or calculations could decrease the need for extensive 
characterization.   

 Only considering radionuclides that do indeed meet the WAPS requirement (0.05% instead of the DWPF 
practice of 0.01%) may reduce the need for quantification of some radionuclides.   

In evaluating the WAPS requirements/process alongside the Tank Farm and Saltstone Disposal Facility 
Performance Assessments (PAs)15-17, the following observations are made. 
 
 The practice of calculating curie concentrations for reportability is questionable.  The WAPS decay timeframe 

of 1100 years is short compared to the PAs, the long-lived nature of the sludge (and ultimately vitrified) 
radionuclides, and the geologic storage timeframe of the vitrified sludge.  Decay calculations could be 
completed at any time; calculations at the time of characterization are not necessary.     

 Reportability based on curie content does not directly account for risk or dose.  That is, not all curies are equal 
with respect to potential environmental and biological effects.   

 The requirement to report radionuclides based on a fraction of total curies may prevent “high risk” 
radionuclides from being reported.  Lower risk radionuclides in essence “dilute” higher risk radionuclides.  
Ra-226 is an example.  This isotope is a major contributor to dose (based on review of the PAs15-17), yet it is 
not DWPF reportable in any sludge batches.      
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Table 5-1.  Tank 40H Radionuclide Concentrations With WAPS-Reportable Radionuclides Highlighted in Gray From Sludge Batch 1B 
to Sludge Batch 8 (blanks indicate radionuclide concentration was not quantified) 

SB1b SB2 SB3 SB4 SB5 SB6 SB7a SB7b SB8 
Radionuclide µCi/g of total solids 
C-14 4.41E-03 8.13E-03 
Cl-36 <9.75E-01 <2.32E-03 <2.5E-04 <4.07E-03 <1.32E-04 
Co-60 7.27E-01 5.47E+00 1.62E+00 8.56E-01 2.40E+00 2.15E+00 2.70E+00 2.76E+00 1.25E+00 
Ni-59 4.78E-02 3.13E-01 6.63E-01 5.67E-01 1.30E+00 1.05E+00 1.50E+00 2.57E+00 7.53E-01 
Ni-63 8.42E+00 2.05E+01 5.41E+01 6.58E+01 1.11E+02 1.08E+02 2.50E+01 1.60E+02 9.34E+01 
Se-79 4.16E-02 6.23E-02 <1.97E-02 1.61E-02 <2.78E-03 9.10E-03 7.60E-03 1.54E-02 1.04E-02 
Sr-90 4.24E+03 4.52E+03 4.85E+03 7.23E+03 2.25E+04 1.87E+04 1.40E+04 1.27E+04 9.85E+03 
Y-90 4.85E+03 7.23E+03 2.25E+04 1.87E+04 1.40E+04 1.27E+04 9.85E+03 
Zr-93 8.22E-02 1.36E-01 4.43E-02 2.64E-01 5.23E-01 4.59E-01 5.30E-01 4.63E-01 7.02E-01 
Nb-93m 2.09E-01 3.93E-01 3.79E-01 4.60E-01 4.21E-01 6.15E-01 
Tc-99 1.88E-01 1.26E-01 1.96E-01 1.41E-01 1.53E-01 <1.09E-01 1.00E-01 9.67E-02 3.43E-01 
Ru-106 <6.4E-01 
Rh-106 <6.4E-01 
Pd-107 5.30E-04 4.16E-04 6.89E-04 5.98E-04 1.29E-03 1.38E-03 1.20E-03 1.22E-03 1.52E-03 
Cd-113m 1.29E+00 2.91E+00 3.35E+00 3.10E+00 3.33E+00 2.35E+00 
Sn-121m 3.64E+00 <2.34E+00 <3.18E-02 <3.05E-01 <4.73E+00 <5.7E-02 4.95E-01 3.70E-01 
Sn-126 1.42E-02 4.49E-02 <1.42E-02 <3.24E-01 <3.60E-01 <1.48E-01 <6.4E-01 <7.03E-01 <1.28E-01 
Sb-125 <8.29E-02 <1.86E-01 <9.90E-02 1.20E-01 <2.4E-01 <3.64E-01 <2.82E-01 
Te-125m <8.29E-02 <1.86E-01 <9.90E-02 1.20E-01 <3.64E-01 <1.28E-01 
I-129 1.09E-03 7.57E-06 <4.35E-04 5.20E-04 <3.77E-04 2.56E-03 1.70E-03 1.06E-03 2.04E-03 
Cs-134 <7.9E-01 
Cs-135 7.54E-04 1.08E-03 1.34E-03 1.18E-03 1.61E-03 1.85E-03 2.80E-03 3.32E-03 4.55E-03 
Cs-137 1.59E+02 2.75E+02 3.15E+02 2.49E+02 3.23E+02 3.87E+02 5.90E+02 6.44E+02 8.52E+02 
Ba-133 <9.14E-02 <8.42E-02 <2.64E-02 <2.0E-01 <1.87E-01 <6.67E-02 
Ba-137m 3.03E+02 2.39E+02 3.10E+02 3.71E+02 5.60E+02 6.18E+02 8.06E+02 
Ce-144 <1.3E+00 
Pr-144 <1.3E+00 
Pm-147 1.30E+02 1.20E+03 <1.44E+01 <1.60E+02 <1.48E+02 <1.6E+02 <1.73E+02 <1.25E+02 
Sm-151 6.32E+01 1.77E+02 1.96E+02 1.13E+02 1.82E+02 2.62E+02 2.30E+02 2.47E+02 1.63E+02 
Eu-152 2.87E-01 
Eu-154 1.05E+01 8.01E+00 7.73E+00 1.15E+01 2.33E+01 2.23E+01 1.70E+01 1.39E+01 1.11E+01 
Eu-155 2.12E+00 1.22E+00 2.45E+00 2.80E+00 2.60E+00 3.34E+00 1.59E+00 
Pb-210 3.80E-06 2.69E-06 1.56E-06 
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Table 5-1.  Tank 40H Radionuclide Concentrations With WAPS-Reportable Radionuclides Highlighted in Gray From Sludge Batch 1B 
to Sludge Batch 8 (blanks indicate radionuclide concentration was not quantified) 

SB1b SB2 SB3 SB4 SB5 SB6 SB7a SB7b SB8 
Radionuclide µCi/g of total solids 
Ra-226 7.70E-06 5.30E-06 3.42E-06 
Ra-228 1.60E-03 
Ac-227 3.40E-07 3.55E-07 9.02E-04 
Th-228 1.60E-03 
Th-229 6.30E-04 2.11E-04 2.35E-04 
Th-230 3.80E-04 2.41E-04 7.30E-05 
Th-232 3.41E-04 3.76E-05 3.01E-05 5.07E-05 7.28E-05 2.44E-03 1.60E-03 1.19E-03 8.95E-04 
Pa-231 6.80E-07 6.86E-07 <4.34E-04 
U-233 4.35E-02 1.07E-02 1.56E-02 <1.91E-02 2.22E-02 8.98E-02 1.30E-01 4.22E-02 6.00E-02 
U-234 2.89E-03 3.57E-02 3.03E-02 3.40E-02 6.15E-02 8.37E-02 4.80E-02 4.06E-02 4.39E-02 
U-235 2.81E-04 6.57E-04 7.29E-04 6.41E-04 7.00E-04 6.01E-04 6.40E-04 6.12E-04 5.41E-04 
U-235m 1.30E+01 
U-236 7.38E-04 9.44E-04 8.46E-04 8.12E-04 1.34E-03 1.33E-03 1.10E-03 9.03E-04 1.01E-03 
U-238 6.46E-03 2.53E-02 2.26E-02 1.77E-02 1.67E-02 1.22E-02 1.50E-02 1.60E-02 1.25E-02 
Np-237 1.29E-02 1.33E-02 3.30E-02 2.60E-02 6.92E-02 3.61E-02 2.20E-02 2.46E-02 2.50E-02 
Pu-238 9.95E+01 3.85E+01 2.59E+01 1.22E+02 2.76E+02 3.83E+02 1.80E+02 1.42E+02 1.99E+02 
Pu-239 4.89E+00 7.68E+00 1.37E+01 1.03E+01 2.04E+01 1.82E+01 1.30E+01 1.08E+01 7.78E+00 
Pu-240 1.78E+00 2.38E+00 4.80E+00 4.51E+00 6.59E+00 6.51E+00 4.10E+00 3.59E+00 2.82E+00 
Pu-241 2.84E+01 2.80E+01 5.42E+01 1.08E+02 9.74E+01 <8.33E+01 5.60E+01 5.09E+01 4.32E+01 
Pu-242 3.73E-03 4.59E-03 5.46E-03 5.83E-03 6.82E-03 <1.53E-02 <2.3E-02 <8.98E-03 <7.31E-03 
Pu-244 <1.2E-10 
Am-241 6.65E+00 3.27E+01 1.85E+01 1.76E+01 3.25E+01 3.29E+01 3.70E+01 3.56E+01 2.74E+01 
Am-242m 1.10E-01 <8.93E-02 7.00E-02 <4.54E-01 2.26E-01 3.40E-02 3.25E-02 1.42E-01 
Am-243 5.65E-02 5.34E-01 1.55E+00 1.64E+00 9.64E-01 4.33E+00 5.70E-01 4.99E-01 1.88E+00 
Cm-242 <7.46E-03 5.78E-02 <3.75E-01 1.87E-01 2.80E-02 2.68E-02 1.18E-01 
Cm-243 1.41E-01 6.01E-01 <2.55E-01 <5.96E-01 <2.42E-01 <1.24E+00 <3.9E-01 <2.89E-01 <7.33E-02 
Cm-244 4.43E+00 4.42E+01 7.00E+01 9.07E+01 4.61E+01 1.49E+02 1.90E+01 1.81E+01 6.81E+01 
Cm-245 3.86E-03 1.09E-02 <3.49E-02 <4.29E-02 2.04E-02 2.80E-03 2.63E-03 1.08E-02 
Cm-246 4.05E-02 2.48E-02 1.62E-02 1.90E-02 1.29E-02 6.46E-02 7.30E-03 6.60E-03 3.10E-02 
Cm-247 2.30E-06 9.75E-07 <2.65E-02 <5.65E-03 <2.43E-07 <4.52E-07 <9.2E-08 <3.25E-08 <1.40E-07 
Cm-248 <2.77E-02 <5.91E-03 3.77E-05 <7.07E-03 <3.1E-04 <1.23E-06 <8.43E-06 
Bk-247 <1.36E-02 <2.71E-03 <5.05E-03 <1.0E-03 <3.62E-04 <1.55E-03 
Cf-249 5.20E-03 <2.83E-02 <7.39E-03 <8.96E-03 <2.30E-02 <4.0E-03 <2.35E-03 <1.69E-02 
Cf-250 <7.46E-03 5.78E-02 <1.36E-04 <8.40E-04 <9.6E-05 <3.59E-05 <6.52E-05 
Cf-251 1.19E-02 <2.24E-02 <1.88E-02 <2.31E-02 <5.49E-02 <9.2E-03 <5.10E-03 <4.79E-02 
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Table 5-1.  Tank 40H Radionuclide Concentrations With WAPS-Reportable Radionuclides Highlighted in Gray From Sludge Batch 1B 
to Sludge Batch 8 (blanks indicate radionuclide concentration was not quantified) 

SB1b SB2 SB3 SB4 SB5 SB6 SB7a SB7b SB8 
Radionuclide µCi/g of total solids 
Cf-252 <2.8E-02 <2.09E-02 <8.30E-02 
Number of 
Radionuclides 
Quantified 

32  39  46  50  51  51  66  58  59 

Number of 
Reportable 
Radionuclides 

27  27  31  30  27  31  26  27  30 
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Table 5-2.  Comparison of Minimum and Maximum Concentrations of Selected Radionuclides in DWPF Sludge Batches 

 Radionuclide 
Minimum 

µCi/g 
Maximum

µCi/g 
Maximum:Minimum 

Ratio 
Co-60 7.27E-01 5.47E+00 8 
Ni-59 4.78E-02 2.57E+00 54 
Ni-63 8.42E+00 1.60E+02 19 
Se-79 7.60E-03 6.23E-02 8 
Sr-90 4.24E+03 2.25E+04 5 
Zr-93 4.43E-02 7.02E-01 16 
Nb-93m 2.09E-01 6.15E-01 3 
Tc-99 9.67E-02 3.43E-01 4 
Pd-107 4.16E-04 1.52E-03 4 
Cd-113m 1.29E+00 3.35E+00 3 
I-129 7.57E-06 2.56E-03 338 
Cs-135 7.54E-04 4.55E-03 6 
Cs-137 1.59E+02 8.52E+02 5 
Sm-151 6.32E+01 2.62E+02 4 
Eu-154 7.73E+00 2.33E+01 3 
Eu-155 1.22E+00 3.34E+00 3 
Th-232 3.01E-05 2.44E-03 81 
U-233 1.07E-02 1.30E-01 12 
U-234 2.89E-03 8.37E-02 29 
U-235 2.81E-04 7.29E-04 3 
U-236 7.38E-04 1.34E-03 2 
U-238 6.46E-03 2.53E-02 4 
Np-237 1.29E-02 6.92E-02 5 
Pu-238 2.59E+01 3.83E+02 15 
Pu-239 4.89E+00 2.04E+01 4 
Pu-240 1.78E+00 6.59E+00 4 
Pu-241 2.80E+01 1.08E+02 4 
Pu-242 3.73E-03 6.82E-03 2 
Am-241 6.65E+00 3.70E+01 6 
Am-242m 3.25E-02 2.26E-01 7 
Am-243 5.65E-02 4.33E+00 77 
Cm-242 2.68E-02 1.87E-01 7 
Cm-244 4.43E+00 1.49E+02 34 
Cm-245 2.63E-03 2.04E-02 8 
Cm-246 6.60E-03 6.46E-02 10 

 
 

5.3 Tank Closure Samples 

 
Following tank cleaning, residual material from waste tanks is sampled and extensively characterized 
prior to closure; over 60 radionuclides are quantified for several samples per tank.10-14   To date, six tanks 
have been closed (Tanks 5F, 6F, 17F, 18F, 19F, and 20F) and an additional tank is in the process of being 
closed (Tank 16H).  Five of these tanks have gone through the extensive radionuclide characterization 
needed to demonstrate removal of highly radioactive radionuclides (HRRs) to the maximum extent 
practical, as required by Section 3116 of the Ronald W. Reagan National Defense Authorization Act for 
Fiscal Year 2005.  A cursory review of a select set of radionuclide characterization data from these 
samples is presented in Table 5-3 below.  Sr-90 and Pu-239 were selected for comparison because they 
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are dominant beta and alpha emitters, respectively, in the residual solid-phase waste.  Tc-99 and I-129 
were selected because they are long-lived mobile radionuclides that typically have potential impact on 
long term environmental risk.   
 
As can be seen, there is significant variability between the radionuclide concentrations in these samples.  
For Sr-90, the concentrations ranged over four orders of magnitudes; and for Tc-99, I-129, and Pu-239, 
the concentrations ranged over two orders of magnitude.  Thus, utilizing historical data may not be the 
best approach for reducing characterization requirements of closure radionuclides.   
 
However, a focus on long term risk (see PAs15,16) could be used to guide the selection of radionuclides for 
quantification.  For example, from the tank closure PAs, only 16 radionuclides were identified as being 
significant contributors to dose to the public and to an inadvertent intruder:  C-14, Sr-90/Y-90, Nb-94, Tc-
99, I-129, Sn-126, Cs-135, Cs-137/Ba-137m, Ra-226, Th-229, Pa-231, U-233, U-234, Np-237, Pu-238, 
and Am-241.  Of these nuclides, Tc-99, Ra-226, Pa-231, and Np-237 were the primary risk drivers 
associated with the closed tanks.  Thus, focusing on those nuclides driving the risk (and the applicable 
parent nuclides) could reduce the characterization needs.   
 

Table 5-3.  Tank Closure Sample Results 

Tank 
Sr-90 Tc-99 I-129 Pu-239 

µCi/g dried solids 

5F 
Composite 1 1.21E+04 8.78E-03 1.57E-04 8.17E+00 
Composite 2 1.26E+04 1.09E-02 <1.60E-03 7.72E+00 
Composite 3 1.15E+04 1.03E-02 2.28E-04 8.78E+00 

6F  
Composite 1 1.57E+04 1.17E-01 1.33E-04 2.94E+00 
Composite 2 1.58E+04 1.02E-01 1.57E-04 2.75E+00 
Composite 3 1.65E+04 1.03E-01 1.87E-04 3.05E+00 

16H 
(interior) 

1-P 2.80E+03 1.07E-01 2.26E-04 4.14E-02 
2-P <5.06E+00 9.88E-04 ≤7.07E-06 <6.03E-02 
3-P 3.15E+03 1.40E-01 2.95E-04 4.61E-02 

16H 
(annulus) 

Composite 1 1.36E+03 2.23E-01 7.76E-04 4.39E-01 
Composite 2 2.04E+03 2.53E-01 7.64E-04 5.59E-01 
Composite 3 1.31E+03 2.73E-01 1.08E-03 3.39E-01 

18F 
North 5.01E+01 3.77E-02 1.22E-05 7.08E+00 
South 4.49E+01 3.47E-02 1.14E-05 1.09E+01 

19F 
North 6.32E-01 3.71E-02 1.11E-05 3.92E-01 
South 7.69E-01 3.63E-02 <1.04E-05 3.70E-01 

 

5.4 Salt Waste Samples 

 
Salt waste at SRS is dispositioned to the SDF.  The SRS feed tank for the SDF is Tank 50H.  This tank 
receives material from several places: ARP/MCU (where actinide, strontium, and cesium content of the 
salt is reduced), low level waste from H Canyon, and material from the SRS Effluent Treatment Facility.  
Tank 50H is sampled and characterized quarterly.  Approximately fifty radionuclides are included as part 
of the characterization.  Characterization results are compared to Waste Acceptance Criteria (WAC) 
limits and targets.20  See Reference 21 for an example report showing analytical results and targets.  
Long-term environmental risk is projected in the Saltstone PA,17 which identifies Tc-99, I-129, and Ra-
226 as the primary dose drivers.     
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Tank 50H WAC analysis results from the third quarter of 2008 to the second quarter of 2014 have been 
compiled in a spreadsheet.  These results were compared to the current (January 2014) WAC 
limits/targets.  Results of this comparison are presented in Table 5-4 and Figure 5-1.   
 

Table 5-4.  Saltstone WAC Radionuclides Grouped by Percent of 2014 WAC Limits/Targets  
(Peak Concentrations from 3Q2008 to 2Q2014 Used for Grouping) 

Not Detected 
<0.01% of 

WAC 
0.01%-0.1% 

of WAC 
0.1%-1% of 

WAC 
1%-10% of 

WAC >10% of WAC 
U-233 
Ni-59 
Zr-93 
Nb-94 
Ru-106/Rh-106 
Cs-134 
Ce-144 
Ra-226 
Ra-228 
Ac-227 
Th-230 
Pa-231 
Pu-242 
Pu-244 
Cm-245 

Al-26 
Th-232 

Am-242m 
Cm-242 

Pm-147 
Eu-154 
U-236 
U-238 

Am-243 

H-3 
C-14 
Ni-63 
U-235 
Co-60 

Te-125m 
Eu-155 
Th-229 
U-232 

Np-237 
Am-241 

Sr-90/Y-90 
I-129 

Pu-241 
K-40 
Se-79 

Sn-126 
Sm-151 
U-234 
Pu-239 
Pu-240 
Cm-244 

Tc-99 
Cs-137/Ba-137m 

Sb-125 
Cs-135 
Pu-238 

 
 

 

Figure 5-1.  Radionuclides Exceeding 10% of the 2014 WAC Limits/Targets 
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The first column of Table 5-4 lists all the radionuclides that have not been detected in the quarterly 
samples.  The remaining columns show radionuclides that have been detected at least once.  The peak 
detected concentration was then used to group the radionuclides relative to the 2014 WAC targets/limits.  
For example, Eu-154 concentrations ranged from <0.01% to 0.02% of WAC limits/targets.  Because the 
maximum was 0.02%, Eu-154 was placed in the third column.  The radionuclides that approached 
limits/targets (i.e., >10%of WAC) are shown in Figure 5-1.   
 
In reviewing the table and figure: 
 
 The majority of the radionuclides are well below the WAC limits and targets (<1% of the limits and 

targets) and have been well below the limits/targets since the start of disposition.  Fifteen 
radionuclides have not been detected, and four have peak concentrations less than 0.01% of limits.  
Consideration to not analyze some or all of these radionuclides and/or to reduce the frequency of 
these analyses should be pursued.   

 To date, the most significant radionuclide in salt feed has been Cs-137/Ba-137m, with concentrations 
initially exceeding the WAC limit/target, but declining since the start of MCU processing, and 
maintaining a concentration less than the limit since the middle of 2011.  Cs-137/Ba-137m 
concentrations over the past year have risen slightly, but are still significantly less than the limit (by a 
factor of about four).  Because of the significance of Cs-137/Ba-137m and relative ease of 
measurement (by gamma spectroscopy), it is one of the few radionuclides that still warrants 
continuous frequent (quarterly) analysis.  

 The other “most significant” radionuclides include Tc-99, Sb-125, Cs-135, and Pu-238, with peak 
concentrations exceeding 10% of the limits/targets at least once since the start of the monitoring 
program.  Of these nuclides, Tc-99 is the one with the most dominant and consistent concentration 
over time, teetering at around 10% of the limit since the start of the program.  In contrast, the 
concentrations of Sb-125, Cs-135, and Pu-238 have been less than 10% of the limits for the majority 
of the monitoring events.  In fact, since 2012, most of their concentrations have been significantly 
lower than 10% of the limits (the majority less than 1% of the limits).  As such, there seems to be a 
basis for reducing the frequency of characterizing these three nuclides, except in cases where process 
knowledge and/or salt qualification results indicate otherwise.  Certainly, if MCU and ARP 
processing were stopped, the concentrations of Cs-135 and plutonium isotopes in the salt feed would 
be higher.  If this occurred and the cesium and/or plutonium isotope concentrations were expected to 
challenge the limits, the move to lower the frequency of monitoring these isotopes could be lifted.      

5.5 Conclusions 

 
Possibilities for reducing the various characterization campaigns are a function of waste type, due to 
differences in the characterization objectives.  Decisions on how to reduce characterization scope should 
be based on the following considerations: 
 For sludge – historic concentration trends, MDL impacts, conservatism of curie fraction (0.01% vs 

0.05%), and consistency of “reportable list” (consider defining a standard list) 
 For tank closure – high potential concentration variability, but relatively low number of risk drivers 
 For salt feed – most constituents are well below the WAC limits and are predictable based on historic 

trends, process knowledge, and qualification testing  
 
Based on the PAs, the primary risk-driving constituents associated with closed tanks are Tc-99, Ra-226, 
Pa-231, and Np-237, while the primary risk-driving constituents associated with Saltstone are Tc-99, I-
129, and Ra-226. 
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6.0 Alternative Laboratory Methods 

6.1 Approach 

This section addresses potential alternative laboratory characterization methods holding promise for being 
less resource intensive, less time consuming, capable of improving data quality, and/or reducing 
personnel dose.  Three primary categories of potential alternative characterization methods are addressed, 
those involving:  1) automation or semi-automation of radiochemical separation and waste removal 
processes; 2) development of improved radiochemical separation methods; and 3) improved measurement 
instrumentation and approaches.  These three categories of alternatives were identified based upon known 
program needs/limitations as determined through decades of laboratory experience characterizing tank 
waste including sludge batches dispositioned at the Defense Waste Processing Facility, salt batches 
dispositioned at the Saltstone Disposition Facility, and post-cleaning waste residue quantified in support 
of tank closure.  

Discussions of the most promising characterization alternatives and the rationales for their potential 
application are provided in this section, along with a summary of the estimated costs and time 
requirements associated with fabrication, testing, and implementation.  This information serves as a basis 
for developing a path forward for integrating the improved laboratory methods into SRNL’s existing tank 
waste characterization program.  

6.2 Automation/Semi-Automation of Radiochemical Separation and Waste Removal Processes 

Laboratory characterizations on highly radioactive tank waste sample matrices require numerous resource 
intensive radiochemical separations in both manpower and laboratory space.  Due to the high resource 
loading, these separations are highly serial in nature, requiring one to be completed before the second one 
can start.  In addition, tank closure samples are highly radioactive.  As these separations are very “hands 
on” in nature, their execution on sample matrices of this type carries significant risk of personnel 
exposure and personnel contamination.  Personnel exposure risks often result in radiochemical separation 
protocols being conducted in two stages. The first stage is conducted in remote handled analytical cells to 
reduce sample dose to a degree, and then a second separation is performed to generate an analytical 
quality purified fraction of the radioisotope in question. The majority of these analyses require 
radiochemical separations based on highly specific solid phase extractants. These separations pose risks to 
hands-on personnel due to associated dose and risk of contamination.  They also present risks to 
schedules since they are extremely time and labor intensive. The development of a flexible system to 
automate the initial steps of the radiochemical separations is proposed and is expected to maximize 
productivity, optimize the use of strained labor resources, minimize personnel risks from dose and 
contamination, and facilitate accelerated schedules.   

6.2.1 Current Limitations: 

The majority of the radiochemical analyses performed on highly radioactive samples at SRS are 
completed using a vacuum box and series of columns containing solid phase extractants.  The waste 
material that passes through the columns during the initial steps contains much of the dose associated 
with the sample.  The columns are attached to various external ports on the vacuum box, as shown in 
Figure 6-1. 
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Figure 6-1.  Vacuum Box Arrangement Typically Employed for Solid Phase Extractions 

The solid phase extractants are conditioned with a particular chemical agent. Treated radioactive sample 
aliquots are added to the solid phase extractant columns. Numerous hands on operations are then 
conducted involving various reagent additions, waste removal, and finally purified product removal. For 
highly radioactive samples, often the analyte of interest is quite low in concentration compared to the 
interfering analytes. As a result, the separations often require significant rinse volumes. Quite often the 
separations require significant volumes of different chemical rinses to remove various elements which 
have a radioactive isotope that interferes with the analyte of interest. These large volumes of rinse 
solutions require multiple entries into the vacuum boxes for waste removal. Each entry is time consuming, 
increases personnel exposure, and increases risk of personal contamination. 

An automated system would help increase efficiency and reduce risk. Automated systems for 
radiochemical sample preparation in radioanalytical laboratories have not enjoyed the same level of 
investment as radiochemical sample preparation methods conducted by the biomedical industry.  
Automatic radioisotopic separators, such as the one shown in Figure 6-2, are used in the biomedical 
industry for the repeated production of a specific radioisotope from a specific parent sample matrix.  In 
such cases, the protocol does not change.  The radiochemical separations required for samples of 
radiological tank waste do not fit this model since the chemical form and isotopic distribution will vary. 
This variation requires customization of the radiochemical analyses.  

 

 

 

 

 

 

 

Figure 6-2.  An Automated Radionuclide Separator Developed by Northstar Industries for 99mTc 
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Cross contamination is of particular concern when conducting radiochemical extractions for trace analytes 
in highly radioactive sample matrices, such as those associated with tank waste. As the automated 
radionuclide separators commercially available are designed for a specific separation for a specific 
analyte, the plumbing of the device becomes highly contaminated after a separation. This contamination 
is not a concern in typical biomedical applications since the input sample matrix and output radioisotopic 
product remain constant. However, the presence of internal contamination would lead to cross 
contamination if sample matrices and isotopes of interest vary between runs.  The changing nature of the 
radiochemical analyses often required for tank waste samples makes the use of a commercially available 
isotope separator like those found in the biomedical community impractical. The reuse of the device by 
customizing analysis protocols and running a separation for one radiochemical species, and then using the 
same device to run a separation for a different species is not feasible. As some isotopes of interest are low 
in activity relative to interfering isotopes, robust separation protocols are required to remove interferences. 
The materials used for the separations become highly contaminated with these interfering isotopes and 
must be disposed of between sample extraction runs.  The interfering isotopes can change from sample to 
sample, compromising a separation that was robust for one sample matrix but not for the next.  

6.2.2 Proposed Research Approach: 

The successful deployment of automated hands-off radiochemical separation systems would result in 
multiple benefits. Laboratory efficiency would be maximized because separations could be carried out 
during off-shift hours since much of the work could be automated and unattended.  For example, round-
the-clock separations could be conducted in laboratories staffed only with day personnel.  Personnel 
exposure and dose would be reduced since many of the initial steps in the separation process would be 
automated, effectively removing personnel from the high-dose areas.  The risk of personal contamination 
from sample manipulation within a radiological containment unit would also be greatly reduced.   

In addition to reducing dose and contamination risks, the automated process would improve measurement 
sensitivity because larger aliquots of high-dose samples could be utilized. Currently, many of the 
preliminary separation steps must be carried out in the shielded cells facility.  Only after these steps have 
successfully removed much of the dose from isotopes not being quantified can the remainder of the 
material be brought to the laboratories for completion of the analysis.  De-coupling analyses from the 
Shielded Cells Facility will also accelerate schedule.   

In order to develop this system, an automated system will be designed to perform automated reagent 
preparations, reagent additions and waste removal steps. The creation of this system will require the 
development of computer interfaced mechanisms for reagent mixing and delivery as well as waste 
neutralization and disposal.  The environment will be highly acidic due to the reagents, which would 
reduce the lifetime of moving parts.  Therefore, a peristaltic reagent pumping mechanism will be used to 
introduce reagents to the resin columns mounted on simple vacuum manifolds containing sample aliquots.  
An illustration of simple polyvinylchloride (PVC) vacuum manifolds is given in Figure 6-3. 
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Figure 6-3.  Simple PVC Vacuum Manifolds 

This automated system will introduce reagents to the resin columns as programmed, will transfer the 
waste to a holding vessel, will adjust the pH of the liquid waste, and will finally discharge the waste into 
the radioactive drain system.  The analyte of interest would remain on the resin columns, which would 
then be manually transferred to a vacuum box for the final step of the separation.  The vacuum box which 
will be utilized for the final elution of the analyte of interest is shown in Figure 6-1.   

The proposed system will consist of four computer-controlled pump systems: one to prepare and mix 
reagents, one to transfer prepared reagents to resin columns containing sample aliquots, one to transfer 
liquid waste to and from a mixing vessel, and one to add reagents to the liquid waste for pH adjustment. 
The first pump system will follow a programmed protocol to create the appropriate solutions used for the 
sample preparation and elution. The method will be programmed into the computer, which will control 
how the pump dispenses the solutions into the mixing vessel, allowing the in-situ dilution and mixing of 
solutions. The second pump, which transfers the prepared reagents to the resin columns containing sample 
aliquots, will have numerous disposable outlet lines, each attached to a disposable cap which will fit over 
the resin columns. Each cap will have the inlet tube, a vent port, and an attachable light sensor.  The light 
sensor will act as a safety mechanism to detect clogs which could potentially lead to spills; if the solid 
phase extractant resin system becomes clogged, the pump will be switched off to prevent a spill. A third 
pump will provide reagent addition to the waste receptacle for pH adjustment, and the forth pump will 
facilitate waste transfer to the radioactive drain system. 

The system is designed to provide hands-free analyte addition to resin columns and hands-free waste 
disposal.  Following the addition of all of the reagents to the resin columns, the columns will contain only 
the analyte of interest since the interfering analytes (and their associated dose) will have been eluted from 
the columns and discarded.  At this point in the analysis, the analyst would remove each resin column, 
transfer it into a vacuum box, and elute the analyte of interest.  

The automated system would have a user friendly graphical user interface, programmed in LabVIEW or 
an equivalent. Various protocols will be defined to enable use with a wide range of radiochemical 
separation methods. The interface will be flexible enough to allow simple editing of protocols when 
adjustments are needed due to a specific sample matrix, or unique customer requirements.  

6.2.3 Estimated Cost 

The total R&D cost necessary to develop and test the automated system is estimated to be $250K.   

6.3 Improvements in Separation Protocols 

The recent Tank 12 Closure radiological characterization campaign called for the characterization of 
thirty-five radioisotopes. No substantial R&D effort was ever put into development of the radiochemistry 
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protocols for SRS Closure Waste Tank Campaigns. Protocols were assembled quickly at the onset of the 
Tank 19 campaign, to meet aggressive characterization schedules. Incremental improvements to 
methodology have been carried out from Tank Campaign to Tank Campaign. These improvements were 
typically required as tank matrices and interfering radioisotopes changed from tank to tank.  However, 
more deliberate improvements in some of the separation protocols could result in time and cost savings in 
a number of areas. 

6.3.1 Lowering of Detection Limits for Targeted Radionuclides 

One area would be to improve the chemical yields of the various radiochemical separations while 
maintaining the high levels of decontamination of the interfering radioisotopes. Improved yields can 
improve detection limits, and improved detection limits can result in less sample required for the analyses. 
Lower sample requirements can reduce the number of operations depending on both shielded cells and 
radiohood operations, which would accelerate schedule and reduce cost. In addition, lower sample 
requirements could significantly reduce the scope of the tank waste sampling campaigns and would result 
in lower dose to personnel.  

Ra-226 is currently a candidate for which improving detection limits of the analysis could remove this 
isotope from the suite of isotopes being analyzed for in the Shielded Cells. Currently, aliquots of samples 
are digested by peroxide fusion in the Shielded Cells. The dissolutions are subjected to decontamination 
steps using chromatographic resins to remove Sr-90 and Y-90 as well as ammonium phosphomolybdate 
to remove Cs-137. Samples are removed from the Cells and the radium is extracted with cation exchange 
resin in the radiohoods. The radium extract is then analyzed using a high purity germanium well detector.  

There are two potential areas of improvement in the radium analysis methodology. Optimization of the 
ion exchange extraction process, as well as exploration into the capabilities of some different extractions 
could lead to improved chemical yields. Optimization of the analysis equipment could also lead to other 
benefits. As the emissions measured for the radium measurements are relatively low in energy, a smaller 
well detector than the one currently used could be potentially be used, with the benefit of greater potential 
Compton suppression. 

Efforts to reduce ambient radon, such as with a liquid nitrogen purge, or filling up the detector cavity with 
radon free material, could be investigated to further reduce the background and thus the minimum 
detection limits for the radium measurements.   Pa-231 is another isotope that would likely benefit from 
optimization of radiochemical separation protocol, with the end goal of improving detection limits such 
that the initial Shielded Cells separations processing would no longer be necessary.  In addition to 
addressing the Rad-226 and Pa-231 analyses, an in-depth review would be performed to identify other 
radiochemical methodologies that would benefit from improvement.  

6.3.2 Consolidation of Shielded Cells Operations 

An additional area of focus could be in combining the Shielded Cells decontamination steps for several 
protocols into a single protocol. This could reduce the number of Shielded Cells operations, both 
accelerating schedule and reducing cost.  Additionally, it could reduce the amount of sample mass 
required, which could reduce the amount of supplies needed for these characterization campaigns – note 
that some of the chromatographic resins needed are also quite expensive.  

There are two highly radioactive radionuclides (HRRs), Technetium-99 and Iodine-129, that undergo 
decontamination steps in the Shielded Cells prior to the hands on radiochemistry in the lab modules. The 
decontamination steps target removing the primary contributor to the whole body dose (Cs-137) and the 
primary contributors to the extremity dose (Sr-90 & Y-90). Currently, the decontamination steps for the I-
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129 method are based primarily on the fact that strontium and yttrium are relatively insoluble in caustic 
solutions. The tank material is digested in nitric acid, the solution is rendered caustic, and Sr-90 and Y-90 
precipitate out to a degree along with actinides and lanthanides. Additional decontamination is achieved 
with strikes of monosodium titanate (MST). Cs-137 levels are reduced with crystalline silicotitanate 
(CST). All of this decontamination is carried out in the presence of a potassium iodide tracer, to track 
recoveries of chemical iodine throughout the I-129 separation. As the oxidized state of technetium is also 
soluble in caustic, it is possible a similar decontamination would also be effective with Tc-99, and if the I-
129 and Tc-99 decontamination steps could be combined into one Shielded Cells operation instead of two, 
there would be considerable time savings.  Eliminating the use of chromatographic extraction resins for 
the decontamination of Tc-99 in the Shielded Cells, and instead utilizing solubility principles and 
relatively inexpensive titanates, would also offer a cost savings. 

As mentioned previously, some of the radiochemical methods require extraction chromatography steps to 
be conducted in the Shielded Cells, prior to the further work-up in the lab modules. Some isotope 
protocols could be initially combined so that various elements could be extracted from one peroxide 
fusion digestion instead of multiple ones. Currently fusions are conducted for several different groups of 
actinides, one for thorium, one for protactinium, and one for americium, curium and californium isotopes.  
Experiments will be conducted to assess if it is practical to combine the initial steps in the Shielded Cells 
and then subsequently run several of these methods off the single peroxide fusion prep. This would result 
in savings, both from the aspect of time and in the volume of sample needed to complete a tank waste 
sample characterization campaign. 

6.3.3 Separation of Yttrium from Trivalent Actinides 

A third area that could be investigated would that of adjusting the protocols to separate Y-90 from the 
trivalent actinides. Y-90 is the short-lived daughter of Sr-90 and is the dominant beta emitter in tank 
waste solid samples. As such, Y-90 contributes the lions share to the extremity dose from tank closure 
samples. Yttrium is a trivalent element, like many of the actinides and lanthanides. It is often separated 
and trails along with radiochemical separations for these elements.  Due to its high dose, following 
strontium separations in which it tags along, samples have to sit in the Shielded Cells for several weeks 
until the Y-90 decays away. Removing Y-90 from other analytes would eliminate the delay required for 
the Y-90 to decay, which would allow samples to exit the Shielded Cells quickly, accelerating the 
schedule for the tank waste radiological characterization campaigns. Aliquat 336 is an ammonium 
thiocyanate matrix that has been successfully used in the past to separate americium from the rare earth 
elements. Experiments will be conducted to determine if yttrium can also be removed. Experiments will 
also be conducted to establish that curium and californium will also co-extract with americium under 
these conditions. Additional extractants other than Aliquat 336 could also be explored as well. 

6.3.4 Estimated Cost 

The total R&D necessary to develop and test the proposed alternative separation protocols is estimated to 
be $250K.   

6.4 Benefits from Investments into More Sensitive Instrumentation 

The current Tank 12 Closure radiological characterization campaign calls for the characterization of 35 
radioisotopes. Eight of these radioisotopes have half-lives long enough that mass spectrometry becomes a 
more sensitive analysis compared to a radioactivity analysis. Currently, SRNL’s mass spectrometry 
analyses are conducted using an Agilent quadrupole inductively coupled plasma mass spectrometer (ICP-
MS) (see Figure 6-4).  
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Figure 6-4.  SRNL’s Agilent Quadrupole ICP-MS 

An ICP-MS combines a high-temperature ICP (Inductively Coupled Plasma) source with a mass 
spectrometer. The ICP source converts the atoms of the elements in the sample to ions. These ions are 
then separated and detected by the mass spectrometer. The mass spectrometer in the SRNL unit is based 
on a quadrupole mass filter. In a quadrupole mass filter, alternating AC and DC voltages are applied to 
opposite pairs of the rods. These voltages are then rapidly switched along with a radiofrequency (RF) 
field. The result is that an electrostatic filter is established that only allows ions of a single mass-to-charge 
ratio (m/e) pass through the rods to the faraday cup detector at a given instant in time. The voltages on the 
rods can be switched at a very rapid rate, so that the quadrupole mass filter can separate up to 2400 amu 
(atomic mass units) per second. The typical quadrupole mass spectrometers used in ICP-MS have 
resolutions between 0.7 - 1.0 amu.  

In recent years, the state of the art in ICP-MS has transitioned from quadrupole mass spectrometers to 
high resolution magnetic sector mass spectrometers coupled to the ICP (see Figure 6-5).  The resolutions 
of these systems are sufficient to separate overlapping molecular or isobaric interferences from the 
elemental isotope of interest. Besides high resolving power, another attractive feature of magnetic-sector 
instruments is their very high sensitivity combined with extremely low background levels. For this reason, 
minimum detection limits, especially for high-mass elements like uranium, are typically an order of 
magnitude lower than those provided by a quadrupole-based instrument. High resolution ICP-MS 
instruments are typically ordered with multiple magnetic sector detectors (multicollector high resolution 
ICP-MS or MC-ICP-MS), which both speeds up the time for scans and increases the precision of the 
measurements of isotopics in the scan. 

Improvements in the detection limit capabilities of the SRNL mass spectrometer would benefit the tank 
closure radiological characterization campaign in several ways.  Current protocols require initial 
treatment of sample aliquots in the Shielded Cells, followed by work up in the radiological hoods. 
Shielded Cells work puts considerable pressure on meeting schedules and budgets. To meet the currently 
required detection limits, considerable sample is used in the analysis. By using a more sensitive 
instrument, smaller aliquots could be used. Smaller aliquots translate into lower radiological doses, which 
would allow work to be conducted exclusively in the radiological hoods. Smaller sample aliquot needs 
would also significantly reduce waste tank sampling requirements for the tank closure operations.  This 
would reduce both cost and risk to the schedule that arises from repeated entries into the tanks to generate 
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sufficient sample material for the characterization campaign.  In summary, a more sensitive ICP-MS has 
the potential to shave both significant time and costs from the tank closure characterization campaigns. 

 

 

 

 

 

 

 

 

Figure 6-5.  Thermo ELEMENT XR™ High Resolution (magnetic sector) ICP-MS  

6.4.1 Estimated Cost 

 
The total procurement and installation cost of the high resolution ICP-MS unit is estimated to be $1M.  
Use of this unit offers the potential for significant cost savings, through use of smaller sample aliquots 
(due to the higher measurement sensitivity), which offer the potential for eliminating a number of the 
highly resource-intensive Shielded Cells preparation activities.  On average, each Shielded Cell prep 
increases the analysis cost on the order of $20K to $30K.  This is particularly important in the Tank 
Closure characterization campaigns, where several Shielded Cells preps are typically performed, due to 
the low targeted minimum detection limits, the high relative radioactivities, and the complex sample 
matrices.  The anticipated payback time for the high sensitivity ICP-MS unit is approximately five years, 
assuming two tank closure characterization campaigns are performed each year.   

6.5 Conclusion 

 
The potential exists for making current radiochemical laboratory methods more cost effective and rapid 
through various approaches, including:  a) automation of radiochemical separation and waste removal 
processes; b) optimization of radiochemical separation protocols; and c) utilization of state-of-the- art 
mass spectrometric measurement technologies.  Although such improvements will require R&D to be 
brought to fruition, the advantages of the new methods will ultimately benefit the full range of site tank 
waste characterization programs.     
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7.0 Overall Conclusions 

 
1)  At present, the greatest potential for reducing costs and schedule is in the tank closure characterization 
program.  The second greatest potential is in the salt waste characterization program.  The current focus 
should not be on sludge characterization, since it is a relatively small portion of the current 
characterization scope.  
 
2)  Potential approaches for increasing cost-effectiveness include: 

• Elimination of characterization requirements for “negligible risk” constituents 
• Improved lab methods that reduce Shielded Cells processing requirements and/or standard 

laboratory “hands on” processing times 
• Replacement of labor-intensive methods with simpler methods, as appropriate  
• Utilization of non-lab methods for characterizing “low risk” constituents 

– Waste receipt history, process knowledge, scaling factors, historic trends 
• Reduce characterization frequency for constituents with “low risk” or stable history 
• Raise targeted Minimum Detection Limits, as appropriate  

 
3)  Consideration of accuracy needs should feed characterization requirements 

• “High risk” constituents are candidates for high accuracy quantification (± 20%) 
• “Low risk” constituents may be candidates for order of magnitude estimates  
• “Negligible risk” constituents may be candidates for elimination  

 
4)  Potential approaches for streamlining of characterization are a function of waste type, due to 

differences in program objectives and principal radionuclide impact measures 
 Environmental risk (post-cleaning tank residue) 
 WAC compliance (salt feed) 
 Fraction of radioactivity (sludge batches) 

 
5)  Most promising options for streamlining tank closure characterization include: 

• Utilization of methods that minimize need for Shielded Cells processing 
• Development of alternative laboratory methods that increase productivity & reduce TATs 
• Utilization of theoretical relationships to estimate long-term quantities of decay products  
• Elimination or reduction of characterization of “negligible risk” constituents 

 
6)  Most promising options for streamlining salt characterization include: 

• Reduction of frequency for characterizing “low risk” constituents 
• Working with regulators to move from quarterly feed samples to bi-annually or annually, 

particularly for “low risk” constituents 
– Given current level of understanding, existing program seems excessive 

 
7)  Applicability to other DOE sites 

• Provides a baseline for PUREX and HM tank waste characterization 
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8.0 Path Forward 

 
1)  Develop technical bases and strategies for improving cost effectiveness of: 

• Tank closure characterization program 
• Salt characterization program 

 
2)  Pursue development and testing of improved laboratory characterization methods 

• Automation of radiochemical separation and waste removal processes 
• Optimization of radiochemical separation protocols 
• High sensitivity instrumentation 

 
3)  Continue pursuing opportunities for making waste characterization more cost effective 
 
4)  Proposed scope over the next year: 

 Develop technical basis and strategy for improving cost effectiveness and schedule of SRNL’s 
tank closure characterization program 

 Initiate design of hardware, plumbing, and software for automation of radiochemical separation 
and waste removal processes 

 Complete feasibility testing for at least two alternative radiochemical separation protocols (Ra-
226, Pa-231, Tc-99/I-129, and/or Y/trivalent actinide separations) 
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:  Tank 50 Campaigns Appendix A

 
METHOD Radiochemical Method DURATION ‐3Q13 DURATION ‐ 4Q13 DURATION ‐ 1Q14 DURATION ‐ 2Q14 DURATION ‐ 3Q14 Average of Five Batches

AAAS N 25 25 19 56 18 29

AAK N 26 26 33 34 18 27

AANA N 26 26 32 34 18 27

AASE N 25 20 19 34 18 23

CV HG N 22 14 13 20 18 17

DBP BY IC ANIONS N 18 16 63 55 56 42

HPLC N 33 8 42 63 42 38

IC ANIONS N 7 3 33 59 21 25

IC CATIONS N 12 8 33 32 2 17

RAD ICPES LEEMAN N 14 13 13 26 28 19

RAD ICPMS N 22 32 32 37 36 32

RAD SPECIAL PREP N 19 12 14 15 3 13

SVOA N 22 40 55 43 32 38

T BASE/OH/OTHER BASE EXC CO3 N 18 29 29 7 15 20

TIC/TOC N 11 15 19 8 15 14

VOA N 42 42 59 55 32 46

AM/CM Y 66 76 67 51 52 62

C‐14 Y 14 32 33 15 46 28

GAMMA SCAN Y 11 2 19 9 7 10

GAMMA SCAN CS REMOVED Y 28 34 28 28 25 29

I‐129 WITH SEPARATION Y 11 22 19 27 66 29

LIQUID SCINT COUNTING Y 11 20 19 23 21 19

LIQUID SCINT COUNTING (Cs‐remove Y 19 33 NA 20 22 24

NB‐94 Y NA 76 42 51 63 58

NI59/63 Y 25 76 34 30 35 40

PA‐231 Y 68 NA 67 52 63 63

PM‐147/SM‐151 Y 27 32 34 30 43 33

PU238/PU241 Y 35 47 27 30 23 32

RA‐226 Y 68 76 69 62 63 68

SE‐79 Y 25 18 60 15 43 32

SR‐90 Y 32 21 28 28 23 26

TC‐99 Y 33 26 32 15 27 27

TH‐229/230 Y 69 49 43 33 44 48

TRITIUM Y 14 14 19 20 8 15

U‐232 Y 25 22 40 58 52 39

For Non‐radiochemical Methods: Grand Metrics for Average (below):

Minimum = 7 3 13 7 2 13

Maximum = 42 42 63 63 56 46

Average for all methods  = 21 21 32 36 23 27

For Radiochemical Methods:

Minimum = 11 2 19 9 7 10

Maximum = 69 76 69 62 66 68

Average for all methods  = 32 38 38 31 38 36

Best‐case

Worst‐case
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:  Salt Batch Campaigns Appendix B

 
METHOD Radiochemical Method DURATION ‐ Salt Batch 5 DURATION ‐ Salt Batch 6 DURATION ‐ Salt Batch 7 Average for 3 Batches

AAAS N 7 19 19 15

AASE N 7 13 19 13

CV HG N 8 13 19 13

HPLC N 35 20 45 33

IC ANIONS N NA 6 8 7

IC CATIONS N 34 6 26 22

RAD ICPES LEEMAN N NA 7 9 8

RAD ICPMS N 7 21 30 19

SVOA N 2 NA 45 24

T BASE/OH/OTHER BASE EXC CO3 N NA 8 14 11

TIC/TOC N NA 8 11 10

VOA N 24 NA NA 24

AM/CM Y 55 46 45 49

C‐14 Y 41 20 31 31

GAMMA SCAN  Y NA 19 7 13

GAMMA SCAN CS REMOVED Y 49 NA 27 38

I‐129 WITH SEPARATION Y 29 26 21 25

LIQUID SCINT COUNTING Y 37 22 21 27

NB‐94 Y NA 46 69 58

NI59/63 Y 41 21 35 32

NP‐237 W MS Y 52 NA NA 52

PM‐147/SM‐151 Y 41 42 21 35

PU238/PU241 Y 30 22 27 26

SR‐90 Y 50 48 31 43

TC‐99 Y 29 42 15 29

TRITIUM Y 27 14 27 23

U‐232 Y 36 43 20 33

For Non‐radiochemical Methods: Grand Metrics for Average (below):

Minimum = 2 6 8 7

Maximum = 35 21 45 33

Average for all methods  = 16 12 22 17

For Radiochemical Methods:

Minimum = 27 14 7 13

Maximum = 55 48 69 58

Average for all methods  = 40 32 28 34

Best‐case

Worst‐case  
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:  Sludge Batch Campaigns Appendix C

 
METHOD Radiochemical Method DURATION ‐ Sludge Batch 7ADURATION ‐ Sludge Batch 7B DURATION ‐ Sludge Batch 8 Average of Three Batches

AAAS N NA 36 28 32

AASE N NA 36 28 32

CV HG N 17 23 2 14

HLC‐ALKALI FUSION‐PREP CHARGE N 2 9 16 9

HLC‐AQUAREGIA‐PREP CHARGE N 2 15 5 7

IC ANIONS N NA NA 5 5

RAD ICPES LEEMAN N 14 22 10 15

RAD ICPES LOW S LEEMAN N 14 16 8 13

RAD ICPMS N 1 21 7 10

RAD ICPMS FOR IODIDE N NA 27 NA 27

AM/CM Y 58 78 147 94

CL‐36 Y 114 91 168 124

CS‐135 Y 70 92 NA 81

GAMMA SCAN Y 7 3 28 13

GAMMA SCAN CS REMOVED* Y 14 7 28 16

I‐129 WITH SEPARATION Y 37 36 38 37

LIQUID SCINT COUNTING Y 8 9 28 15

NI59/63 Y 32 10 28 23

PA‐231 Y NA NA 192 192

PM‐147/SM‐151 Y 37 23 28 29

PU238/PU241 Y 14 15 28 19

RA‐226 Y NA NA 170 170

SE‐79 Y 38 76 128 81

SR‐90 Y 37 29 29 32

TH‐229/230 Y NA NA 189 189

TRITIUM Y 3 8 26 12

U‐233, 234, 235, 236 Y NA NA 189 189

For Non‐radiochemical Methods: Grand Metrics for Average (below):

Minimum = 1 9 2 5

Maximum = 17 36 28 32

Average for all methods  = 8 23 12 16

14

For Radiochemical Methods:

Minimum = 3 3 26 12

Maximum = 114 92 192 192

Average for all methods  = 36 37 90 77

54

Best‐case

Worst‐case
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:  Tank Closure Campaigns Appendix D

   
METHOD Radiochemical Method DURATION ‐ Tank 5 DURATION ‐ Tank 6 DURATION ‐ Tank 16 Primary DURATION ‐ Tank 16 Annulus Average for Four Tanks

AAAS N 7 16 48 56 32

AASE N 6 14 48 56 31

CV HG N 7 14 48 56 31

HLC‐ALKALI FUSION N 16 3 5 12 9

HLC‐AQUAREGIA* N 18 1 6 4 7

IC ANIONS N 22 35 12 27 24

RAD ICPES LEEMAN N 43 51 23 28 36

RAD ICPMS* N 34 58 88 118 75

AM/CM Y 200 112 228 159 175

C‐14 Y 184 133 231 125 168

CL‐36 Y 199 NA 213 167 193

CS‐135 Y 189 73 225 144 158

GAMMA SCAN* Y 65 16 90 52 56

GAMMA SCAN CS REMOVED Y 79 35 201 118 108

I‐129 WITH SEPARATION Y 79 51 38 111 70

K‐40 Y NA NA 228 165 197

LIQUID SCINT COUNTING Y 15 71 NA NA 43

NB‐94 Y 203 150 225 158 184

NI59/63 Y 97 51 199 67 104

NP‐237 W MS Y 204 112 NA NA 158

PA‐231 Y 199 127 217 173 179

PM‐147/SM‐151 Y 73 34 NA NA 54

PT‐193 Y 200 NA NA NA 200

PU238/PU241 Y 38 34 90 111 68

PU‐242,244 Y 67 44 266 173 138

RA‐226 Y 204 153 239 158 189

SE‐79 Y 154 99 170 NA 141

SR‐90 Y 63 34 83 117 74

TC‐99 Y 190 45 44 90 92

TH‐229/230 Y 164 129 212 144 162

TRITIUM Y 126 37 NA NA 82

U‐232 Y 119 128 NA NA 124

U‐233, 234, 235, 236 Y 67 62 88 119 84

ZR‐93 Y 189 115 NA 167 157

For Non‐radiochemical Methods: Grand Metrics for Average (below):

Minimum = 6 1 5 4 7.25

Maximum = 43 58 88 118 75

Average for all methods  = 19 24 35 45 31

For Radiochemical Methods:

Minimum = 15 16 38 52 43

Maximum = 204 153 266 173 200

Average for all methods  = 135 80 173 133 129

Best‐case

Worst‐case
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:  Comparison of Costs For Non-radiochemical and Radiochemical Methods Associated with Varied Sample CampaignsAppendix E  
   

   

Campaign Batch # of Samples LIMS Cost Estimate LIMS Actuals Direct Charges Total Cost Per‐Sample Cost Total # Methods

Tank 50 3Q 2013 3 71000 68,022.65 11,110.37 79,133.02 26,377.67 35

Supernate 4Q 2013 3 71000 51,507.31 9,523.87 61,031.18 20,343.73 35

1Q 2014 3 71000 90,362.44 20,745.91 111,108.35 37,036.12 35

2Q 2014 3 71000 85,325.09 22,364.03 107,689.12 35,896.37 35

3Q 2014 3 71000 27,404.10 16,987.61 44,391.71 14,797.24 35

Averages for Tank 50 71000 64,524.32 16,146.36 80,670.68 26,890.23

Salt Batch SB 5 2 47000 47,737.17 28,923.89 76,661.06 38,330.53 28

Supernate SB 6 2 47000 36,729.10 13,537.46 50,266.56 25,133.28 28

SB 7 2 47000 38,165.88 11,633.12 49,799.00 24,899.50 28

Averages for Salt Batches 47000 40,877.38 18,031.49 58,908.87 29,454.44

Sludge Batch SB 7A 5 113600 85,480.54 16,968.02 102,448.56 20,489.71 27

Solids SB 7B 5 113600 95,333.77 69,329.90 164,663.67 32,932.73 27

SB 8 5 113600 116,824.47 18,108.79 134,933.26 26,986.65 27

Averages for Sludge Batches 113600 99,212.93 34,802.24 134,015.16 26,803.03

Tank Closure Tanks 5 &6 24 783000 800,448.05 1,121,358.51 1,921,806.56 80,075.27 34

Solids Tanks 16 P&A 24 783000 817,517.05 392,200.97 1,209,718.02 50,404.92 34

Averages for Tank Closure Batches 783000 808,982.55 756,779.74 1,565,762.29 65,240.10    
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:  Example of LIMS Estimating Worksheet Appendix F
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:  Comparison of Radiological Method Labor Costs for Tank Closure Campaigns - SRNL Shielded Cells and AD Appendix G
 
METHOD Shielded Cell Hours Shielded Cell Costs LIMS hours/ReplTotal LIMS Hours LIMS Cost Tech Hours Tech Cost Exempt Hours Exempt Costs Total Costs Relative Cost, %

AM/CM w/ MS 180 27200 8 96 18816 3 420 65 16800 63236 100

C‐14 13 2320 4 48 9408 8 1120 45 12000 24848 39

CL‐36 90 13200 8 96 18816 6 840 65 16800 49656 79

CS‐135 w/ MS 12 2280 8 96 18816 8 1120 50 13200 35416 56

GAMMA SCAN CS REMOVED 12 2280 3.5 42 8232 8 1120 50 13200 24832 39

GAMMA SCAN* 12 2280 1.5 18 3528 4 560 50 13200 19568 31

I‐129 WITH SEPARATION 84 13760 5 60 11760 6 840 65 16800 43160 68

K‐40 24 3960 4 48 9408 4 560 50 13200 27128 43

LIQUID SCINT COUNTING 12 2280 2 24 4704 4 560 40 10800 18344 29

NB‐94 12 2280 4 48 9408 7 980 45 12000 24668 39

NI59/63 w/ES 10 1400 9.5 114 22344 8 1120 55 14400 39264 62

NP‐237 w/ MS 12 1980 6.5 78 15288 6 840 50 13200 31308 50

PA‐231 180 27200 7 84 16464 5 700 45 12000 56364 89

PM‐147/SM‐151 12 2280 6.5 78 15288 4 560 55 14400 32528 51

PT‐193 w/ES 12 2280 8 96 18816 6 840 45 12000 33936 54

PU238/PU241 12 2280 5 60 11760 9 1260 55 14400 29700 47

PU‐242,244 w/ MS 12 2280 7 84 16464 4 560 45 12000 31304 50

RA‐226 148 22720 4.5 54 10584 12 1680 45 12000 46984 74

SE‐79 12 2280 5 60 11760 5 700 55 14400 29140 46

SR‐90 12 2280 4 48 9408 5 700 55 14400 26788 42

TC‐99 100 16000 3.5 42 8232 6 840 65 16800 41872 66

TH‐229/230 180 27200 4.5 54 10584 9 1260 50 13200 52244 83

TRITIUM 12 2280 2.5 30 5880 4 560 45 12000 20720 33

U‐232 12 2280 4.5 54 10584 6 840 50 13200 26904 43

U‐233, 234, 235, 236 w/MS 12 2280 7 84 16464 6 840 40 10800 30384 48

ZR‐93 w/MS 12 2280 7.5 90 17640 6 840 45 12000 32760 52

Totals ====> 191140 330456 22260 349200 893056

NOTE:  Table does not include any costs for materials.

Number of replicates (Repl) 12
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:  Supporting Material Extracted from F-Area Tank Farm PA Appendix H

5.5.1 Member of the Public at 100m Groundwater Pathway Dose Results 

An overview of the modeling results indicate: 
• Dose peaks prior to year 3,600 are associated with ancillary equipment releases, in particular the 
transfer lines, which are distributed throughout the FTF and therefore affect all sectors. 
• Dose peaks near year 700 are associated with Tc-99 and Np-237 from the ancillary equipment.  
• Dose peaks near year 1,800 are associated with Ra-226 from the ancillary equipment and also the tail 
end of the Np-237 release from the ancillary equipment.  
• The dose peak near 3,750 is associated with I-129 from the Type IV tanks. 
• Dose peaks between years 3,750 and 12,700 are tied primarily to releases from the Type IV tanks. The 
peaks after year 12,700 are tied to the tail end of releases from the Type IV tanks and the start of releases 
from the Type I and III/IIIA tanks. The Type IV tank liners are considered to fail at approximately year 
3,750 while the Type I and III/IIIA tanks don’t fail until approximately year 12,700. 
• Dose peaks near year 4,300 have a contribution from C-14 in the Type IV tanks. 
• Sector D and E doses between approximately year 4,000 and 20,000 have a significant Ra-226 
contribution. The Ra-226 contribution is tied to the release and travel of U-234. The largest Type IV tank 
U-234 inventory is in Tank 18 (0.38 Ci). The Ra-226 inventories in the Type IV tanks are insignificant. 
• Sector D and E dose peaks near year 6,000 are associated with Np-237 from the Type IV tanks.  The 
largest Type IV tank Np-237 inventories are in Tank 18 (0.24 Ci). Tank 18 also has 82 Ci of Am-241, 
which is a parent of Np-237. 
• The dose at approximately year 6,000 has a significant contribution from Cs-135 in the Type IV tanks. 
• Sector D and E dose peaks at year 10,000 are associated with Ra-226 and Np-237, but also with 
relatively slow moving radionuclides just reaching the 100m boundary. The radionuclides that were 
released from the Type IV tanks that are starting to be seen at year 10,000 include U-233, U-234, and Th-
229. 

5.5.1.2 Individual Radionuclide Contributions to the MOP 100m Peak Annual 
Groundwater Pathway Dose 

The peak groundwater pathway dose to the MOP at 100m during the 10,000 years evaluation period of 
2.3 mrem/yr is primarily associated with Ra-226 (40%) and Np-237 (23%).  The top contributors (>5% 
contribution) to the MOP at 100m peak groundwater pathway dose are Cs-135, Ra-226, U-233, U-234, 
and Np-237. 

Table 5.5-4: Member of the Public at 100m Peak Dose Individual Groundwater Pathway 
Contributions for Sector E at 10,000 years. 
 

 
Pathway 

Associated 
Contribution at year 

10,000 (mrem/yr) 

Percentage of 
Total Peak 

Dose 

 
Principal Radionuclide 

Pathway Dose 

Water Ingestion 1.48 64% Ra-226 (42%) 
Vegetable Ingestion 0.66 29% Ra-226 (42%) 
Finfish Ingestion 0.14 6% Cs-135 (86%) 
Milk Ingestion 0.01 1% Ra-226 (79%) 
Beef Ingestion 0.01 <1% Ra-226 (44%) 
TOTAL 2.30 100%  
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Radionuclides with a contribution of less than 0.1 mrem/yr were included in the sensitivity analysis 
because they had a significant (i.e., > 0.1 mrem/yr) impact on progeny; Am-241 (for Np-237), Am-243 
(for Pu-239), Cm-244 (for Pu-240), Pu-238 (for Ra-226), Th-230 (for Ra-226), and U-235 (for Pa-231). 
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:  Supporting Material Extracted from H-Area Tank Farm PA Appendix I

 
5.5.1 MOP at 100-Meter Groundwater Pathway Dose Results 

An overview of the modeling results indicate: 
Early dose peaks (prior to year 2,500) are associated with the inventory from ancillary equipment 
(including transfer lines), from sand pads under Type II tanks, and tanks assumed to have failed steel 
liners at the time of closure (Tanks 12, 14, 15 and 16). 
Later dose peaks result from the loss of containment due to failure of the steel liner (Type IV tanks at 
year 3,638; Type I tanks at year 11,397; Type II tanks at year 12,687; and Type III and IIIA tanks at year 
12,751). 
Peak doses to the MOP within 10,000 years at the 100-meter boundary are primarily from Tc-99, Pa-
231, and Ra-226 from the groundwater pathways in Sectors A, B, and C. 
 

Table 5.5-2: MOP at 100-Meter Peak Groundwater Pathway Dose Individual Radionuclide 
Contributions at Peak Years – Sectors C (1,000 years) and A (10,000 years). 

Radionuclide 

Contribution to 
Sector C 

Peak dose at year 
700 (mrem/yr) 

Percentage 
of Total 

Peak Dose 

Contribution to 
Sector A 

Peak dose at year 
8,790 (mrem/yr) 

Percentage 
of Total 

Peak Dose 

I-129 < 0.01 < 0.5 % < 0.01 < 0.5 % 
Nb-93m 0.01 1.70% < 0.01 < 0.5% 
Nb-94 < 0.01 < 0.5 % 0.02 0.60% 
Np-237 0.03 10% 0.04 0.90% 
Pa-231 < 0.01 < 0.5 % 0.05 1.20% 
Pu-239 < 0.01 < 0.5 % < 0.01 < 0.5 % 
Ra-226 < 0.01 < 0.5 % 0.06 1.50% 
Tc-99 0.27 88% 3.8 96% 
Others < 0.01 < 0.5 % < 0.01 < 0.5 % 
 
  



 

108 
 

Table 5.5-3: MOP at 100-Meter Peak Groundwater Pathway Dose Individual Source Contributions 
at Peak Years - Sectors A and C Peak. 

Waste Sourcea
 

 

Contribution to 
Sector C Peak 

Dose at year 700 
(mrem/yr) 

Percentage 
of Total 

Peak Dose 

Contribution to 
Sector A Peak Dose 

at year 8,790 
(mrem/yr) 

Percentage 
of Total 

Peak Dose 

Tanks 9, 10, and 11 < 0.01 < 0.5 % 3.8 95 % 
Tank 12 < 0.01 < 0.5 % 0.08 2.0 % 
Tank 13 < 0.01 < 0.5 % < 0.01 < 0.5 % 
Tanks 14 and 15 0.05 10 % 0.01 < 0.5 % 
Tank 16 0.13 28 % < 0.01 < 0.5 % 
Tank 22 < 0.01 < 0.5 % 0.01 < 0.5 % 
Tanks 21, 23, and 24 < 0.01 < 0.5 % 0.07 1.9 % 
Transfer Line, Group 2 
(Type I and Type II) 

0.09 18% < 0.01 < 0.5 % 

Transfer Line, Group 3 
(West Hill) 

< 0.01 < 0.5 % < 0.01 < 0.5 % 

All Other Sources 0.19 40 % < 0.01 < 0.5 % 
TOTAL 0.47 100 % 4.0 100 % 
a The Type III and IIIA tanks (Tanks 29, 30, 31, 32, 35, 36, 37, 38, 39, 40, 41, 42, 43, 48, 49, 50, and 51) do not fail 
prior to 10,000 years and are excluded from this table because their contribution to peak doses is 0 %. 
 

Table 5.5-6: MOP at 100-Meter Peak Water Ingestion Doses by Sector. 

Sector 

Peak Water 
Ingestion Dose in 

1,000 years 
(mrem/yr) 

Principal 
Radionuclide 

Peak Water 
Ingestion Dose in 

10,000 years 
(mrem/yr) 

Principal 
Radionuclide 

A 0.17 (year 860) Tc-99 (95 %) 2.3 (year 8,790) Tc-99 (93 %) 

B 0.14 (year 720) Tc-99 (99 %) 1.2 (year 9,330) 
Ra-226 (32 %) 
Pa-231 (29 %) 
Tc-99 (19 %) 

C 0.19 (year 700) Tc-99 (83 %) 1.9 (year 10,000) 
Ra-226 (58 %) 
Pa-231 (20 %) 

D 0.023 (year 880) Tc-99 (96 %) 0.091 (year 10,000) Ra-226 (81 %) 
E 0.081 (year 870) Tc-99 (97 %) 0.081 (year 870) Tc-99 (97 %) 
F 0.087 (year 870) Tc-99 (91 %) 0.081 (year 870) Tc-99 (91 %) 

 
In order to fully evaluate the contribution of the sensitivity run radionuclides, some radionuclides with a 
contribution of less than 0.25 mrem/yr at the 100-meter boundary were included because they had a 
significant (i.e., > 0.25 mrem/yr) impact on progeny; Am-241 (for Np-237), Pu-238 (for Ra-226), Pu-239 
(for Pa-231), Th-230 (for Pb-210 and Ra-226), U-234 (for Pb-210 and Ra-226), and U-235 (for Pa-231). 
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:  Supporting Material Extracted from Saltstone Disposal Facility PA Appendix J

 
5.2.2 Key Radionuclide Determination 
 
The key radionuclides were determined based on the peak all-pathways doses calculated using the 100m 
groundwater concentrations listed in Section 5.2.1. The peak doses for each individual radionuclide are 
not necessarily in the same year. Any radionuclide with a peak individual all-pathways dose (assuming 
Base Case pathways and assumptions) greater than 0.05 mrem/yr was considered a key radionuclide. The 
key radionuclide determination was conducted based on the peak all-pathways doses within 20,000 years. 
The screening conclusions are provided in Table 5.2-21. The resulting key radionuclides are Tc-99, I-129, 
Ra-226, Np-237 and Pa-231. The 0.05 mrem/yr screening threshold was considered sufficiently low 
enough that no radionuclides that were screened out would contribute appreciably to the peak dose results. 
The screening evaluation indicated that there were also no radionuclides screened with a peak dose 
greater than 0.02 mrem/yr but less than 0.05 mrem/yr. In order to evaluate the contribution of the key 
radionuclides, not only was transport of the key radionuclides modeled, but also transport of the parents 
of the key radionuclides; U-235 (for Pa-231), Th-230 (for Ra-226), U-234 (for Ra-226), and Pu-238 (for 
Ra-226) that contributed significantly to the peak dose. 
 

Table 5.2-21: Determination of Key Radionuclides 

Peak all-Pathways Dose Contribution in 20,000 Years 
(mrem/yr)

Sector Tc-99 I-129 Ra-226 Np-237 Pa-231 

A 0.8 1.3 1.9 0.1 < 0.1 

B 0.9 1.4 2.2 0.1 0.1 

C 0.3 1.3 1.2 0.1 < 0.1 

D 0.2 1.1 0.8 < 0.05 < 0.05 

E 0.6 1.3 1.6 < 0.05 < 0.05 

F 0.1 1 0.6 < 0.05 < 0.05 

G 0.2 2.4 0.8 < 0.05 < 0.05 

H 0.2 2.4 0.8 < 0.05 < 0.05 

I 0.3 2.7 0.8 < 0.05 < 0.05 

J 0.2 2.3 0.8 < 0.05 < 0.05 

K 0.2 2.4 0.8 < 0.05 < 0.05 

L 0.2 1.9 0.7 < 0.05 < 0.05 
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