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ABSTRACT 

The “Radon Barriers Project” is a research program to study the effects of changes in the 
properties of in-service engineered earthen covers over uranium mill tailings as these covers age.  
Field studies were conducted at four mill tailing disposal sites:  Falls City in Texas, Bluewater in 
New Mexico, Shirley Basin South in Wyoming, and Lakeview in Oregon.  Small areas on these 
sites were excavated, radon fluxes were measured, numerous observations were made, and 
samples were taken for a variety of parameters, such as saturated hydraulic conductivity, root 
counts, moisture, density, lead-210 concentrations, soil texture, structure, chemistry, and 
nematode counts.  

On July 25–26, 2018, a one-and-a-half-day workshop took place at NRC Headquarters to discuss 
findings from the project with regard to the current state of the barriers and comparison to their 
as-built condition and natural analog sites, prediction of long-term evolution, monitoring 
approaches, and long-term implications.  Presentations included detailed background and project 
findings on the following:  

• NRC and DOE/LM activities that led to the Radon Barriers Project 

• radon fluxes and their variability, radon diffusion coefficients, and radon travel times 
through the covers  

• hydraulic conductivity of the barriers at various depths and comparisons to hydraulic 
conductivity at nearby natural analog sites 

• ecological evolution of covers and the impact of vegetation on cover properties, especially 
on water percolation, radon flux, and evapotranspiration 

• soil architecture observations, including soil structure, biology, and chemistry 

• potential use of lead-210 as a long-term indicator of radon transport within barriers 

A facilitated discussion followed each presentation to discuss long-term evolution of the sites as 
suggested by the project findings, use of the findings for maintenance and prediction, future 
information needs, and policy implications.  
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1    INTRODUCTION 
 

The Radon Barriers Project (formally called Effectiveness of Surface Covers for Controlling Fluxes 
of Water and Radon at Disposal Facilities for Uranium Mill Tailings) is a research program created 
to study the effects of changes in the properties of in-service engineered earthen covers over 
uranium mill tailings as these covers age.  On July 25–26, 2018, a one-and-a-half-day workshop 
on the Radon Barriers Project took place at U.S. Nuclear Regulatory Commission (NRC) 
Headquarters to present and discuss findings from the project with regard to the current state of 
the barriers and comparison to their as-built condition, prediction of long-term evolution, 
monitoring approaches, and long-term implications.  Participants included the project principal 
investigators and key team members; NRC staff from the Office of Nuclear Regulatory Research, 
the Office of Nuclear Material Safety and Safeguards, and the NRC’s Region IV; and staff from 
the U.S. Department of Energy (DOE) Office of Environmental Management (EM).  Appendix A to 
this report lists the attendees. 

The purpose of this study is to evaluate the effects of soil structure formation by abiotic and biotic 
processes on the hydraulic conductivity and gaseous diffusivity of radon barriers, how structural 
development varies with depth and thickness of the radon barrier, and how structure influences 
transmission of radon and seepage of water through radon barriers.  This research is a 
collaboration between the DOE Office of Legacy Management (LM) and the NRC, with 
investigators at the University of Wisconsin, University of Virginia, University of California at 
Berkeley, and Navarro Research and Engineering Inc. (the DOE contractor). Additional support 
was provided by DOE/EM through the Consortium for Risk Evaluation with Stakeholder 
Participation (CRESP). 

The research team visited four uranium mill tailing sites:  Falls City in Texas, Bluewater in New 
Mexico, Shirley Basin South in Wyoming, and Lakeview in Oregon.  Small areas on these sites 
were excavated, radon fluxes were measured, numerous observations were made, and samples 
were taken for a variety of parameters, such as saturated hydraulic conductivity, root counts, 
moisture, density, lead (Pb)-210 concentrations, soil texture, chemistry, and nematode counts.  

These conference proceedings provide an extended abstract and the slides from each 
presentation, as well as key points from the discussions, which are summarized.  In addition to 
results from this project, presentations often gave background information and discussed other 
related work at a number of sites to better define the context of the Radon Barriers Project.  

1.1  Background 

1.1.1  Regulations  

The NRC regulates uranium mill tailings under the Uranium Mill Tailings Radiation Control Act of 
1978 (UMTRCA).  Two types of sites are defined:  (1) Title I sites are those that were inactive or 
no longer in use when UMTRCA was passed, and (2) Title II sites are those that were in use or 
issued a license after UMTRCA was passed.  Currently, there are 21 Title I sites and 27 Title II 
sites, although more will be added over time.    
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Requirements for Title I sites in Title 40 of the Code of Federal Regulations (40 CFR) 192.02, 
“Standards,” Subpart A, “Standards for the Control of Residual Radioactive Materials from Inactive 
Uranium Processing Sites,” include the following:  

Control of residual radioactive materials and their listed constituents shall be 
designed to: (a) Be effective for up to one thousand years, to the extent reasonably 
achievable, and, in any case, for at least 200 years, and, 

(b) Provide reasonable assurance that releases of radon-222 from residual 
radioactive material to the atmosphere will not:  (1) Exceed an average release 
rate of 20 picocuries per square meter per second, or (2) Increase the annual 
average concentration of radon-222 in air at or above any location outside the 
disposal site by more than one-half picocurie per liter. 

Provide reasonable assurance of conformance with [a number of] groundwater 
protection provisions. 

Because the standard applies to design, monitoring after disposal is not required to demonstrate 
compliance with respect to 40 CFR 192.02(a) and (b).  This average applies over the entire 
surface of the disposal site and over at least a 1-year period. 

The NRC regulates Title II sites as stipulated in 10 CFR 40.28, “General License for Custody and 
Long-Term Care of Uranium or Thorium Byproduct Materials Disposal Sites,” with technical 
criteria in Appendix A, “Criteria Relating to the Operation of Uranium Mills and the Disposition of 
Tailings or Wastes Produced by the Extraction or Concentration of Source Material from Ores 
Processed Primarily for Their Source Material Content,” to 10 CFR Part 40, “Domestic Licensing 
of Source Material.”  Title I sites are regulated under 40 CFR Part 192, “Health and Environmental 
Protection Standards for Uranium and Thorium Mill Tailings,” and are licensed through 
10 CFR 40.27, “General License for Custody and Long-Term Care of Residual Radioactive 
Material Disposal Sites,” to DOE or other Federal agencies.  Additional information can be found 
at https://www.nrc.gov/reading-rm/doc-collections/fact-sheets/mill-tailings.html and 
https://www.energy.gov/lm/articles/us-department-energy-office-legacy-management-2015-
umtrca-title-i-and-title-ii-disposal. 

Requirements in 10 CFR Part 40, Appendix A, for Title II sites include the following:  

• Criterion 1 states that the “general design goal or broad objective in siting and design 
decisions is permanent isolation of tailings and associated contaminants by minimizing 
disturbance and dispersion by natural forces, and to do so without ongoing maintenance.”  

• Criterion 4d requires a full, self-sustaining vegetative cover or rock cover to reduce wind 
and water erosion to negligible levels. 

• Criterion 5 incorporates ground water protections standards imposed by the 
U.S. Environmental Protection Agency (EPA) under 40 CFR Part 192, Subparts D and E, 
and Criterion 7 requires ground water monitoring. 

• Criterion 6 requires an earthen cover (or approved alternative) over wastes and that the 
site shall be closed “in accordance with a design which provides reasonable assurance of 
control of radioactive hazards to (i) be effective for 1000 years, to the extent reasonably 
achievable, and in any case for at least 200 years, and (ii) limit release of radon (Rn)-222 
from uranium byproduct materials, ....to the atmosphere so as not to exceed an average 

https://www.nrc.gov/reading-rm/doc-collections/cfr/part040/part040-appa.html
https://www.nrc.gov/reading-rm/doc-collections/fact-sheets/mill-tailings.html
https://www.energy.gov/lm/articles/us-department-energy-office-legacy-management-2015-umtrca-title-i-and-title-ii-disposal
https://www.energy.gov/lm/articles/us-department-energy-office-legacy-management-2015-umtrca-title-i-and-title-ii-disposal
https://www.nrc.gov/reading-rm/doc-collections/cfr/part040/part040-appa.html
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release rate of 20 picocuries per meter square per second (pCi/m2 s) to the extent 
practicable throughout the effective design life determined pursuant to (1)(i) of this 
Criterion.”  The average release rate applies to the entire surface of each disposal area 
over a period of at least 1 year, but a period that is short compared to 100 years. 

1.1.2  Overview of the Radon Barriers Project 

1.1.2.1  Drivers and Objectives 

Hans Arlt’s presentation (see Section 2.2 of this volume) gave a timeline of the NRC’s activities 
with regard to mill tailing covers.  A major impetus for much of this work was NUREG/CR-7028, 
“Engineered Covers for Waste Containment:  Changes in Engineering Properties and 
Implications for Long-Term Performance Assessment,” issued in December 2011.  The report 
assesses the performance of engineered covers in terms of percolation of water through the 
covers at disposal sites that were not UMTRCA facilities.  All of the covers documented in the 
report (27 test sections at 12 sites) were vegetated with a mixture of annual and perennial grass 
mixtures.  No covers were studied with a riprap surface or without vegetative root systems.  
Changes in cover hydraulic properties (saturated hydraulic conductivity and the alpha parameter 
for the soil water characteristic curve) both increased, indicating the formation of larger pores as 
a result of pedogenic processes such as wet-dry and freeze-thaw cycling.  These changes were 
observed on materials that had been in place for time periods of 3.8 to 8.9 years.   
 
The NRC established the Engineered Covers Technical Group (ECTG) to discuss and review 
the implications of NUREG/CR-7028.  Their review is documented in Arlt et al. (2011), which 
noted that an important conclusion of the report is that “compacted soil materials used in cover 
materials do not retain ‘as built’ properties over the period of regulatory interest as assumed in 
most performance assessments.  The properties of these materials change to values typical of 
surrounding soils within 5 to 10 years after installation.  For some properties the change may be 
several orders of magnitude, which may potentially lead to increased water infiltration and 
augmented radon flux out of the system.”  However the sites discussed in that report were 
generally not uranium mill tailing sites and all were vegetated, whereas most mill tailing sites 
have rock covers.   
 
No radon studies were conducted or reviewed for NUREG/CR-7028; in fact, few, if any, studies 
of radon emissions after the initial closure survey have been conducted at mill tailings disposal 
sites.  However, that report showed that hydraulic conductivity of barrier materials increases 
over time.  A reasonable inference is that radon emissions may also increase, as discussed in 
Chapter 5, “Potential for Increased Radon Release due to Processes Documented in 
NUREG/CR-7028,” of Arlt et al. (2011).  The ECTG made a number of suggestions, and some 
of these evolved into the Radon Barriers Project.        

1.1.2.2  Radon Barriers Project Sites  

The Radon Barriers Project team assembled a list of 24 sites that were evaluated as potential 
research sites using parameters, such as climatic influence, vegetation, barrier vulnerability, 
source activity, and NRC priority, derived from Arlt et al. (2011).  Four sites were selected; Table 1 
gives some of their general properties.  Slides from Jody Waugh’s presentation on page 2-62 of 
this report show their locations.  Pages 2-62 through 2-81 show climate information, images of the 
sites, test pit descriptions, and plant ecology information for each site.   
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Table 1.  Radon Barriers Project Research Sites 

 
Site 

 
Title 

 
Closure 

Date 

 
Cover Area 

Acres 

 
Type of 
Cover 

 
Waste 
Tons 

Waste 
Activity 
(curies of 

radium-226) 
Falls City I 1994 127 Veg 7,100,000 1277 
Bluewater II 1995 354 main cell Rock 23,000,000 11200 

Shirley Basin S II 2000 142 Veg 5,300,000 974 
Lakeview I 1988 16 Rock/Veg 926,000  

cubic yards 
42 

    
Navarro Research and Engineering staff prepared an extensive field work plan document for the 
work to be conducted at each site.  These plans include maps and cover diagrams and the field 
workflow for excavation, sampling, measurements, and site restoration to the original construction 
criteria. They also contain sections on safety and health, training requirements, and environmental 
management.  The NRC staff conducted a National Environmental Policy Act review in 
accordance with NUREG-1748, “Environmental Review Guidance for Licensing Actions 
Associated with NMSS Programs,” issued August 2003, and concluded that the actions were 
categorically excluded under 10 CFR 51.22(c)(6).  As such, the NRC staff did not prepare an 
environmental assessment; a categorical exclusion checklist provided documentation.  Field work 
was planned at analog sites for each location.  If needed, a cultural resources survey 
(archeological reconnaissance (Phase III)) was conducted.  

After completion of the field research, each pit was refilled with the various soil types that had 
been excavated and saved in separate piles.  The radon barrier material was restored to the 
required density, and moisture content and a radon flux check was conducted.  Closure reports 
were prepared Navarro Research and Engineering, documenting the test results to demonstrate 
that the excavations had been closed to the required criteria.  
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2    PRESENTATIONS 

2.1  Introductory Remarks 

2.1.1  Welcome by Ray Furstenau, Director of the NRC Office of Nuclear Regulatory 
Research 

I am the new, by about 3 weeks, director of the NRC’s Office of Nuclear Regulatory Research.  I 
came from DOE, and this work reminds me of some of the Comprehensive Environmental 
Response, Compensation, and Liability Act (CERCLA) work done at DOE sites.  This is a jointly 
funded effort between DOE/LM and the NRC.  Research dollars are limited, so this is a great 
example of a collaborative effort with the NRC on the regulatory side and DOE/LM, under 
Carmelo Melendez, with whom I worked quite a bit.  I certainly like to see these things happen, 
and I understand that it has been pretty successful.  

DOE/LM put out a newsletter with an article called, “Got it Covered, Are Natural Processes 
Changing Engineered Disposal Cells?”  It is a very good article.  It gets across why we are doing 
this sort of work.  These are sites that were built with some assumptions about time frames that 
can go beyond human history, and so we need to validate these assumptions.  Are these covers 
getting worse or getting better?  The article shows pictures of some of you down in holes that you 
dug in these sites.  Hopefully you replaced the dirt before you left.  These are long-term effects, 
and they are probably different at each site.  The weather is different, the hydrology is different, 
and the natural cover is different.  So this is a timely workshop.  

We want to have free-flowing discussions to really try to understand how these sites are behaving 
and how they may change over time.  Is maintenance necessary or not necessary?  What are the 
implications for long-term performance of these barriers?  It is important not just for covers on 
uranium mill tailings, but in the DOE world it applies to CERCLA sites as well.    

2.1.2  Remarks by Justin Marble from DOE/EM   

I am with the DOE/EM Office of Waste Disposal.  DOE designs, constructs, operates, and 
ultimately closes waste disposal facilities under CERCLA and also for our unique, self-regulating 
role under DOE Order 435.1, “Radioactive Waste Management,” for the radioactive materials part 
of the waste.  So covers do matter to LM and to EM. 

Design of the cover is a crucial part of the document package submitted in order to get disposal 
authorization under DOE Order 435.1 to build and operate the disposal facility.  Compliance is 
ensured in part through one of the groups I am involved with, the Low-Level Waste Disposal 
Facility Federal Review Group (LFRG).  I am one of the co-chairs of this group, and Sherri Ross is 
the other co-chair.  She came from the DOE Savannah River Site but now is at headquarters.  
The two of us are the leads in LFRG for the DOE Order 435.1 process for the authorization of low-
level radioactive waste disposal facilities.  Covers play a large part in the review process.  
Specifically, we have performance objectives for radon that we try to meet to the extent possible, 
during the institutional control period of 100 years and for the 1,000-year compliance period.   
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2.2  A Timeline of NRC Activities on Engineered Surface Barriers Used at Disposal 
Sites for Radioactive Material 

Presented by Hans Arlt 
Senior System Performance Analyst 
U.S. Nuclear Regulatory Commission 

2.2.1  Abstract 

Engineered surface barriers help to isolate harmful waste and can be a risk-significant barrier at 
many disposal sites, including sites with uranium mill tailings.  The purpose of covers can include 
(1) preventing waste from getting to the environment (stability), (2) preventing the environment 
from getting to the waste (keep dry), and (3) preventing people from getting to the waste (no direct 
dose).  NUREG-1623, “Design of Erosion Protection for Long-Term Stabilization,” issued 
September 2002, provides guidance on long-term erosion protection for soil covers.  To better 
understand whether the properties of these earthen covers evolve over time, the NRC issued 
NUREG/CR-7028, which shows that changes to the engineered properties of certain surface 
cover components, especially saturated hydraulic conductivity, have occurred relatively quickly 
(over about 10 years).  The influence of coupling erosion and hydrology on the long-term 
performance of engineered surface barriers was examined and described in NUREG/CR-7200, 
“Influence of Coupling Erosion and Hydrology on the Long-Term Performance of Engineered 
Surface Barriers,” issued May 2016.   
 
The NRC staff’s level of interest in engineered surface covers has increased since the release of 
NUREG/CR-7028.  Because of this interest, the NRC staff have been active in trying to 
understand more about engineered barrier systems, and staff from the Center for Nuclear Waste 
Regulatory Analysis (CNWRA) have reviewed and evaluated numerous aspects of surface 
covers, including evaluating approaches to simulating engineered cover performance and 
degradation.  Codes best suited for these tasks were selected, and software verification testing 
was performed.  CNWRA staff documented modeling of infiltration through Title II soil covers and 
methods for monitoring net inflow through soil covers, in addition to analyzing mill tailings cover 
performance and bottom liner performance for mill tailings impoundments.   

 
The NRC staff organized a workshop on engineered barrier performance in 2010 involving the 
participation and attendance of a wide range of stakeholders.  All aspects of cover performance 
and changes of component properties were presented and discussed, in addition to experiences 
gained by state and Federal regulators, cover monitoring devices and systems, modeling 
experiences, model support, and multiple lines of evidence to gain confidence in long-term 
performance.  The NRC documented the workshop in NUREG/CP-0195, “Proceedings of the 
Workshop on Engineered Barrier Performance Related to Low-Level Radioactive Waste, 
Decommissioning, and Uranium Mill Tailings Facilities,” issued August 2011.   
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2.2.2  Presentation  
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2.3  Engineered Covers for UMTRCA Sites and DOE/LM’s Projects 

Presented by Jody Waugh 
W.J. Waugh

1
, C.H. Benson

2
, W.H., Albright

3
, C.N. Joseph

4
 

1
Navarro Research and Engineering, Inc., 

2
University of Virginia,  

3
Desert Research Institute, 

4
University of Arizona 

 
2.3.1  Abstract  

DOE/LM is responsible for long-term surveillance and maintenance (LTS&M) of disposal cells for 
uranium mill tailings throughout the United States.  The long-term protectiveness of disposal cells 
relies on engineered earthen covers to limit radon flux, rainwater percolation flux, and erosion.  
Past LM studies have demonstrated how natural ecological and soil-forming processes are 
changing the as-built engineering properties of disposal cell covers.  The LM Strategic Plan 
includes four strategies for improving the long-term sustainability of environmental remedies:  
(1) evaluate long-term performance, (2) collaborate with LTS&M experts, (3) explore innovations 
that improve and inform remedies, and (4) improve LTS&M plans as warranted to maintain 
compliance objectives while reducing costs.  LM’s execution of the Strategic Plan included a suite 
of studies designed to help answer several questions (see below) about the effects of natural 
processes acting on engineered covers.  Collaboration with the NRC on the Radon Barrier Study 
is a key component of this effort.  LM plans to use the results of these studies to inform LTS&M 
decisions, such as whether to discontinue herbicide spraying at selected sites.   

Will soil formation increase permeability and percolation?  During the 1990s and early 2000s, 
DOE/LM measured the field-saturated hydraulic conductivity (Ks) of radon barriers at five LM sites 
using air-entry permeameters.  Sites selected for study encompassed ranges of climates, 
ecologies, and cover designs within the LM portfolio.  In general, Ks was higher where plants were 
rooted in radon barriers compared to areas without vegetation, and higher near the tops than near 
the bottoms of radon barriers.  Similar to the results reported in NUREG/CR-7028, geometric 
means of Ks for the five sites were generally between 1x10-7 and 1x10-5 meters per second (m/s), 
whereas the design target, according to UMTRCA cover design reports, was 1x10-9 m/s.  A similar 
increase in radon barrier Ks led to an annual percolation flux of up to 17 percent of precipitation in 
an LM test of a rock-armored cover without vegetation near Grand Junction, CO. 

Will plants take up and accumulate contamination?  DOE/LM and the University of Arizona 
studied the uptake of elements of concern in plants growing on seven UMTRCA covers located at 
arid and semiarid sites near Native American communities.  Concentrations in current-year leaf 
and stem tissues harvested from plants growing on disposal cell covers and in reference areas 
near the disposal cells were compared with maximum tolerance levels set for animal diets by the 
National Research Council (2005).  For 14 of 46 comparisons, levels of uranium and other 
elements of concern were higher in plants growing on engineered disposal cells covers compared 
to reference area plants, indicating possible mobilization of these elements from the tailings into 
plant tissues.  However, with one exception, all concentrations in plants were well below 
maximum tolerance levels (MTLs).  Selenium, the only element that exceeded its MTL, likely 
originated in local seleniferous soil used to construct disposal cell covers. 

Will soil formation and ecological succession increase radon diffusion and flux?  Results of the 
LM/NRC Radon Barrier Study addressed this question and are presented by Dr. Craig Benson 
(Section 2.6) and Dr. Mark Fuhrmann (section 2.7).   
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Will dust deposition influence erosion and ecological succession?  At many arid and semiarid 
UMTRCA sites, aeolian dust is filling the interstitial spaces in rock riprap layers that were designed 
to control wind and water erosion.  Dust accumulation in these layers may influence the long-term 
protectiveness of disposal cell covers in both positive and negative ways.  DOE/LM plans to begin 
a study in 2019 to address several LTS&M questions:  What are the rates of soil infilling rock 
layers?  What are the chemical, physical (engineering), biological, and morphological properties of 
these emerging rock-soil matrixes?  How will soil formation in this layer influence ecological 
succession, radon attenuation, water percolation, and erosion of rock-armored covers?  

Are evapotranspiration (ET) covers a sustainable alternative?  DOE/LM is investigating 
alternatives to conventional resistive cover designs for uranium mill tailings.  A cover constructed 
in 2000 near Monticello, UT, was designed to mimic the natural soil-water balance as measured in 
nearby undisturbed native soils and vegetation.  To limit percolation, the alternative (water 
balance or ET) cover relies on a thick sandy clay loam soil overlying a coarse sand capillary 
barrier for water storage, and a planting of native sagebrush steppe vegetation to seasonally 
release soil water through ET.  Water balance monitoring within a 3.0-ha drainage lysimeter 
embedded in the cover during construction provides convincing evidence that the cover has 
performed well.  Mean annual percolation was 0.1 percent of precipitation (range of 0.0 to 
0.8 percent of precipitation) over 18 years.  Plant species diversity, percent cover, and leaf area 
increased over the 18-year period.   

Are natural processes effectively transforming conventional covers into ET covers, and if they are, 
should we enhance this process?  DOE/LM studies are weighing the environmental tradeoffs of 
natural and enhanced (managed) transformation of conventional UMTRCA covers into ET covers.  
Past and current studies show that ecological and soil-forming processes have already changed 
as-built engineering properties of conventional covers.  Results so far suggest that if vegetation is 
allowed to establish or is planted on disposal cells, conventional covers may begin to function 
more like ET covers without undue increases in environmental or regulatory risk.  Soil-forming 
processes may have increased radon flux, but mean fluxes remain below the regulatory standard.  
Contaminant concentrations in plants growing on covers also remain well below risk thresholds.  
In an LM test cover without plants, soil-forming processes increased percolation flux from near 
0 percent to 17 percent of precipitation within 5 years.  However, in a second test cover, ET 
reduced percolation flux from 12.0 percent to 0.1 percent of precipitation 3 years after planting 
during three dry years.  LM will continue to evaluate natural and enhanced conversion of 
conventional covers into ET covers to help inform LTS&M decisions. 
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2.3.3  Question and Answer Session for: Engineered Covers for UMTRCA Sites and
 DOE/LM’s Projects. 

Question.  Considering conversion of rock armored resistive covers to ET covers, you spoke 
about aeolian transport of fines and you talked about plowing the rock cover.... “ripping” it.....did 
you consider just adding soil to the cover?    
Reply.  Yes we have also considered adding soil as an option.  At some sites, Mother Nature is 
already doing that for us with aeolian deposition of fine textured soil in the rock riprap.  Morgan 
Williams will be working with us on an aeolian deposition study next year.  Regarding adding 
soil, the cost of ripping is actually cheaper but it may be more disruptive.  The ripping process 
did not mix the rock and soil very well. It left large clods and voids that created channels for 
preferential flow. However, for mine land reclamation, ripping is often done on the contour to 
provide furrows to capture runoff water. This can reduce erosion and promote plant growth and 
higher ET. 

Question.  What about contaminant uptake in the plants? 
Reply.  Plants are grown on covers not for uptake of contaminants or phytoremediation, but for 
controlling the soil water balance.  However at some sites we have studied the use of desert 
plants for phytoremediation:  uptake of uranium, ammonium, and nitrate.  For example, we 
published on phytoremediation of ammonium and nitrate in groundwater at Monument Valley.  
We have graduate students continuing to work on uptake of contaminants by deep-rooted plants 
growing on disposal cell covers. [editor’s note: a more detailed talk about plant uptake of metals 
at some UMTRCA sites was given by the presenter at the DOE Long-Term Stewardship 
Conference, Grand Junction CO, August 20-23, 2018].   

Question. You mentioned plant uptake studies on mill tailing sites.  What would be most useful 
would be analyzing for Pb-210.  It ought to show up in plants as an indicator of radon.  
Concentrations would be low but might be measurable.  There would be two pathways; one 
from radon decay in the plant and the other from Pb-210 uptake from the soil, if the plant takes 
up Pb.  If the student has samples left it might be something to look at.  
Reply.  Years ago we adapted a leaf porometer to measure radon transport in plants through 
the transpiration stream.  It was very low, but that was a single point in time. Lead-210 would be 
more time averaged.  
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2.4  The Radon Barriers Project Objectives, Test Conditions, and Plant Ecology 

Presented by Jody Waugh 
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2.4.1  Abstract 

DOE/LM, the NRC, and university partners are collaborating on a study of the effects of ecological 
and soil-forming processes on the engineering properties and long-term performance of radon 
barriers.  Here we present the overall objectives of the study, the process for selecting study sites 
and test conditions on disposal cell covers, the purpose and selection of analog sites, and results 
of an early characterization of plant succession on engineered covers and at analog sites. 

Radon Barrier Study Objectives.  The objectives of the study can be summarized as a set of 
general questions: 

• Soil morphology:  Can we identify and quantify soil-forming processes that are changing
as-built engineering properties of UMTRCA covers?  How does soil formation vary for
ranges of cover thicknesses, soil types, ecological conditions, and climates?  Is soil
formation in covers systematic, predictable, and depth dependent?

• Soil engineering:  Can we measure depth-dependent effects of soil formation on radon
diffusion, radon flux, and hydraulic properties of radon barriers?  Can we improve field
monitoring and modeling of radon flux and water percolation in covers that have been
altered by soil-forming processes?

• Long-term performance:  Can we project the long-term effects of ecological and
soil-forming processes on radon flux and water percolation in radon barriers?

Study Site Selection, Test Conditions, and Analog Sites.  The selection of study sites was 
intentionally biased.  Our site selection process identified disposal sites and test locations on 
covers where we anticipated the greatest increases in radon flux and hydraulic conductivity—the 
worst case conditions, not the average condition.  Selection of sites involved a ranking of Title I 
and II sites based on attributes such as design vulnerability, climatic influence, vegetation, source 
activity, and regulatory priority.  The four sites selected for study encompassed a range of cover 
designs, climates, and ecological conditions within DOE/LM’s portfolio:  Falls City, TX; Bluewater, 
NM; Shirley Basin South, WY; and Lakeview, OR.  We included test locations on covers where 
deep-rooted plants grew and where as-built radon flux values were highest.  We sampled each 
site at the end of a period of high ET following a season of historically low precipitation—when 
radon barriers would likely be seasonally driest.  Soil morphology, soil engineering properties, and 
plant ecology were also characterized at analog sites.  Analog sites had undisturbed profiles of 
the same soil type as that used to construct the radon barrier.  Analog soil profiles represent a 
possible long-term condition or end state of the radon barrier.   

Plant Ecology.  Plant succession is a driver of pedogenic changes in radon barrier engineering 
properties.  We compared plant community composition and abundance on the four disposal cells 
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with their analog sites using a Relevé method.  We used plant ecology data to infer effects of land 
use practices, current seral stages, and trajectories of plant succession, while recognizing the 
inherent uncertainty in these inferences related to climate change, future invasive species, and 
future land use.  

The top-deck vegetation at Falls City is dominated by planted hay grasses that are considered to 
be invasive.  The vegetation at the Falls City analog site consists of mid-seral native plants but is 
a poor late-succession reference area because of heavy grazing.  A relatively sparse mix of early 
seral grasses and annual weeds grows on the Bluewater cover.  The two Bluewater analog sites 
are relatively undisturbed with late seral species and are good late-succession reference areas for 
the disposal cell cover.  Similar to Falls City, the top-deck terraces at Shirley Basin South were 
planted with both introduced and native forage species that are currently managed for livestock 
grazing.  Mostly early seral and weedy species grow on the rock slope, and wetland species at the 
base of the slope indicate ephemeral saturation.  The mid to late seral shrub steppe at the Shirley 
Basin South analog site is a poor late-succession reference area because of historical grazing.  
The top deck at Lakeview was planted with grasses but is dominated by mid to late seral shrubs, 
likely because of poor water storage in the thin soil layer covering the rock riprap layer.  The 
analog site, with diverse mid to late seral vegetation protected from grazing, is a good 
late-succession reference area. 
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2.4.3  Question and Answer Session for: The Radon Barriers Project Objectives, Test
 Conditions, and Plant Ecology. 

Question.  Do these cover sites have permanent meteorological stations?  
Reply.  Yes, some do, but they have not been in place since the covers were built.  Some were 
put in place to monitor soil moisture probes.   

Question.  Did the DOE/LM Monitoring Plan feed into your choice of the sites for the Radon 
Barriers Project?  
Reply.  Yes, to some degree.  We considered certain LM sites that are currently monitored or 
that may be monitored in the future.  But screening was primarily separate from LM monitoring. 
We looked at an NRC document that examined site parameters, especially radon flux, and used 
that as input [editor’s note: this report is Arlt et al, 2011].  The primary input for site selection 
was a table of parameters that was put together by the project team. Other factors came into 
play such as timing for the field work relative to climate seasonality.  Radon flux may be higher 
during dry seasons. 

Question.  First, are these studies trying to determine whether we need to do any active 
maintenance or what maintenance is needed?  Second, over the longer term, how do you factor 
in other variables in the evolution process, such as fire and its impact on ecology and ET? 
Reply.  On the second part of the question; in some ecosystems fire rejuvenates vegetation by 
returning nutrients to the soil and increasing productivity.  It may return the vegetation to an 
earlier successional stage. At Monticello, where we now have a late successional vegetation, 
the ET cover functioned well when only pioneer species were present before the late 
successional vegetation became established. So evapotranspiration has been adequate over 
the entire 18 years of plant succession.  At one point sagebrush populations on the cover were 
reduced due to voles eating roots, but we still had a favorable water balance.  Regarding the 
first part of the question; all of these studies, the earlier LM work and our current Radon Barriers 
Project, are intended to glean information about how well these covers are performing.  This will 
tell us what we should be monitoring during inspections and what we can do to improve 
sustainability of the covers.  All of these studies will inform future management of these sites.  

Question.  Do you have recommendations for sites coming into the portfolio that provide an 
opportunity at time equals zero?  What do you recommend to integrate into annual monitoring 
as opposed to what was done at sites 20 or 30 years ago?  What can we build on from the 
onset of monitoring? 
Reply.  DOE/LM is both a land manager as well as a remedy manager.  In Texas we have a site 
called Ray Point which is a Title II site that will be transitioned.  This could present an 
opportunity to do landscape management.  Everything around that site is hayed. So we have an 
island that could be managed as habitat for pollinators. It might be an area where woody plants 
like honey mesquite and black acacia could be allowed to establish. We have proposed allowing 
these plants to establish in test plots, and then monitoring soil moisture profiles and using 
RAECOM to estimate radon fluxes.  This monitoring data would be compared to areas on the 
cover where these woody plants are not allowed to grow. So this is one example of how we 
might manage a site differently and monitor to see if this is a favorable management strategy.  

Question.  We talked about moisture profiles and how ecological succession will impact soil 
structures and permeability or ET.  There is a tradeoff when soil structure is developed with 
increased percolation or suitability for plants to grow, creating evapotransporative demand, but 
this leads to increased radon diffusion. 
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Reply. This study will factor into weighing the pros and cons of these natural processes acting 
on covers. We need to look at this site by site. For example, does the radon barrier have 
adequate storage to act as an ET cover?  Do we continue to manage these covers as low 
permeability covers as they were designed, even though permeability and saturated conductivity 
have increased, or do we go to other management strategies?  At some point we need to 
screen sites.  For example, at sites where groundwater contamination is a problem, we may be 
more interested in limiting percolation.  At other sites we may want to start looking at radon from 
a risk standpoint rather than using the 20 pCi/m2/s criterion?  So there may be opportunities for 
monitoring on a site by site basis.   
 
Question.  What is your opinion on grazing these sites?  Would it be better to let the grazed 
sites go to more native vegetation?  
Reply.  Managed grazing can increase productivity and increase ET.  That can be part of a 
management tool kit.  However, the sites currently being hayed are not necessarily managed for 
maximum ET.  It is just a way to manage vegetation on the site.  Land use and vegetation 
management need to be considered from the perspective of long-term cover performance.  
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2.5  Cover Soil Development and Changes in Engineering Properties 

Presented by Craig Benson 
Dean of Engineering, University of Virginia 

2.5.1  Abstract 

Earthen covers for waste disposal facilities often are constructed under conditions that are in 
disequilibrium with the surrounding environment.  Atmospheric interactions with the cover that 
cause freeze-thaw and wet-dry cycles induce structural development in cover soils, resulting in 
substantial changes in the engineering properties until they reach equilibrium with the 
environment.  Biota intrusion also induces structural development and alterations in engineering 
properties.  Understanding these changes in the engineering properties of cover soils and their 
transition to an equilibrium hydrologic condition is critical to predicting the long-term efficacy of 
final covers to control the ingress of meteoric water and the egress of gases within the waste 
mass.   

Identifying changes in the hydraulic properties of earthen covers, and relating these changes to 
the structure in the cover profile, was an objective of this study.  Understanding how these 
changes are influenced by depth below ground surface was also an objective, particularly 
identifying a limiting depth (if it exists) beyond which structure does not develop and the hydraulic 
properties do not change.  The findings from this study build on findings from the Alternative 
Cover Assessment Program (ACAP), in which numerous final cover test sections were 
constructed, monitored, and ultimately exhumed to determine whether the hydraulic properties of 
the cover soils (or geosynthetics) had changed.  The ACAP study showed that saturated hydraulic 
conductivity (Ks) of the cover soils generally increased, sometimes by several orders of 
magnitude, and ultimately reached an equilibrium state between 1x10-7 and 1x10-5 m/s 
independent of the initial condition or the climatic setting.  Changes in water retention 
characteristics, defined by the soil-water characteristic curve SWCC), were also observed.  
Formation of soil structure caused the porosity (i.e., saturated volumetric water content) and van 
Genuchten’s α parameter to increase, and the n parameter to decrease.  These changes in the 
SWCC generally correspond to a broader distribution of pore sizes, the presence of large pores 
from structural development, and lower water retention.  The covers examined in the ACAP study 
were much younger and generally thinner than those used at UMTRCA sites.  The ACAP study 
did not include measurements of gas flux.  

This study evaluated covers at four disposal facilities for uranium mill tailings.  The covers were 
located in different regions of the United States with widely varying climates:  Falls City, TX; 
Bluewater, NM; Shirley Basin South, WY; and Lakeview, OR.  The covers at these sites had been 
in service for 17 to 22 years at the time of this study and were constructed in response to 
UMTRCA.  The covers employed different designs, were constructed with different materials, 
were located in widely varying climates, and had very different vegetative communities [editor’s 
note: see Section 2.4, pp. 2-62 to 2-81].  Samples were collected at various depths from the cover 
at each site to evaluate changes in hydraulic properties.  Geomorphological surveys were 
conducted to characterize the structure that developed in the cover profile [editor’s note: see 
Section 2.8, pp.2-144].  Sampling and geomorphological characterization were also conducted at 
analog sites adjacent to each facility to understand the likely very long-term equilibrium of the 
cover soils.  This presentation describes data from three sites (Falls City, Bluewater, and Shirley 
Basin South).  Data from the Lakeview site were not available for dissemination at the time of the 
workshop. 
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Hydraulic properties of the cover soils at depths shallower than 1.5 meters below ground surface 
generally were consistent with ranges of hydraulic properties recommended in NUREG/CR-7028.  
At deeper depths, the changes in hydraulic properties were more modest.  At the analog sites, 
hydraulic properties of the soils were comparable to the upper bounds reported in 
NUREG/CR-7028, regardless of depth, suggesting that the depth dependence observed in the 
covers represented an intermediate condition rather than a long-term condition and that the upper 
limits in NUREG/CR-7028 were representative of the long-term equilibrium state. 

The Shirley Basin South site was an exception.  At this site, the hydraulic properties remained 
virtually unchanged at all but the shallowest depths.  The cover soils were very hard and had very 
little structure associated with pedogenesis, except near the surface.  The cover at Shirley Basin 
South was constructed with natural montmorillonite-rich clays (bentonites) that resist structural 
change, at least in the near-term (17-year) service life of the cover at the Shirley Basin South site 
at the time of this study.   
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2.5.3  Question and Answer Session for: Cover Soil Development and Changes in
 Engineering Properties. 

Question.  The barrier material at Shirley Basin South is a montmorillonitic clay.  All your past 
data have shown that this type of material has high swelling capacity and can shrink a lot; what 
is so special about this material that gives it the very low saturated conductivities that you 
measured?  
Reply.  This kind of cuts across the grain; a plastic clay that is less permeable should shrink the 
most.  This material is very plastic.  When we have looked at bentonitic clays in earlier studies, 
they were in thin layers, such as in geosynthetic liners that had relatively low stresses.  This is a 
deep system.  It has a lot of ion exchange capacity.  I’d be interested to see from Morgan 
Williams’s work if this clay is sodic, and I suspect that it is highly sodic (that is, has a lot of 
sodium in it).  There may be no mechanism in the field to exchange ions that would change its 
structure.  

Question.  These clays are potentially more vulnerable if there is a change in a characteristic 
such as pH that could change the clay’s double layer.  
Reply.  Bentonites are very sensitive to chemistry, which controls the swelling and water that 
binds to the clay.  The question is whether there is a mechanism for that chemical change to 
occur in that environment.  If so, you need to account for that.  The analog sites suggest, from 
what we are seeing, and we will learn more, that this sodic bentonite is persistent.  There really 
is no ion exchange mechanism to drive the process where the addition of calcium or 
magnesium would alter the clay structure and reduce its swelling capacity.  We see this with 
sodium bentonite geosynthetic clay liner layers when they are put into an environment with 
calcium or magnesium present, which, within a few years, replace the sodium and completely 
alter its properties.  There does not seem to be a mechanism here for that to happen.  

Question.  You could have a riprap layer that could be a source of calcium.  
Reply.  Yes, if you have a surface protection barrier that is a source of calcium or magnesium 
that is eluted over millennia and infiltrates down in a salt front, that could change properties over 
time.   

Question.  How about aeolian dust?  
Reply.  That might also have the same effect. 

Question.  We might need to think about this a bit.  At Shirley Basin South, there were actually 
gypsum spears distributed throughout the clay.  Gypsum is calcium sulfate.  There must be a lot 
of calcium and sulfate present to allow gypsum to precipitate or even to preserve these crystals. 
Maybe that is what leads to the properties of the system; it is already calcic.  
Question.  Another observation is that the pH was in the 3–4 range. 
Reply.  Yes, for spears to grow, you have essentially saturated chemical conditions.  

Question.  As we look at these sites, are we getting properties that resemble the natural 
original conditions? 
Reply.  That is what our analog sites are meant to tell us.  The properties of the analog sites are 
meant to represent those natural conditions that are nearby and in the same material.  They 
suggest that our engineering properties are trending toward those natural conditions.  In 
retrospect, when we did our earlier studies, it would have been great to have done analog 
studies at every site to gather that type of information on the long-term end state.  We are 
approaching that in our data.   

2-105



2-106 
 

Question.  These cases have no synthetic layers, but how would a synthetic layer above a 
radon barrier change pedogenesis and the time frame?  
Reply.  That is an important question.  These are earthen systems.  At Monticello, there is a 
geomembrane above the radon barrier.  It was not put in for radon control, but that membrane 
has resulted in important controls on water movement up and down and on water pressure in 
the radon barrier.  If a plant come in and puts roots down, it begins to pull water.  That changes 
pore water pressure, which creates stress, which in turn creates cracks. 
 
Question.  Are seams in geomembranes welded? 
Reply.  Yes, they are welded.  There are two techniques:  extrusion welding or fusion welding.  
One is like metal welding using a heat gun and a rod; you are adding material.  The other uses 
clamps to press the two pieces together and applies heat and pressure.  The former case 
provides a thicker bond and longer antioxidant depletion times.  It is harder to tell with the fusion 
weld how good the seal is.     
 
Question.  Can you compare methods to measure hydraulic conductivity when they built these 
covers versus the methods used today?  I am curious whether there may be a bias between the 
methods. 
Reply.  All ACAP data that I showed earlier are about 10 years old and used essentially the 
same method used today.  A group of us developed these methods over a 30-year period.  We 
have not looked at hydrologic data from the early sites.  When they built the Title I sites, they did 
not measure hydrologic properties of the radon barrier because the early UMTRCA criteria were 
concerned only with radon.  Only later did hydraulic conductivity come as a criterion.  Even if 
measurements had been made back then, those measurements would have been pretty lousy.  
Back in the 1980s and late 1970s, our measurement techniques were not very good.  So we 
have not been able to do an as-built versus recent hydraulic conductivity comparison.  We have 
compared as-built versus recent radon fluxes.  Our more recent studies with lysimeters at 
Cheney, Monticello, and the ACAP sites all use state-of-the-art methods. 
       
Question.  What do you recommend for measurements after these covers are built? 
Reply.  We collect data during construction to demonstrate that what we have built is what was 
designed.  Therefore, hydraulic properties are generally the primary ones.  For radon barriers, 
you would measure radon fluxes and get moisture saturation profiles.  The testing methods are 
really important.  Many methods are used for construction quality control, but generally the 
samples are from small, thin, tubes that really don’t mean very much.  You need larger samples 
for cover systems. 
 
Question.  You said you need 300–400-millimeter-diameter samples for hydraulic conductivity 
because of scale issues.  Doesn’t that depend on the features and processes of the system?  If 
you have a sample with a gopher hole or a tap root that will make a difference, so wouldn’t you 
need to look at correlation length of the system?  Maybe 300 to 400 millimeters is a good rule of 
thumb, but it can be more complicated. 
Reply.  Yes, vastly more complicated.  The size recommendation is very empirical.  We 
measured properties at different sample sizes, made a graph of property versus size, and 
looked for changes.  It is very much an engineering approach.  It’s a rule of thumb.  In essence, 
we need to capture the network of pores that control flow in the field.  Until the sample is big 
enough to get that representative network of pores, you will underestimate saturated hydraulic 
conductivity and bias unsaturated flow as well.  A sample of 300 millimeters is pretty good; it 
works most of the time.  [Editor’s note:  see slide 18 in Section 2.5.2, page 2-96.] 
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Question.  But for construction, smaller samples can be just fine.  The samples are small, but 
they can be representative. 
Reply.  That can be right; it depends.  If you write good specifications for liners that are 
compacted and you have taken all structure out, then measurements of hydraulic conductivity 
and density can be fine.  Partly what is shaping my thinking on this is that if we are going to 
build to represent the long-term conditions, we will not be compacting to a high density.  Then 
we will need larger samples.  
 
Question.  For construction quality control, small samples can be fine, but, yes, if you excavate 
like you have in this project, for longer term properties then you probably need larger samples. 
Reply.  Certainly, for longer term properties, you need larger samples. 
Comment.  Something that we have observed, and Morgan Williams will talk about this later for 
Falls City, is that structure is sometime retained from the original borrow site material.  So when 
the cover is being built and compaction criteria are met, it is still possible for the material to 
retain structure so that there is macropore flow to begin with.  Then you need larger samples to 
capture that. 
Reply.  We see that in covers where original structure is present.  For liners, we put a lot of 
energy into clod destruction and chopping everything up so that we remove all of that structure. 
However, that is not the case in these historic covers especially.  They were being built fast. 
 
Question.  You have given us information on how systems change with time.  I am more 
interested in performance.  How do you see dynamics change from the top down?  Do you see 
wetting fronts going further into the protective layer or is there a dampening effect? 
Reply.  Your question is how does percolation effect performance?  Is moisture getting into the 
waste?  Is it increasing or decreasing in response to cover evolution?  It depends on the 
system.  In systems we installed in the west, evolution of the barrier often does not have that 
significant an effect on percolation.  Even though there is higher saturated conductivity, we can 
still store a lot of water.  We are managing smaller amounts of water, and we are managing 
most of it in the top of the cover.  So there is not that much percolation.  That is not universal.  
For example, a cover in California has a protective clay barrier with 1 meter of course textured 
alluvium over it.  When we excavated it 6 years after construction, there were lots of cracks, and 
it was very permeable.  We got a lot of water through that cover over time, and that was in the 
Sonoran Desert with 100 mm of rain per year.  In the east, where there is a lot of water to 
manage, as structure develops you will have a lot more percolation.  In the southeast, we 
measured percolation from 20 mm per year early on to 200 millimeters per year several years 
later.  That is in an earthen system.  It will become congruent with recharge of the natural 
system.  If the natural recharge is 200, 300, or 400 mm per year, that is where the cover system 
is going.  Geosynthetics change that.  That is why we use a lot of geomembranes for water 
management in the east.  
Discussion.  Ecology has something to do with it.  At Apple Valley, we didn’t establish the 
anticipated vegetation and got annual grasses.  They finesse water uptake and put a lot of 
energy into seed production.  So understanding what is growing and the seasonal extraction of 
water is important.   
Reply.  It is coupling hydrology and ecology.  At that site, there was a mat of roots right on top 
of the clay barrier.  That is where the water was.  The roots accumulated there, pulled the water 
out, and burrowed into the clay.  The ecological system is very opportunistic.  Coupling the 
ecology and the hydrology and understanding how they evolve are important. 
 
Question.  You had a dramatic-looking slide of a radon barrier that was cracked and had roots 
in it.  Was that Monticello?  I thought Monticello had a geomembrane on it. 
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Reply.  The Monticello disposal facility has a geomembrane on top of the radon barrier.  But 
Jody Waugh had the foresight to conduct a series of caisson experiments there, probably 
10 years prior to construction of the Monticello facility.  They were small, 
300-millimeter-diameter caissons at first and then they were 10-foot diameter caissons.  This 
image came from the 10-foot caisson that Jody Waugh constructed [editor’s note: see Section 
2-5, pp. 2-97 to 2-98].  It has the same profile but no geomembrane.  The geomembrane was 
added to the design later because it was a Superfund site and the geomembrane was needed 
to meet some ARARs. 
 
Question.  Any idea what the hydraulic conductivity is of the material in that slide?  
Reply.  It was about 1x10-4 cm/s under stress.  Actually, I measured that one and can give you 
the exact numbers. 
Comment.  On that caisson, vegetation was adequate.  There was very little percolation in the 
lysimeters even though structure had developed, leading to greater hydraulic conductivity.  The 
native sagebrush vegetation kept it pretty dry.  Monticello has about 4 mm per year of 
percolation over 18 years.  Monticello is toward the wetter end of the range where an ET cover 
will work.  It is in the southwest but at high elevation, has a short growing season, and gets 
snow.  There is a shorter window of water extraction for the plants growing there, but it still 
works. 
Reply. If anyone is going to the DOE/LM Long-Term Stewardship Conference at Grand 
Junction, Craig Benson will be giving a talk on the hydrology of the three sites we have on the 
Colorado Plateau.  There is a tour of the Cheney site too. 
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2.6  Field Evaluation of Radon Fluxes from Radon Barriers at In-Service Uranium  
Mill Tailings Disposal Facilities 

Presented by Craig Benson 
Dean of Engineering, University of Virginia 

2.6.1  Abstract 

Field studies of in-service final covers for waste containment have shown that structure develops 
rapidly in earthen cover soils in response to wet-dry cycles, freeze-thaw cycles, and biota 
intrusion.  This structure includes well-connected larger pores, altering the hydraulic properties of 
the soils.  The saturated hydraulic conductivity generally increases (sometimes by several orders 
of magnitude), and water retention diminishes.  These same pores can be pathways for radon 
migration, especially as the water saturation diminishes.  However, until now, no comparable field 
studies have been conducted to evaluate whether these alterations have resulted in an increase 
in radon flux. 

This study measured radon fluxes at four disposal facilities for uranium mill tailings in different 
regions of the United States with widely varying climates:  Falls City, TX; Bluewater, NM; Shirley 
Basin South, WY; and Lakeview, OR.  These sites have been closed for approximately two 
decades before this study and were constructed in response to UMTRCA.  The covers employed 
different designs, were constructed with different materials, were located in widely varying 
climates, and had very different vegetative communities [editor’s note:  see Section 2.4, p. 2-62].  
Samples were collected from the cover at each site to evaluate changes in hydraulic properties of 
the cover soils [editor’s note:  see Section 2.5, p. 2-86].  Geomorphological surveys were 
conducted to characterize the structure that developed in the cover profile [editor’s note: see 
Section 2.8, p. 2-144].  This presentation describes data from three sites (Falls City, Bluewater, 
and Shirley Basin South).  Data from the Lakeview site were not available for dissemination at the 
time of this workshop. 

At each site, test pits were exhumed in the cover profile down to the top of the radon barrier, and 
to the surface of the underlying tailings in some cases.  Radon fluxes were measured on the 
surface of the radon barrier and, when possible, directly on the surface of the tailings.  Flux 
chambers of different sizes were used to assess the importance of scale on radon flux:  large 
(2.32 square meters (m2)), medium (0.59 m2), small (0.071 m2), and extra small (area = 0.018 m2). 
Radon concentration was measured with electronic radon detectors (RAD7 alpha trackers) and 
activated carbon canisters.  Tests were conducted at various locations on each cover 
corresponding to conditions that can lead to different soil structure and water saturation.  Profiles 
of gravimetric water content and dry unit weight were measured in each test pit, and water 
saturation profiles were computed from the data.  In some locations, measurements were 
conducted in paired test pits, one with a surface feature such as a large deep-rooted plant and the 
other a nearby control.  

All sites met the regulatory limit for average radon flux of 0.74 becquerel per meter square per 
second (Bq/m2-s) (20 pCi/m2-s), although some flux measurements at the Bluewater and Falls 
City sites exceeded this regulatory limit.  Radon concentrations measured using activated 
carbon samplers in the flux chambers were 60 percent of the concentrations measured using 
the RAD7, on average, and radon fluxes computed with the activated carbon data were 
9 percent of those computed with the RAD7 data, on average.  Size of the flux chamber had no 
systematic effect on radon flux, indicating that decades of pedogenesis had not created a pore 
network causing scale-dependent radon flux.  
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Falls City, TX.  The Falls City site has a grass-covered top deck and rock-covered slopes.  
Mesquite bushes are scattered across the top deck.  The rock-covered areas retained more 
moisture in the radon barrier (likely because of a capillary break effect) and had lower radon 
fluxes than areas in the vegetated top deck.  Fluxes measured in an area of the top deck where 
a mesquite bush had rooted into the cover were substantially higher than those from the control 
pit.  The average flux measured during this study (2016) was comparable to the average as-built 
flux (1994).  However, the fluxes measured in this study varied over a greater range compared 
to the as-built condition, and fluxes measured at several locations in this study were larger than 
the highest flux measured in the as-built condition.  
 
Bluewater, NM.  The Bluewater site is rock covered over the entirety and is comprised of 
several different disposal units.  The average flux in each of the disposal units at the Bluewater 
site evaluated in this study (2016) was below the regulatory limit.  However, the average flux 
measured in this study was nearly 10 times higher than the average as-built flux (1995).  
Settlement in one area of the cover at the Bluewater site results in seasonal ponding, yielding 
higher water contents, higher water saturation, and lower fluxes.  The highest radon fluxes at 
the Bluewater site, two of which were above the 0.74 Bq/m2-s regulatory limit, were measured 
directly on an area where deep-rooted saltbush had established.  The geometric mean of fluxes 
from this pit below the saltbush were about an order of magnitude greater than the average flux 
measured in a control pit.  Fluxes were also high in an area directly below a large ant mound. 
 
Shirley Basin South, WY.  The Shirley Basin South site is vegetated with local species.  The 
soil cover at this site is constructed with a highly plastic clay rich in montmorillonite (bentonite) 
that retained moisture and was extremely dense and hard.  Fluxes on the surface of the radon 
barrier in this study (2017) were very low, even though the fluxes from the tailings were much 
higher in some cases than fluxes from the tailings at other sites.  None of the fluxes were close 
to the regulatory limit, and the average flux measured in this study was similar to the average 
as-built flux (2000).  
 
Summary.  The average radon flux at each site remained below the 0.74 Bq/m2-s regulatory 
limit after approximately two decades of service and pedogenic development in the cover 
profile.  However, the range of radon fluxes is larger than in the as-built condition, suggesting 
that structural development has resulted in some areas where the flux is higher than in the 
as-built condition.  Average fluxes were comparable to the average as-built flux at two of the 
sites (Falls City and Shirley Basin South), whereas the average flux at one site (Bluewater) was 
about an order of magnitude higher than the as-built flux.  Radon fluxes were larger in areas 
where surface features were present that exacerbate structural development (large ant mounds, 
large deep-rooted woody vegetation) and reduce the water saturation of the radon barrier.  
 
 

[Editor’s note:  The questions and answers for this presentation are combined with those for the 
next presentation presenting diffusion coefficients determined from the radon fluxes.] 
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2.7  Radon Diffusion Coefficients 

Presented by Mark Fuhrmann 
Mark Fuhrmann1, Alex Michaud2, Nicholas Stephani2 

1U.S. Nuclear Regulatory Commission, 2University of Wisconsin—Madison 

2.7.1  Abstract 

Excavations were made into radon covers at four uranium mill tailings disposal sites to expose the 
upper surface of the radon barrier and the upper surface of the underlying mill tailings waste.  
Radon flux measurements were taken at the top of the radon barrier and at the top of the waste 
as described in Benson et al. (2017) at each location.  From these pairs of fluxes and the local 
thickness of the barrier, effective diffusion coefficients were calculated using the RAECOM model 
(see NUREG/CR-3533, “Radon Attenuation Handbook for Uranium Mill Tailings Cover Design,” 
issued April 1984; NUREG/CR-2765, “A Mathematical Model for Radon Diffusion in Earthen 
Materials,” issued October 1982; and NRC Regulatory Guide 3.64, “Calculation of Radon Flux 
Attenuation by Earthen Uranium Mill Tailings Covers,” issued June 1989).  The RAECOM code is 
available at the Wise Uranium Project Web site (http://www.wise-uranium.org/ctch.html).  This 
code can also perform one-dimensional, steady-state radon diffusion calculations for a 
multilayered system that can be defined as needed, giving steady-state fluxes and 
concentrations at defined locations within the barrier profile.  It can estimate diffusion coefficients 
from the thickness, moisture, and porosity data based on an empirical relationship from Rogers 
and Nielson (1991).     

For this work, calculations of effective diffusion coefficients (D) for radon were based on the 
measured inlet flux at the bottom of the radon barrier and the exit flux measured at the top of the 
barrier.  The inlet (bottom) flux from the waste and the barrier thickness were entered into the 
RAECOM code and the diffusion coefficient was iterated until a top flux was obtained that was 
close to that observed at the site.  Using that diffusion coefficient, results were calculated in 
terms of a flux profile through the thickness of barrier material, giving fluxes at the depths 
defined in the model.  These fluxes, along with the measured fluxes at the bottom of the barrier 
(top of the waste) and the top of the radon barrier, were plotted against depth in the barrier.  
They were also were used to calculate modeled Pb-210 profiles [see Section 2.9].  Travel times 
for radon moving through the barrier were estimated based on the diffusion coefficient and barrier 
thickness and are expressed both as days and as the number of Rn-222 half-lives needed to 
traverse the barrier.  

At Falls City, the average effective diffusion coefficient is 2.6x10-7 (m2/s) on the top deck, which is 
vegetated; the number of half-lives needed to traverse the barrier is about 5.5.  This suggests that 
about 2 percent of radon generated from the waste reaches the top of the barrier before it decays. 
The lowest fluxes are found at Pit 6 on the rock-covered side slope, where radon would need 
about 63 half-lives to cross the barrier.  At that transport rate, no Rn-222 would exit the cover, all 
of it decaying within the radon barrier. 

At the Shirley Basis South, site diffusion coefficients range from 1.1x10-7 to 6.1x10-9 m2/s, with an 
average of 2.6x10-8 m2/s for 20 measurements.  Transport times, expressed as the number of 
radon half-lives, indicate that at least 10 and as many as 96 half-lives are needed to traverse the 
barrier.  Most pits had high bottom fluxes (pit 3 was very high); this allows good confidence in the 
calculation of D.  The barrier retains radon well.  This site had especially low radon transport rates 
due to the smectite-rich cover material and its retention of moisture. 

http://www.wise-uranium.org/ctch.html
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At the Bluewater site, fluxes and diffusion coefficients varied substantially.  For example, at Pit 4 A 
and B, the effective diffusion coefficient averaged 5.4x10-8 m2/s, with an average travel time of 
15.3 half-lives for eight measurements.  In contrast, at Pit 5 A and B, the effective diffusion 
coefficient averaged 1.8x10-6 m2/s, giving a travel time of about 0.5 half-life.  Very little radon 
retention takes place at Pit 5, while essentially no radon is lost from Pit 4.  Even within a single pit, 
there can be notable variability.  For example, at Pit 3, one measurement resulted in a diffusion 
coefficient of 1.4x10-7 m2/s, giving a travel time of 4.6 half-lives.  Only a meter or two away, a 
diffusion coefficient of 4x10-8 m2/s was determined, with a travel time of 16 half-lives. 

For the Lakeview site, the measurement of fluxes, even fluxes from the waste, was problematic 
due to the very low radon counts.  Effective diffusion coefficients ranged from 3x10-6 to 
7x10-8 m2/s, with most being around 5x10-7 m2/s, and travel times of less than one half-life. 
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2.7.2  Presentation 
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2.7.3  Question and Answer Session for: Field Evaluation of Radon Fluxes from Radon 
Barriers at In-Service Uranium Mill Tailings Disposal Facilities, and Radon Diffusion 
Coefficients 

Question.  We know moisture content is very important for radon flux.  Could you use 
geophysical methods to scan the whole site and get an overall average for moisture content? 
Reply.  You probably could use DOE/EM’s electrical resistivity method or radar to create a map 
of water content.  
Comment.  Actually, those methods are really difficult in high-clay-content materials. 
Comment.  We know the relationship between radon flux and moisture content—the wetter the 
better.  We know the moisture content as-built—they wet the material as much as possible to 
get optimum compaction.  They measured moisture content as they built so they could continue 
building the barrier.  They did not let the material dry out.  So the question is how representative 
are the as-built measurements, without any structure development, to long-term conditions.  
Mark Fuhrmann has shown us how long it takes for radon to diffuse through the barriers.  If you 
measure radon flux right away, the radon may not have enough time to come into equilibrium.  
So there is some question about how representative those as-built flux values are of initial 
conditions.  
Comment.  If you look at the construction specifications, these barriers are built in layers, and 
builders have to show that moisture and compaction requirements are met.  That is the easiest 
way to control the quality of the radon barrier.  So you should have a pretty good record.  
Reply.  Our whole construction quality assurance/quality control system has completely 
evolved.  The whole focus was on compaction.  In the old system, QA/QC was highly variable.  
Today, it is a different story—very predictable that you meet construction specifications.  
Comment.  When they were building these sites, as shown in the completion reports, there 
were sometimes well over 1,000 measurements of moisture and bulk density reported as 
different lifts were put on.  That was to show optimized water content for compaction.  If, as 
Jody Waugh was saying, they go immediately to radon flux measurements, after adding 
moisture, that will bias flux measurements low.  We might have biased high. 
Comment.  But the flux is still within the flux criteria, so that tells me that there is a lot of margin 
built into the barrier.  
Comment.  Yes, and if you compare our bulk density and moisture content values for some of 
these sites, I think Falls City is one of them, our measurements are darned near the same as 
the as-built values. 
Reply.  Another point that Jody brought up is that the flux measurements were made as soon 
as the radon barrier was done, so that they could continue putting on other layers of the cover.  
The radon barrier is probably not in equilibrium with the flux of radon coming up from the waste, 
so the flux measurements may be biased low.  Looking at the as-built test results, there are a lot 
of questions and methods have changed, yet our measurements and the as-built values are 
pretty much the same, which is really remarkable.    
Comment.  There is a regulatory requirement to perform that radon measurement within a 
certain amount of time, maybe 90 days.   
 
Question.  Did you measure the radium-226 content of the tailings?  The emanation factor can 
differ significantly, depending on moisture conditions. 
Reply.  No, we were not allowed to touch the tailings.  The completion reports typically have 
numbers for the emanation factor that were determined experimentally.  I don’t know how that 
relates to emanation in current conditions.  At Shirley Basin South, the waste is pretty coarse 
grained and well drained. 
Comment.  On many of these sites, the barrier was not put directly on the tailings.  There was a 
lot of very low-activity material, like windblown material, that they gathered up and put on top of 
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the tailings. So there was low-activity material above the tailings, and then the radon barrier was 
put over that.  
Comment.  That is why the Shirley Basin South site was so different.  The radon barrier was 
directly on top of the tailings ponds.  So we actually got to the surface of the waste, and it was 
visually different than the barrier material. 
 
Question.  Was an assumption about compaction built into the regression equation for the 
estimate of the diffusion coefficient?  Didn’t the equation assume a value like 95-percent 
compaction? 
Reply.  No, this equation is from Rogers and Nielson (1991), and they gathered a lot of data for 
it.  Their relationship involves porosity and percent water saturation. 
 
Question.  The hydraulic properties change over time as the site is aging.  The percolation rate 
probably goes back to what it was in the natural environment.  Radon appears to be a different 
story.  Although the site is changing, flux appears to be close to the way it was in the beginning.  
What further investigations do you need to do to verify that? 
Reply.  It is not what we expected.  We expected that if we see changes in hydrology, we 
should see changes in flux.  One fluid changes, so we should see similar changes in the other 
fluid too.  That is not what we saw.  This was a relatively small sample size of four sites, but with 
very different climates, construction methods, and cover profiles.  There is some change in flux, 
but it is not as dramatic as changes in hydraulic properties.  Maybe the range over which the 
diffusion coefficient varies over the practical range of moisture content is not the same as the 
range of hydraulic properties.  Flux varies over two orders of magnitude, but hydraulic properties 
vary over six orders of magnitude. That probably has something to do with it. 
Comment.  Thinking of pore size distribution and connectivity of pores, maybe the saturated 
conductivity does not reflect changes in storability of the soil unit.  If you attempt to make an 
impermeable barrier, it is in a state that is not happy with the environment.  Perhaps nature is 
changing it in such a way that there are changes in saturated conductivity that are significant, 
but the changes in resistance to gas diffusion are much smaller.  
Reply.  That is valid.  These are two different processes.  One is a gas diffusion process, and 
the other is advection.  Radon diffusion is controlled largely by water saturation and the 
saturated conductivity is controlled by the largest pores—different mechanisms.  
Comment.  Does some portion of the moisture characteristic curve potentially correlate to the 
radon diffusion coefficient? 
Reply.  You could look at shape changes to possibly pick up changes in radon diffusion 
coefficient. 
 
Question.  If saturated conductivity increases, does that translate to higher moisture content, 
which would mean a lower diffusion coefficient of radon? 
Reply.  Yes, sometimes, but it should drain more readily. 
Comment.  You might have to factor in vegetation and ET.  ET drives most release of moisture. 
Comment.  Conductivity doesn’t indicate levels of moisture content but only how fast moisture 
can move through.  
Comment.  Yes.  If the barrier is more permeable, then a wetting front moves in more quickly, 
but it also will drain more quickly. 
 
Question.  The graph of hydraulic conductivity seems to indicate that, except for Shirley Basin 
South, it appears that changes are not yet finished.  The deeper layers of the radon barrier did 
not seem to have changed yet.  For the other three sites, it seems like the top layer of radon 
barrier had changed to values that you recommended, but some of the deeper ones had not.  
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Reply.  This is most clear at Bluewater—we have one profile that is 2.5 meters deep, and we 
took five block samples.  The trend is beautiful.  [Editor’s note:  see Section 2.5 p. 2-101]   
Comment.  If the bottom layer of radon barrier is close to its as-built condition, that will have an 
effect on the radon flux.  Change has not extended to that depth.  
Comment.  Some of the Pb-210 data may speak to that.  
Comment.  This goes to the whole issue of the effect of changes stopping at a certain depth or 
extending deeper with more time. 
Comment.  This is the beauty of the analog studies.  Looking at these analog sites may be able 
to tell us what is not a steady-state condition in the same material.  Could the analogs inform the 
ultimate depth of structure formation?  
Comment.  The comparison of the natural analogs vs. the engineered barrier is of interest.  
There must be some differences; the barrier is put in with some machine, soil structure is 
destroyed, and then you assemble the soil as a barrier.  The natural analog is untouched for 
thousands of years.  Is there a point of disconnect where the analog part gets shaky?  
Comment.  Great point.  Our analog sites are limited to the four DOE sites.  They are in or near 
the disposal cell property.  Considerable opportunity exists to explore natural analog sites 
regardless of whether they are on the property or not.   
Comment.  We need to grow the catalog.  It would be nice to be able to go to the catalog and 
just pick one, or one that is close, when we are doing a performance assessment review.   
Comment.  Ideally, we should go to the same borrow area as was used for the barrier material. 
Comment.  We did that, but there is debate about it.  In some instances, there are 
disadvantages to limiting your search to the borrow area.  
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2.8  A Survey of Soil Morphology and Process with Implications to Long-Term 
Performance at Four UMTRCA Sites 

Presented by Morgan Williams 
Ph.D. Candidate, Applied Soils Laboratory, University of California at Berkeley 

2.8.1  Abstract  

One of the primary uncertainties associated with the long-term success of geotechnical designs is 
the dynamic nature of soil condition over space and time.  As part of an ongoing DOE/LM and 
NRC study that seeks to determine the impact of soil change on the performance of engineered 
cover systems in the UMTRCA portfolio, we have characterized the morphology of soils across 
the disposal cells in Bluewater, NM; Falls City, TX; Shirley Basin South, WY; and Lakeview, OR. 
Comparisons between as-designed and current radon barrier morphology indicate that patterns of 
soil change not only differ among the four sites studied but also across individual locations 
surveyed on the Bluewater and Lakeview sites.  Herein, we highlight several key contributors to 
observed soil morphological conditions, including original barrier system design and present 
surface conditions.  We give special emphasis to the decadal emergence of soil and root 
morphology at lateral distances away from individual surface features, including squirrel trail 
grass, bitterbrush, saltbush, rabbitbrush, and harvester ant mounds at the Bluewater and 
Lakeview sites.  Although morphological relics of manufacturing (such as individual lift events) and 
visually striking heterogeneity in clay mineral composition are evident, we find, with few 
annotated anomalies, that emergent soil architecture within radon barriers across the individual 
profiles observed at the Falls City and Shirley Basin South sites are generally uniform, with the 
exception of small variations in very fine root development.  Detailed diagrams and annotated 
photographs are provided that map soil morphology under dozens of surface features across the 
four sites surveyed, offering a unique window into commonly abstracted subsurface conditions 
of in-service radon barrier systems.  A first-order effort to connect measured hydraulic 
performance (KSAT) against a soil morphological development index is presented for the Bluewater 
site.  We find that the emergence of soil architecture controls saturated hydraulic conductivity 
(KSAT) at Bluewater, which results in the co-emergence of soil microbial food webs with potential 
implications for the long-term stabilization and maintenance of KSAT regulating soil architecture.  
The talk concludes with a discussion on efforts to estimate the rates and qualities of soil change 
that are expected to occur over radon barrier design lifetimes (of 200–1,000 years) through the 
careful selection and study of adjacent natural analog sites.  Such sites capture the cumulative 
imprint of earth surface processes on soil architecture under shared site and material factors, 
offering our best estimates of long-term soil condition and engineering performance of radon 
barrier systems through space and time. 
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2.8.3  Question and Answer Session for: A Survey of Soil Morphology and Process with
 Implications to Long-Term Performance at Four UMTRCA Sites. 

Question.  What can you tell us about the animal burrows?  
Reply.  There were several types of animal burrows.  We saw field mouse burrows at one site.  
There were ground squirrel burrows at Lakeview and ants at Bluewater.  At Lakeview, the 
squirrels did not get through the rock material.  But in the natural analog site, without rocks, they 
go down a meter.  We also observed ant mounds at the Bluewater and Falls City sites. We 
excavated several ant mounds at Bluewater, and found that they extended through the depth of 
the barrier and to a lateral distance of roughly 125 cm from the center of the mound. We didn’t 
excavate the ant mound in Falls City. 

Comment.  The evidence about the rock barrier being effective against intrusion is particularly 
important to substantiate that design.  We design the biointrusion barriers, but often we don’t 
know how well they function.  Actually, the design is pretty empirical; could we take block 
samples that contain these former burrows?   
Reply.  I took four block samples in this profile and they were all next to each other, so yes, the 
top block sample will have relics of burrows. 

Question.  The animal burrows look like they were filled.  Were there voids or was there backfill 
material in them?  
Reply.  There was one burrow with an open void and that was an active burrow at a depth of 
about 40 centimeters.  The rest were backfilled.  They were abandoned, and surface flow 
redistributed sediment into them over time.  That is why they have a dark color.  They are filled 
with top soil that was moved into the subsurface. We also saw evidence of in-filled insect 
(possibly beetle) burrows at Bluewater occurring to a depth of 50 cm under the Saltbush profile.  

Question.  Does vegetation ever find these abandoned burrows?  
Reply.  It is pretty hard to say.  The roots go everywhere.  They look for moisture.  It is just a 
function of how hard they need to work for it.  This is pretty loosely consolidated material, and 
there was no preference for roots to move along abandoned burrows.  

Question.  How natural are the natural analogs?  Are the distribution and number of plant 
species what we think has been there the last 1,000 years or are they what you see after 
grazing or some other impact?  
Reply.  At Shirley Basin South, the landscape is pretty denuded from grazing.  The surface 
ecology is not perfect for an analog site.  When choosing an analog, you would like an ecology 
that mimics the cell itself.  Managers would never allow the cell to be as degraded as the analog 
site we were able to find there.  However, long-term soil development that disturbed only goes 
back a few hundred years.  The majority of that soil morphology at Shirley Basin South has 
been formed in the Holocene in post-glacial outwash. 

Comment.  Bluewater is a very intact ecosystem.  The analog area was limited from grazing 
because it was on the mill property.  So for 80 years, that has been an intact environment.  That 
landform has been stable for the last 2,000 to 3,000 years.  It is on an alluvial terrace.  At some 
point it was more active, but over the last several thousand years it has been stable.  Finding 
the correct analog that shares physical and biological conditions with the engineered cover, at 
relevant timescales is a challenge, but very informative. 
Comment.  The area at Falls City is grazed quite a bit.  There probably would be a lot more 
black acacia and mesquite.  It has been pretty thinned out as it was grazed.  Lakeview is 
another site where the ecology is fairly advanced with some late seral ecology.  There are a 
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couple of old western junipers growing there; their presence shows that the land has not been 
disturbed for a long time.  The sagebrush, bitterbrush, and rabbitbrush association we see at 
Lakeview is late seral, so it probably is a good analog site.  The landscape development varies 
from site to site and can depend on how the area was managed over the decades. 
 
Question.  How much does recent land management matter? 
Reply.  We have a really good understanding of range land management and the impact of 
overgrazing on soil structure and degradation of soil quality over a 2- or 3-year period.  
However, the subsurface morphology, which is what we expect the radon barrier to deviate 
toward, may be more resistant to degradation over a short period.  However, if shifts of the 
surface ecological conditions happen over a long-enough time, will that impact the subsurface?  
It is very hard to tease that effect out.  For selection of the right analog, you should have good 
information that goes back 500 years into the past, at least.   
Comment.  The ideal analog site is right next to the borrow area for the disposal cell.  At 
Bluewater, that was late successional vegetation, so it was a good site.  At Falls City and 
Shirley Basin South, the analog sites were heavily disturbed by grazing for decades.   
Comment.  On the time scale of a couple of decades, especially with root growth, if grazing 
impacts the plant distribution, that would impact root growth with respect to subsurface 
properties.  
Reply.  It could.  Once soil architecture is developed, how is it maintained over time?  
Vegetation may create aggregate structure and also stabilize that structure.  Because of its 
biological activity, exuding hydrophobic compounds coat the peds, making the soil structure 
resistant to shrinking and swelling events and stabilizing the structure.  Changing from 
sagebrush steppes to grassland, some of these processes are not known on the decade scale.  
Pedology on the time scale of UMTRCA covers is an emerging field with more opportunities to 
explore.   
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2.9  Can Lead-210 Be Used to Indicate Long-Term Radon-222 Transport in Radon 
Barriers? 

Presented by Mark Fuhrmann 
Mark Fuhrmann1, Alex Michaud2 and Michael Salay1 

1U.S. Nuclear Regulatory Commission, 2University of Wisconsin—Madison  
 

2.9.1  Abstract   

The long-term behavior of engineered earthen covers for UMTRCA sites has prompted research 
by DOE and the NRC to assess changes in properties of four covers that are each about 20 years 
old.  One design criterion is intended to provide reasonable assurance that the Rn-222 release 
flux will not exceed 20 pCi/m2-s (0.74 Bq/m2-s) for a period of 1,000 years to the extent reasonably 
achievable and in any case for at least 200 years.  Radon flux measurements are typically 
conducted for 24 hours and are subject to substantial short-term impacts of changing moisture 
content and barometric pressure.  Our hypothesis is that profiles of Pb-210, a daughter of Rn-222 
with a 22.3-year half-life, within radon barriers will provide an indicator of where Rn-222 decayed 
and therefore its transport within the barrier over long times.  The concentration of Pb-210 will 
increase for about 250 years, until the two radionuclides come into secular equilibrium.   

Samples of radon barrier materials from four in-service sites have been analyzed for Pb-210.  In 
all cases, Pb-210 was detectable, often was substantially above background values, and had 
higher concentrations at the bottom of the radon barriers where much of the Rn-222 lingers and 
decays as it moves up from the tailings.  In some profiles, Pb-210 was found to decrease to 
background partway through the barrier, indicating that all Rn-222 had decayed before reaching 
the surface; in these cases, radon fluxes at the top of the barrier were generally at background.  In 
other cases, Pb-210 concentrations were greater than background toward the surface of the 
barrier.  In these locations, measured radon fluxes at the top of the radon barrier were elevated, 
indicating radon migration through the entire radon barrier and long-term release of a small 
fraction of radon that entered the barrier from the waste.   

To relate Pb-210 concentrations to radon flux, we used the RAECOM code to model diffusive 
transport of radon (NUREG/CR-3533, Regulatory Guide 3.64).  This code was originally used to 
estimate thicknesses of the barriers prior to construction, but it can also be used to estimate 
diffusion coefficients from measured top and bottom fluxes, as well as to provide calculations of 
radon flux and steady-state concentration at defined depths within the barrier profile.  A 
spreadsheet model was developed to convert Rn-222 flux profiles from RAECOM to Pb-210 
concentrations and to calculate the ingrowth of Pb-210 as the barrier ages. 

We observed two types of Pb-210 profiles within the barrier material.  The first is a curve that 
continually decreases with distance from the waste until it reaches the background Pb-210 
concentration.  From that point, the Pb-210 concentration remains constant as the surface of the 
barrier is approached.  Calculated Pb-210 values based on the modeled radon flux, from our top 
and bottom flux measurements and the age of the barrier, correspond with the measured Pb-210 
results quite well.  The second type of profile shows a more complex pattern in which Pb-210 
increases from the bottom of the barrier to a maximum 5 or 10 cm up from the bottom.  Then the 
Pb-210 concentration drops rapidly but does not attain background concentrations; it remains 
elevated as the top of the barrier is approached.  This type of profile seems to conform to the 
moisture saturation profile of the barrier material and was observed at only two locations at the  
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Shirley Basin South site; it is unclear whether these locations represent an unusual set of controls 
on Rn-222 transport/Pb-210 deposition.  Approaches to modeling this type of profile are being 
discussed.   

Findings from this work indicate that Pb-210 profiles are promising for quantifying long-term 
Rn-222 transport in radon barriers.  Two approaches to better understanding long-term transport 
in radon barriers are suggested; the first is the use of detailed Pb-210 profiles to define Rn-222 
transport mechanisms within the barrier as a means of testing assumptions about transport 
mechanisms used in models as well as the impacts of moisture content and preferential 
pathways.  The second is a monitoring approach that uses samples from the upper portion of the 
barrier (perhaps the top 25 cm taken by Geoprobe) to determine whether Pb-210 is elevated 
compared to the background concentration.  Our data strongly suggest that Pb-210 
concentrations greater than background in the upper portion of the barrier are an indicator of 
elevated radon flux from the top of the barrier. 
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2.9.3  Questions and Answers Session for:  Can Lead-210 Be Used to Indicate Long-Term
 Radon-222 Transport in Radon Barriers? 

Comment.  It would be really interesting to overlay your lead concentration plots on the photos, 
like you did with the density, moisture, and depth diagrams.   
Reply.  We started doing that with the moisture content.  There's more that we can do to tease out 
information.   
Comment.  I would argue you want a conceptual site model for each one of those.  How do you 
calculate diffusion, and what model would you use for that?  You brought up clay and the sorption 
of Pb-210 on clay, and the other issue is the moisture content.  It would be a very good 
performance indicator if you could overlay data with regard to Pb-210, but you have to have that 
conceptual site model and the effective mathematical model describe what’s going on with 
Rn-222 and the lead. 
Comment.  It would be interesting to also look at root counts versus moisture and Pb-210.  
Reply.  Good idea. 
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3    NEXT STEPS 

Discussion Led by Craig Benson 
Dean of Engineering, University of Virginia 

3.1.1  Presentation 
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3.1.2  Discussion 

Craig Benson.  I was thinking about the different stakeholders we have here.  We have folks from 
DOE/EM who are more on the design construction operation side, and people from DOE/LM who 
work on the long-term management stewardship of the sites.  And then we have folks from the 
NRC who are on the compliance side.  So we all have a different role in this, and oftentimes those 
roles don't overlap.  Yet we would like to have something that is congruent between what the NRC 
would want in terms of a system in which you have a high degree of confidence to meet your 
goals for meeting regulatory requirements.  For EM, you would like to have something that's cost 
effective to build and that you can build, operate, and permit in a practical way.  You also want 
something that LM can manage and maintain in perpetuity without an extraordinary amount of 
effort or resources, something that LM has a high degree of confidence will last.  How do we bring 
those three different goals together?  Those are the challenges we can think about as we direct 
our work going forward.  How do we go about doing that?   

One of the things that we talked about last night is that a lot of our design work now is around a 
uniform set of criteria that we apply to every site.  The risk is different depending on the site.  
Certainly, a mill tailings site has different risks than the saltstone disposal facility or the HLW tanks 
at Hanford; they all pose different risks and they are in different environments with different 
receptors.  The emissions from those sites have different impacts and potential effects.  We need 
to be able to create a process by which we are really focusing on managing risk.  When creating 
facilities, our approach to design, maintenance, and permitting should be around managing the 
risks as opposed to managing the process.  It’s really a more flexible approach.  We need to think 
about how we can create resilient designs that fit in with that function well, that are sustainable in  
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perpetuity, and that meet the performance goals.  Finally, how can the NRC have confidence that 
we actually can build the facility and have some confidence that it’s going to work over a very long 
period of time? 

How can we create a resilient stable-state design that represents the long-term condition, not only 
when we build it but 1,000 years from now?  This means design, construction, and monitoring so 
that we really understand the processes involved and how they're going to affect the system.  We 
need to be sure the design is resilient enough so that it functions in the context of those 
processes.  For example, if we have an anthill ingress into a facility, that design needs to still 
function in the context of that type of disruption.  They are all kind of big-picture ideas, but then 
how do you get there?    

We just started to make some notes on how to get there [editor’s note:  see slide 2 of the 
presentation, Section 3.1.1, page 3-2].  These are just ideas meant to start a conversation.  First 
of all, we think about the types of risk that we have.  These are different types of factors that affect 
how we would go about designing a facility and the type of approach we want to take, given the 
risks.  There is climate.  Where do our facilities sit?  The climate is very different for Burrell than it 
is at Bluewater, versus that at the Savannah River Site, versus out at Hanford.  These are very 
different climates and very different settings.   

The second item is to start to better understand natural sustainable systems.  We engineer things 
and then nature changes them.  I guess we're better at that than we were 30 years ago, when we 
started really working in containment systems.  That's really the essence of trying to get out a 
resilient design—look at what nature tells us.  The big force that we're dealing with is nature trying 
to take the system in a certain direction, and entropy is going to push it to a longer term stable 
state.  We need to try to get to that stable state from the beginning.  We are looking for these 
natural sustainable systems that provide long-term isolation with minimal intervention. 

Jody talked about this last night.  There are debris flows on the western slope in Colorado that are 
essentially natural riprap deposits that have been in place for millennia.  They provide great 
examples for us of a natural system that will function for thousands of years.  They are essentially 
undisturbed in the context of disruptive environments.  We can characterize them, understand 
them, and then understand how we can translate those into engineering designs.  We can then 
develop methods to replicate these natural and sustainable systems so we can have a higher 
degree of confidence in their performance.  In this way, a regulator can actually believe we know 
what we're doing, and the regulator can be confident that we can design a facility with a high 
degree of reliability.   

Can we develop simple and cost-effective techniques for surveillance to confirm the function?  I 
think what Mark Fuhrmann is doing in terms of Pb-210 fits that perfectly, and it is something that 
others can also do.  A process that involves digging gigantic holes, taking samples, and doing all 
kinds of neat analysis is expensive and slow.  We did four sites in 3 years.  If we had a technique 
where we get a lot of samples with a Geoprobe like Mark has suggested, and if we take 
20 samples in a day and perform the analyses in a month, we could have an idea of how that 
system is functioning.  It may not be in great detail, but it might tell us whether the system is 
functioning, or it might give us more detail.  Can we develop these kinds of simple and 
cost-effective techniques for surveillance to allow us to confirm function?  DOE/LM could use such 
a technique to check on sites periodically and report back to DOE and the NRC to demonstrate 
that the function is meeting the goals.  
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Jody Waugh.  I think there may be really practical questions on how we're managing these sites.  
There are three questions that are related to legacy sites that we manage.  One is that the 
long-term surveillance plan right now requires us to spray herbicides to kill the vegetation.  It's a 
very practical question; do we have to continue spraying or can we let the vegetation grow?  If we 
spray, does this mean we are going to spray herbicides for 1,000 years?  How does the risk 
associated with 1,000 years of herbicides compare to the risk associated with the radon?   

Then, how do we manage the sites going forward?  In some cases, vegetation growing at a site 
may be beneficial.  Transpiration may control the water balance and prevent percolation.  But 
there are tradeoffs.  We’ve shown that vegetation tends to dry out the radon barrier, create root 
channels, and enhance structure development, therefore increasing radon flux.  For example, at 
Bluewater, we have a ground water contamination plume that's moving away from the site toward 
an area where the local farmers pumped water for irrigation.  As a result, at that site, maybe the 
risks are greater associated with ground water contamination than they are from an increase in 
radon flux. 

Thinking of another site, Shirley Basin South is a mining area and the subsurface is just full of 
uranium.  Natural uranium in the ground water is high, so maybe what the tailings contribute really 
doesn't matter.   

Next, is there a way to do risk-informed performance monitoring?  We start out with an unfocused 
one-size-fits-all approach, but maybe we should move to more risk-informed performance 
monitoring.  Even coming out of the 2010 workshop on engineered barrier performance 
(NUREG/CP-0195), we asked this question.  This leads to the third question that Craig has 
already alluded to—how should we go about monitoring?  Do we have the technologies available 
currently to monitor?  Is there a simple, inexpensive way over time to monitor or estimate radon 
flux using Pb-210?  Similarly, is there a method to monitor and estimate whether we're getting 
percolation flux for sites where the risks are greater with ground water contamination? 

Those three questions are key.  We need to decide whether to spray or not.  We need to know 
whether ET and controlling the water balance or whether controlling the radon fluxes is the higher 
priority.  We need to be able to monitor if we go to risk-informed performance monitoring.  

Craig Benson.  The risk defines the monitoring priorities.   
 
Jody Waugh.  The last item is how do we prioritize sites and allocate resources to address the 
previous three questions?  
 
Tom Nicholson.  How do you interact with EPA?  
 
Jody Waugh.  I’m a DOE/LM contractor. I’m not a policy person and so I don’t really interact 
with EPA.  I’m sure LM does, but I’m on the applied science side of LM as a contractor, and I 
really can’t speak to these policy aspects. 
 
Tom Nicholson.  We have risk to public health and risk to the environment.  If I were EPA or the 
States, I would ask that LM give me an indication over the long term of how well these systems 
are going to operate with regard to public health and the environment. 

Jody Waugh.  In the past, we have done ecological risk assessments at some of these sites, and 
I think it’s something we could build on moving forward.  We haven’t done those types of 
assessments in a while.  The focus has been on compliance with UMTRCA.  
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Craig Benson.  Sherri, as the chair of LFRG, what is DOE/EM’s perspective?  

Sherri Ross.  We use models to predict how the facilities are going to perform, and we recognize 
uncertainty and variability in them.  We try to prioritize additional research and information needs, 
and we conduct annual reviews of our operations and facilities.  Our models are living documents 
that need to be maintained and current.  There is both compliance monitoring and performance 
monitoring of facilities.  We use our models to try to predict and give reasonable assurance so we 
can authorize the operations to proceed, but our models are considered living documents.  We do 
additional research and development to maintain those as current and factor in new information 
as we go, including performance monitoring and separate compliance monitoring.  Typically, we 
will hopefully not run into compliance issues early on.  For CERCLA facilities, it is a three-agency 
approval process to operate, involving DOE, EPA and the State.  Typically, the remedies are 
reviewed by the agencies on 5-year frequency, where they specifically look at what data you have 
accumulated.  Is new information in sync with your model?  Do you need additional information?  
The reviews look at ground water samples and air monitoring, and there’s a frequency for 
monitoring.  You do want to focus on those barriers and the performance of the barriers that are 
really needed.  What's the major risk for the facility, depending on what you're disposing there and 
on operations? 

Tom Nicholson.  You brought up the word “remedy.”  So after 5 years of collecting data and 
doing good analysis, what causes you to want to use a remedy?  What is the indicator that says 
something has to be done or that it's fine for 5 more years, and we’ll look again after another 
5 years wait?  What are the indicators that say remediation has to be implemented? 
 
Sherri Ross.  It’s the requirements.  There are the regulations, and you look at your risk 
assessment so you know what contaminants are there.  What is the risk they imposed?  Does 
an action need to be taken?  Those are typically three-agency decisions, and they evaluate 
those questions together.  They look at proposed options and then select an action collectively. 
The three agencies will agree to the proposed remedy, implement it, and perform 5-year 
reviews.  The agencies agree to what data are being collected and evaluate them.  The 
agencies may decide 10 years down the road that they need to consider a different parameter.  
For example, the agencies might say that they know they do not have a lot of uranium here or 
that they do need to better evaluate radon performance.  Then they might want to monitor for 
Pb-210 in the subsurface.  It’s an evolving process that does not start with all the answers at 
once.  They evaluate and see whether additional actions are needed.  DOE/EM does that at its 
operating disposal facilities.  On an annual basis, DOE/EM needs to know what it disposed of 
last year.  Typically, DOE/EM is under CERCLA, and those are 5-year remedy reviews by all 
three agencies, so it's very similar to the questions you're posing here under LM.  We will also 
install closure caps, but a lot of ours are mixed waste.  There’s a liner so I don't think that’s 
directly applicable. 
 
Ming Zhu.  I would like to add, as Sherri mentioned, DOE has been using the risk-informed 
approach in all phases, from design, construction, and operation to site closure.  As Sherri 
alluded to, DOE Order 435.1 guides the use of performance assessment to support all those 
three phases.  Using the LFRG process for disposal facilities and even for high-level liquid 
waste when we go through tank waste closure, we will follow a similar process for closure.  In 
addition, for remedy actions there’s discussion about when you can turn off pump and treat and 
the criteria we should use to make that decision.  That’s part of the 5-year review that we do 
under the EPA requirements.  There’s active discussion on the need to come up with some kind 
of formal guidance to make that decision a little more robust.  That’s part of the reason why we 
stood up the Performance and Risk Assessment Community of Practice, to share information, 
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develop consensus, and hopefully document the group consensus as guidance to our sites.  
Craig is one of the leaders in that group and is developing one key piece for the performance 
assessment—how to predict the long-term performance of engineered structures.  Roger Seitz 
is another key player in that group who has already developed a white paper on how to manage 
uncertainties given all the factors that need to be taken into account in the final decision.  The 
point I want to drive home is we are using the risk-informed approach—although maybe it’s not 
formally called that—but consensus seems to be in recent years to make decisions a little more 
robust.  
 
Craig Benson.  Perhaps elevating that idea would be really helpful.  I think that group has come 
together a lot over the last few years and has really started to gel. 
 
Hans Arlt.  I really like what Jody spoke about.  When I look at these uranium mill tailings 
covers, there are two issues.  One is with the ground water being contaminated from the waste 
when the water filters through the cover.  The other one is with the radon release.  Right now 
there doesn't seem to be a problem with radon release, but there's an indication that there might 
be a problem in the long term.  The biggest releases were from root systems and animals like 
ants.  It seemed that the fauna and flora are not good for radon release.  You're seeing the 
beginning of that at some of the sites, some more than others, so you had impacts from anthills 
and roots and those don’t seem to repair themselves.  In other words, once an anthill is there, 
it's there, and you have that problem for a long time.  Once you have that root system there and 
it loosens up the soil, that’s there even if the plant dies.  So it seems like you have the beginning 
of a potential problem, and you have 170 years or so to go.  I think a lot of these covers are 
30 years old.  I would think somehow that one may be able to model long-term impacts so if you 
have a certain rate for how many anthills develop at a site and how many plants are there.  
These rates are changing.  Shirley Basin South seems to have really fantastic compacted clay, 
even though it has really high sources.  I would guess that if you modeled that site, even after 
hundreds and hundreds of years, you’re not going to have a problem, although you might 
eventually have a problem at some point if roots develop.    
 
Jody Waugh.  Yes, that gets back to something I introduced yesterday during the presentation 
when we talked about starting with a conceptual ecological succession model.  We are starting 
with as-built conditions.  There's no ecology; we call this primary succession.  It's like a rock 
surface that eventually turns to soil, but what we're starting with is the engineered as-built site.  
Then, we're trying to define this dynamic end state—potential natural vegetation or late seral 
stage.  I had a cartoon up there trying to illustrate this seral stage concept [editor’s note:  see 
Section 2.4.2, page 2-65].  We’d like to develop these models for each site, at least conceptual 
successional models, and then be able to define where we are currently in this progression, that 
is, this trajectory that we are projecting.  So we define where we currently are and how much 
more ecological change we would anticipate.  Then, because that seems to be the key driver, 
we need to define the soil morphological changes in response to the ecological change and, 
most critically, the changes in engineering properties.   
 
Hans Arlt.  I was talking about modeling what happens if you just leave the system alone, as it 
keeps on doing what it is doing.  It seems to me DOE/LM may be thinking about changing some 
of these sites.  You have the slide showing plowing in the riprap [editor’s note:  see 
Section 2.3.2, page 2-49].  You’ve been talking about that for a very long time and so I’m 
wondering—what’s the decision there?  When the decision is made, will you change the covers 
by plowing in the riprap, or do you plan on looking at that for another 10 or 20 years?  There’s 
no sense in modeling what happens if you leave the system alone if you're going to change the 
site.   
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Jody Waugh.  Currently, we are looking at how Mother Nature is changing the sites.  
Particularly for arid sites, there’s probably no need to try to pull soil up into the riprap if Mother 
Nature is depositing aeolian dust and filling that for us.  
 
Hans Arlt.  So your opinion is that DOE/LM is thinking maybe we shouldn't be so active?  
Maybe we should just leave it the way it is?  Maybe stop the herbicide as the most active thing, 
and then one could just model what one has and then see whether there is potentially a 
problem.  Models, of course, have a lot of uncertainty, but maybe you can get kind of a ballpark 
idea of whether there will be a problem in 50 years or 70 years at some of these sites.  
 
Jody Waugh.  Yes, if the cover begins looking like the analog site within 170 years or 
970 years, how will the cover perform with that morphological stage, that ecology, that water 
balance, and associated engineering properties?  
 
Hans Arlt.  It may be that the radon release is fine at some of the sites, even with a lot of 
vegetation and animals.  However, you might have three or four sites where it is a problem and 
you can’t let it continue going the way it is going—maybe we need to put in a geomembrane.  
 
Jody Waugh.  I get to look at sites individually, like comparing Shirley Basin South to 
Bluewater.  In one case, maybe radon flux is a greater concern for risk, while at the other, 
percolation of water is probably the greater risk.  We need to be able to screen, categorize, and 
prioritize all these sites as to the best way to manage a particular site moving forward.  Should 
we let it transform into an ET cover or do we need to keep spraying?  It's a tradeoff.  The wetter 
the better for radon attenuation, but plants need to dry out the cover if we want to prevent 
percolation so tailings are not a continuing story. 
 
Sherri Ross.  I would like to see us apply what we've learned into the design.  Most of these 
sites studied were arid sites, and, except for some of the plants that had deep, deep roots, plant 
roots will follow the water.  If you design the top of your cover to be well above where radon 
decays, then you may not need long-term maintenance.  One of the goals of DOE is to minimize 
long-term maintenance.  If you know what plant life will grow on the covers, you can design for 
that so they don't actually degrade your barrier.   
 
Jody Waugh.  A lot of these covers were designed with a protective layer.  You might 
remember the three designs we had at the beginning.  The earlier ones just had rock right over 
the top of the radon barriers, the cover wasn’t protected.  Later, the covers had a protective 
layer.  That protective layer is also a water storage layer, and we don’t see the roots going down 
into the radon barriers below the protective layer very much.  We're not in the design business, 
but if you design one that way, we would like to monitor that type of design. 
 
Sherri Ross.  For the purpose of the continuing living documents, what are you learning in your 
maintenance and monitoring?  How can you apply that information?  At a facility that already 
has a closure cap, it is difficult but you could install a top layer if you determined that it’s 
necessary.  However, the information could be applied when you do design the next facility 
closure cap. 
 
Jody Waugh.  When you are designing the cover, think about where it's going to go—where 
Mother Nature is going to take this cover.  Earlier, Craig brought up looking at natural systems 
and natural analogues; this is really important, but we haven’t developed it much.  The glacial 
debris flow is a really good example.  It’s an analog site right near the Grand Junction disposal 
cell.  During the Pleistocene, as the glaciers were melting on top of the Grand Mesa, basalt 
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mixed with soil came down and basically armored the Mancos Shale.  This is a really high-clay-
content shale that was used to build a radon barrier.  We have this natural analog with soil and 
rock armoring these slopes, and we’re going to look at this to see how stable it is.  
Morphologically, the slopes have been stable for 10,000 years.  We look at the water balance.  
The vegetation is growing.  We can see calcium carbonate is forming in the soil.  The water is 
not moving very deep so it’s been stable.  So I take engineers to that site and ask them to 
engineer that natural analog to use in the design for a disposal cell, because it's already proven 
to last for 10,000 years.   
 
Mark Fuhrmann.  For existing sites, your idea of using a succession model to get information 
on different stages of vegetation on that site over different times suggests that we need more 
detailed information on the impact of that type of vegetation on a very small scale because we 
see how patchy radon fluxes are.  However, we don’t know about water ingress on that scale.  
We know that about 40 centimeters is a good size for a measurement.  We do know that the 
radon fluxes are somehow very patchy, but we are not sure why.  If a vegetative system moves 
in such that you've got a large plant every 100 meters or so, you need to know more about how 
the radon and hydraulic conductivity are influenced around that plant on a granular-enough 
scale that you can then take your succession model and plug in these properties of flux over the 
whole site.  This would then give you estimates of your radon fluxes at the boundary and your 
water transport through the cover, in order to be able to estimate how these things are behaving 
in 200 years.   
 
Jody Waugh.  We do have some evidence for water balance and water percolation, and how 
well vegetation may control that at the Monticello ET cap.  It is a really good first example of 
where we enhanced establishment of late successional vegetation.  I showed a photo yesterday 
[editor’s note:  see Section 2.3.2, page 2-43].  Instead of waiting for Mother Nature to put in 
sagebrush grass steppe vegetation, we planted it.  We didn’t wait for the natural succession to 
take place.  Over the course of 20 years and at a site that is relatively wet and has a short 
growing season, ET has been adequate to cut percolation flux down to almost zero.  Of course, 
it was designed as an ET cover.  In the second example, and I talked a little bit about it 
yesterday, there is the test lysimeter facility that we've built at the Grand Junction disposal cell.  
As the disposal cell cover is being managed, we spray the vegetation, nothing grows, and we 
are monitoring the water balance.  On the other part of the test cover, over the past 3 years, 
we’ve seeded it and we’re allowing vegetation to come in.  The percolation flux has dropped 
considerably.  We need to keep monitoring, but there’s evidence from these studies that this is a 
feasible approach.  I think at some point we are going to have to apply water balance modeling 
to evaluate results.   
 
Mark Fuhrmann.  We seem to be able to understand the balance between radon flux and water 
transport processes, but how can you design around that tradeoff?  Maybe there are ways to 
design the cover in layers that allow you to get both.   
 
Jody Waugh.  When we talk about the ecological succession as at the Grand Junction disposal 
cells, a good example is aeolian dust that’s beginning to fill the rock.  It’s changing the plant 
habitat, whereas initially that rock was acting as a mulch and keeping the cover wet.  Now, the 
dust has created habitat for deep-rooted plants.  You saw the photographs that I showed 
yesterday [editor’s note:  see Section 2.3.2, page 2-41].  At these sites, we’re beginning to see 
that the aeolian dust is filling spaces between the rocks, holding a lot of the moisture closer to 
the surface and increasing surface evaporation.  Now we’re seeing shallow-rooted grasses and 
forbs start to grow on that surface.  Mother Nature may be starting an ET cover for us by 
depositing dust.  Going back to Hans Arlt’s questions, rather than ripping, maybe we just want to 
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enhance that process.  Maybe we want to fill the rock with fines so that it’s not acting as a 
mulch, and so we have shallow-rooted plants and a more favorable water balance.  
 
Tom Nicholson.  In order to enhance performance, you have to understand the conceptual 
model of the site as it is today, and how those processes are working.  We worked with the 
University of Arizona back in the high-level waste days, and we talked about conceptual model 
uncertainty and parameter uncertainty.  The issue you've been bringing up with Mark now 
involves scenario uncertainty.  You think you know the Burrell site or the Canonsburg site, but 
you have invasive species such as Japanese knotweed, which is adding nutrients, mulch, and 
all kinds of carbon.  The argument is that you think you know the scenario you're building in as a 
succession, but now there are invasive species.  The other issue is that nature often goes 
through cycles, and so therefore you could have a long-term drought or a fire.  How will that 
change things?  That has to be built into your scenarios.  
 
Jody Waugh.  On the slides I presented yesterday [editor’s note:  see Section 3.2.3, 
page 2-55], I ended with the uncertainties in climate going forward and invasive species, fire, 
drought, and so on. 
 
Roger Seitz.  With regard to this kind of design, a lot of our barrier designs include a bio-barrier 
that is basically cobbles.  How durable will that be if it is going to fill in?  How can we effectively 
develop a bio-barrier that's going to do its job for a long time to protect against intrusion by 
plants and critters?  How do you design that?  
 
Jody Waugh.  We included a bio-barrier at Monticello, but it's not a surface rock, it is just above 
the capillary barrier interface at the ET cover at Monticello.  Years ago at Pacific National 
Laboratory and also at Los Alamos, Tom Harkinson did some work looking at the turnover of 
soils by burrowing animals and different types of barriers needed for different types of burrowing 
animals.  When we designed Monticello, we used these earlier studies to get a rock size and a 
rock spacing.  We didn’t want to change the storage or the flow of water.  We just wanted to 
prevent, in the case of Monticello, prairie dogs from getting down to the capillary interface.  
 
Roger Seitz.  From what we're seeing, animals and plants are what create problems for radon.  
The other point goes back to Tom Nicholson asking, what triggers a change?  We started thinking 
about this idea of performance monitoring probably in the 1990s.  If you are using sensors, it’s a 
really fine line because you want to get this information, but inevitably some sensors are not very 
reliable.  You’re going to get bad readings, and you’re going to get good readings.  My caution 
would be that, before you even start, you need to know how you are going to explain results that 
are outliers.  For example, we end up spending tons of time and money explaining results from 
pneumatic piezometer sensors.  The fact that we did not state upfront to the regulators that we 
may get some strange measurements means that there are problems as soon as you get strange 
measurements.   

Craig Benson.  Having a data quality process is important so that you have a high degree of 
confidence that what you're measuring is actually telling you what you think it is.  That informs the 
design or the maintenance or the decisionmaking that you need to do.  

Tom Nicholson.  If I can't tie it to risk then it's a waste of money. 

Roger Seitz.  But you may gain information on Pb-210 or moisture.  We're looking at moisture, 
but before you start reporting it officially you need to explain that you're going to see strange 
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things.  It is much easier to say it before you start than to state that when you start seeing the 
strange results.  Then people don't believe you and you lose credibility. 

Craig Benson.  That is what I like about this room.  We have different parties here.  You need to 
agree on what you're going to do as a partnership as opposed to trying to satisfy some party.  I 
have spent an enormous amount of time in the last 18 months trying to understand the data that 
we get and what they mean relative to what was expected.  We should be really careful about it.    

Roger Seitz.  Pneumatic piezometers are interesting instruments and so are advanced 
potentiometers.  You can get all kinds of information from them, and in a compliance environment 
it can be very difficult to deal with.  

Craig Benson.  I think your point about the bio-barrier is how to actually get to a stable-state 
design.  There are examples in nature that tell us how we should go about engineering 
bio-barriers that we can build into new facilities.  We ought to be trying to harvest that information 
proactively so that we can create resilient designs that everybody has a high degree of confidence 
in.  We need to realize they are never going to be perfect, we still need to monitor and check 
them.  I know in my own work I've talked to people who are working on performance 
assessments, people in LFRG, and people at the sites, and the problems I'm working on are 
one-off problems that people are struggling with.  I’m thinking of trying to do this a little more 
holistically.  How do we look at the family of issues to get to a stable-state design? 

Mark Fuhrmann.  From the point of view of the analogs, something that came up in that 
engineered barrier performance conference in 2010 (NUREG/CP-0195) was from the NRC 
perspective about developing a catalog of natural analogs.  That hasn’t really gone anywhere, and 
we are still talking about it.  I’m more stuck at the current situation at some of these sites and the 
issue of having a good understanding of what processes are really driving radon fluxes.  I have a 
better handle on radon, I don’t have much of a handle on water.  Some of the Pb-210 work will 
help resolve this.  We've assumed diffusion in a homogeneous medium as the model for transport 
in these things.  That is how the covers were built, and that's how they were designed with a 
substantial margin, so they're okay.  Do we need to have a better handle on transport processes, 
as these things do change?  The patchiness in radon flux bothers me.  We see such big 
differences in flux over areas that are less than 1 meter or so.  I don't know how that patchiness 
will evolve, and I'm not even sure we understand very well what's driving it, except in a general 
sense.  Do we have tiny fast pathways that are advective?  I don't know, maybe in some spots.  
Do we have much lateral transport?  Some of these have a fair amount of sand and layering 
within the barriers.  Does measuring it here mean anything about what's actually going on directly 
down below?  Or is the radon coming from 50 feet or 100 feet over?  We don't know that.  I don't 
know how important that is.  Maybe just the whole general flux is the key, and all these details are 
not so important.  They suggest to me that they're telling us something about how the cover is 
changing, but I'm not sure what that means.  I am curious to see others’ opinions about that.  

Tom Nicholson.  The question is, do you understand what could be the mechanism that is 
operating under what position, and how did they change with time and your spatial distribution?  A 
system that may have been very diffusion dominated at first becomes less and less so if you get 
changes in the barrier that Mark is talking about.  Is it really important for this net flux that either 
radon is going up or a contaminant is going down into the ground water system?  When does it 
become important? 

Mark Fuhrmann.  It becomes important if it's an indicator of how things are changing.  If it's just 
an indicator of the way it was built, then maybe you don't need that information.  That question 
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would be different at different sites.  I don't know how granular you need to get about mechanisms 
to have a good handle on how things are changing.  That is what I’m struggling with.  

Tom Nicholson.  Is that mechanism causing significant flux of contaminant to the atmosphere or 
the ground water and under what conditions does it become significant?  Knowing this you include 
it in your modeling.  Models can really help you in that regard, and through the natural analogs, 
where does it make a difference and where does it not make a difference.  

Craig Benson.   You have to assume that your models captured the mechanisms.   

Tom Nicholson.  When we were looking at Yucca Mountain, we looked at Rainier Mesa as a 
prototype of what Yucca Mountain might become by considering the recharge, the snow melt, and 
other things.  There was value in looking at areas very close by with similar mechanisms.  It was 
very valuable.  

Mark Fuhrmann.  We've been looking at analogs, but we can’t really look at them in situ for radon 
transport because they don’t have a source term that’s anything like what we’re worried about at 
the sites.  We could look at them from the point of view of water transport.  For gas diffusion, you 
could do tracer studies.  Would that be a benefit?  

Craig Benson.  I think you can look at those analogs and find similar processes that you could 
use to validate some of the models and answer some of the questions.  You could test those 
hypotheses if you use tracer experiments or look at other gases that might be migrating in that 
system, and you could validate some of the assumptions. 

Doug Mandeville.  If I had to review a cover design today, what would I be looking for?  If it was 
for a Title II site, the regulations do allow for a vegetative or rock cover.  My process for reviewing 
that would depend on whether I should focus more on the radon emanation or the ground water 
percolation.  Knowing that site-specific part would be important.  Also, no licensee and no 
members of the public are at this workshop.  They may have vastly different viewpoints on this 
than we do.  The licensee is going to want to spend the minimum amount possible to design and 
build a cover that meets the regulations.  Their concerns are vastly different than what DOE/LM’s 
concerns will be.   

Tom Nicholson.  When you do a review, what information are you looking for?  

Doug Mandeville.  We have a reasonable assurance standard that it will last for 200 to 
1,000 years.   

Bill Von Till.  We haven't had an application like this for a long time.  Interestingly enough, we 
had the potential site in Virginia.  Virginia Uranium wanted to have a conventional mill and mine; a 
pretty large one at that.  The company almost came up with an application to us, but politics 
overcame that.  In the process, it pretty much thought through the entire design.  This is in a very 
wet climate, where Virginia Uranium is trying to overcome the type of rain events there.  This is in 
Chatham Virginia, so it is central Virginia near the North Carolina border.  Virginia Uranium went 
through a total design for a new conventional mill.  There's also a mill site that has been licensed 
out in Colorado on the western slope, Pinion Ridge.  As far as this kind of review for the actual 
cover and reclamation plan, I don’t think we’ve dealt with an ET type of cover design in our 
regulatory reviews.  Monticello was more of an EPA site.  I’ve been to Monticello, and it looks to 
me like that's a great design.  I don’t know what the cost differences are between that site and a 
conventional site, if the licensee were to have to pay that money.  The other thing I might offer is 
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one of the things we and DOE/LM management are looking to do.  The regulations say to build 
this cover so there’s minimum maintenance.  I don't know whether that’s a good system, it 
probably is not because I think you're going to have look at the performance indicators and 
monitor other things over time to really assure the safety of the public.  However, the regulations, 
as they stand now, call for designing for minimal maintenance.  How do you design such an 
impoundment with that standard in mind, with minimal maintenance?  What do you have to do, 
plant the saltbush brushes and the type of vegetation so they can take over in 5 years and then be 
very stable and then walk away from it?  What's necessary to design and build a site that's going 
to last without a lot of maintenance?  

Craig Benson.  That's the crux of the question.  How do you get to stable-state performance?  

Tom Nicholson.  What do you have to do to maintain the site from the standpoint of changes 
such as severe erosion, rainfall, and drought?  You have to think in terms of how the site may 
undergo change.  

Bill Von Till.  You really do, and for 1,000 years.  Just in 20 years, we've seen a lot of problems at 
some of these sites, like L-Bar and other sites where DOE had to come in and spend a lot of 
money.  Look at Bluewater and the slumping problem.  In just a 20- or 30-year period, you’ve 
seen a lot of maintenance necessary for the sites that were built with what was supposedly the 
Cadillac design.  Now maybe the ET cover is the Cadillac design.  Would an ET cover work in 
Virginia?   

Jody Waugh.  What does the design look like at White Mesa? 

Craig Benson.  I was just thinking about that one.  From an owner’s point of view, Energy Fuels 
has a uranium mill where we've been working on an enclosure.  We had a group of folks who 
have designed a water balance cover, an ET cover, for that site.  We're actually evaluating it at 
that site right now.  We've built a large test section.  We've got a vegetation monitoring program.  
I've been working on the hydrology part.  They are very interested in that design because it's very 
sustainable.  I think you can build it and it will have minimal maintenance.  It will continue to 
function better and better over time because it fits in with the natural system.  That was what was 
really attractive to the owner.   

Bill Von Till.  That is Energy Fuels Resources at White Mesa.  It is regulated by the Agreement 
State of Utah.  It has lined impoundments.  It is semi-operational now, really in standby mode 
now.  Are they thinking of actually submitting that kind of design to Utah? 

Craig Benson.  Yes.  It is already submitted, and it has essentially interim approval, provided our 
test section gives the data that prove out that it actually works.  Mainly it’s uranium mill tailings, but 
today Energy Fuels Resources runs a vanadium circuit there too, so there are some other metals.  
There is a compacted layer, not necessarily a low-permeability clay barrier, but there is a 
well-compacted layer at the base that is meant to control radon.  It is about 2 meters thick, I think.  

Jody Waugh.  How does the design compare to Monticello?  

Craig Benson.  It’s actually very similar to Monticello.  I’d say it is almost identical, except it 
doesn’t have a geomembrane at the bottom and perhaps it is a little thinner.  

Hans Arlt.  If you put in a geomembrane at these sites, would that solve all the problems or not?  
I'm not suggesting it because I know it costs money.  I just want to find out if you put one in would 
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that solve the radon release and infiltration for at least 200 years?  Let's just assume they last for 
200 years and you have good quality control.  If you don't have quality control then you can forget 
it, but if you have quality control let's assume it lasts for 200 years.  I'm just curious whether 
anyone would have a problem with that?  

Craig Benson.  I’m always anxious to answer questions asking whether we are going to solve all 
the problems.  We are building composite barriers for hydrologic control and for gas emissions.  
They work really well and they do last.  We completed a study a few years back (Tian et al., 2016) 
with the latest science, not only ours.  They last about 1,900–2,000 years for polyethylene of the 
type of materials we are creating now, that is, if it is embedded in the cover.  

Tom Nicholson.  The value of your membrane, I would think, is to stabilize the situation.  You will 
have silt moving down through the riprap that will cause a fairly uniform layer.  The geomembrane 
won’t let it go any further, so this is causing a stable situation temporarily.  You’d have to model it 
and think about plant succession and other things that will cause that geomembrane to fail and 
degrade eventually.  

Jody Waugh.  We went through this exercise with Monticello.  We did a series of lysimeter 
studies to show that an ET cover would probably work there.  It was a Superfund site, and so 
we're dealing with EPA.  The EPA staff members said that they really liked this but they wanted us 
to put a geomembrane in there anyway.  So we ended up with an ET cover, a radon barrier, but 
also the geomembrane.  That’s what allowed us to create this huge lysimeter.  We decided that if 
we're going to have a geomembrane, let’s see whether we can capture water coming through the 
ET cover.  EPA just decided that although it liked what we were doing, we needed to add the 
geomembrane.  

Tom Nicholson.  Did that add any value or just make people feel better?  

Craig Benson.  We don't really know.  Even at Monticello, we could probably point to 0.2- or 
0.3-millimeter-per-year percolation over 18 years.  That 0.3 millimeter is really coming out on the 
membrane.  Although at the bottom of the ET cover it is 0.3 millimeter, the membrane takes it 
from 0.3 millimeter to about zero, so there is reduction.  Whether that reduces risk at all is hard to 
say.  Monticello is a lined facility with a composite double liner with leachate collection.  It does 
give you benefits by keeping things moist, it’ll keep roots away, and ants will not go through while 
it's there.   

Roger Seitz.  What is the cost difference?  

Craig Benson.  The cost difference is about 75 cents per square foot.  Maybe in the DOE/EM 
world it is a dollar a square foot.  You have to validate that it’s functioning.  

Roger Seitz.  That's one thing that I’ve been trying to push.  Since we’ve invested in these liners 
with the need for performance monitoring, that liner is your performance monitor and you're 
collecting leachate, especially for sites with a double or composite liner.  

Nick Orlando.  I have a couple of clarifying questions.  First, you were sampling locations at four 
sites that were fairly biased.  You focused on areas where it appeared that there was some 
change—slumping or where there were trees or deep-rooted plants.  You saw no cases where 
there was an indication that the radon flux was different from the as-built in areas that weren't 
impacted, is that correct?  
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Craig Benson.  Well, we didn't really have a true control, I guess.  We did bias our sampling.  

Nick Orlando.  So the areas where you did your biased sampling, you saw some increases in the 
radon flux over the as-built?   

Mark Fuhrmann.  At one site I know the average of the as-built and the average of our sampling 
were very similar.  I think maybe they were each biased in different ways, but you know it's very 
hard to determine for something done 20 years ago.  

Nick Orlando.  My point is that the burrowing animals, burrowing insects, and deep-rooted plants 
seem to be the problem for disrupting the cover.  The shallow-rooted plants maybe not so much, 
with the dust coming in.  Is that mostly a 60-percent true statement?  

Morgan Williams.  Just speaking to the morphology of the plants, even the shallow-rooted plants 
like the grasses have root structures that penetrate through the radon barrier.  Those factors 
seem to control hydrologic properties more so than coarsely rooted vegetation because they're 
more evenly distributed, and fine roots are everywhere.  [Editor’s note:  at Bluewater, the 
plant-impacted location was pit 5, where the bottom flux was 1.85 Bq/m2-s with an average top 
flux of 0.63 (n=6), and the nearby, unvegetated “control” was pit 4 with a bottom flux of 
11.99 Bq/m2-s with an average top flux of 0.018 (n=8).  Both bottom fluxes were substantial.  
Thus, the unvegetated location (with an attenuation factor of 670) provided much greater retention 
of radon than did the vegetation impacted location (with an attenuation factor of 2.9).]   

Nick Orlando.  For the most part, the current suite of sites in the DOE portfolio is rock armored.  I 
can think of two or three that are grass—Shirley Basin South and Fall City.  

Jody Waugh.  The top slope of Durango is vegetated.   

Nick Orlando.  Right now, the long-term surveillance plan that DOE uses to manage the sites 
includes provisions for repair and maintenance and emergency procedures.  There is a little table 
in the back of the plan that says a category 5 or a priority 5 (I won't call it an emergency, but a 
priority 5 “thing”) is the observation of any vegetation.  If the majority of the sites are rock armored 
and the issue is burrowing plants, burrowing insects, and deep-rooted plants, DOE is supposed to 
be addressing those.  If there’s a regulatory mechanism in place that appears to address the main 
causes of potential disruption, like plants or animals, what is going to be the regulatory outcome?  
You are going to do all this great science.  Mark will have his lead analog figured out.  What do we 
do if the majority of the issue is something that can pretty much be resolved just by close 
inspection of the site and spraying plants?  It is not the best thing to do, but the risk of pulling up 
an acacia tree is probably pretty low.  So keep that in mind, that from a regulatory perspective 
some of these problems may already be taken care of.  Focus on what the regulatory outcome of 
all of this will be.  What is the regulator going to do to DOE or the State or whomever is the long-
term custodian based upon what your science shows?   

Craig Benson.  That is the synthesis part, what are the impacts in terms of regulation or design? 

Nick Orlando.  There may already be a regulatory mechanism that is addressing some portion of 
the problem. 

Jody Waugh.  I think that’s right.  When we focus on the radon part, there is a regulatory 
mechanism.  If we remove the plants, the barrier stays moist.  We have lower radon diffusion and 
flux by removing the plants.  However, this is the tradeoff I was trying to illustrate yesterday.   
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At some of the sites, perhaps water percolation would be a greater risk than an increase in radon 
flux, such as at Bluewater.  By removing the plants and maintaining the rock cover, we're 
essentially harvesting water because we’re reducing evaporation.  Where will that water go?  My 
lysimeter studies are suggesting that we will get an increase in percolation flux.  There’s the 
tradeoff with the plants.  If we were just focused on radon flux using the mechanisms in place to 
get rid of the plants, we are going to have a wetter cover, especially with rock on it.  How about 
those sites where we have a ground water problem and we’re concerned about the tailings as a 
continuing source for ground water contamination?  At those sites where ground water may be the 
greater risk, maybe we should be managing the water balance, and plants help us do that.  That's 
the tradeoff; we have to look at this on a site-by-site basis.  

Craig Benson.  I think the impact from a regulatory perspective informs decisionmaking.  I take 
an action, I have a series of consequences in the field.  Do we go in and remove all the plants or 
do we think about what's the priority here?  Maybe radon flux will go up but maybe it's low enough 
that is doesn’t make a difference.  I've been worrying more about the ground water. 

Hans Arlt.  I work in performance assessment and the answer is almost always site specific.  

Tom Nicholson.  That’s right.  It is the risk that you're focusing on.  Glendon Gee said, why are 
you dumping all this rock on top of those Hanford tanks where you're just creating a recharge 
mound?  You need to know what causes the risk to increase dramatically.  How does something 
malfunction?  For instance, it isn't just vegetation, it's the type of vegetation.  Some vegetation 
grows deeper roots.  They could be the pathways of fluids.  You have to understand the site and 
get into the conceptual model and tie it directly to risk; risk in the short term and the long term.  

Jody Waugh.  My understanding is the regulatory mechanism isn't in place for us to manage 
these sites as risk-informed performance monitoring like we're talking about.  We have a 
long-term surveillance plan, and for a lot of the sites that plan says spray the vegetation.  We 
follow the plan.  That was one of the questions that came out of the 2011 workshop.  How might 
the regulations change if they become more based on risk-informed performance monitoring?  If 
they do change, how does DOE/LM go about monitoring these sites to demonstrate performance? 

Nick Orlando.  Is DOE considering proposing to let the vegetation grow on one site and see what 
happens?  And change the long-term surveillance plan?  Is that the proposal? 

Jody Waugh.  We did back in the 1990s on the Burrell site.  We measured hydraulic conductivity 
with air-entry permeameters where the deep-rooted plants were growing, we measured the 
moisture content, we reran RAECOM with those in situ water contents, and we came to the 
conclusion that the plants growing really didn’t matter.  We submitted that to the NRC, we 
proposed to change the long-term surveillance plan and let the plants grow.  The NRC agreed, 
and so there is a model of change.  There’s a case history.   

Craig Benson.  At Cheney right now, we've got side-by-side experiments, in which we ran test 
covers identically for 7 years and now we are letting one of them go.   

Jody Waugh.  I should mention that at Burrell there are 4 curies of radium in the whole thing, so it 
is exceptionally low. 
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Craig Benson.  I think this has been really helpful.  We're going to prepare a document from this 
workshop.  I don't know about the process but it would be good if people have a series of 
recommendations in that document.  It would be good to get all the different stakeholders to 
reflect on those as part of our review process.  

Tom Nicholson.  The NRC put on a workshop in 2010.  What has changed in those years?  
Where is the focus today?  I think it would be very helpful if you prepared conference proceedings.  
The public was not here, and the States were not here, but I’m sure we would be very interested 
in seeing what comes out, not only the conference proceedings from this workshop but also the 
white paper that you’re talking about.   

Craig Benson.  I was thinking about what's going on at White Mesa.  The last workshop 
proceedings came out in 2011.  It drove White Mesa to a different type of design.   

Tom Nicholson.  I also was thinking about what Ming Zhu brought up earlier.  What we are doing 
now is moving towards the risk informed.  He’s saying that Craig and Roger are helping him look 
at uncertainties and other issues.  I think that we didn’t discuss that much in 2010.  We did talk 
more about disruptive scenarios.  We did talk about some modeling, like using the Siberia code, 
but, as Mark brought up earlier, are we looking at individual, very localized issues and trying to 
expand that over the whole site?  How do you understand the whole site performance as opposed 
to individual locations?   

Craig Benson.  We've done a lot of one-off analysis, and I think we really need to begin to think 
of it as a system as opposed to pieces.  Ming Zhu’s group, the Performance Assessment 
Community of Practice, is really a great vehicle to share a lot of this information.  In 2011, it was 
kind of still nascent and was just really taking off.  That group has become very active, so that's a 
good vehicle for this type of activity.   

Ming Zhu.  We will make sure to invite you all to our next meeting so that you can hear some 
discussion, or it would be very good for you to share some of your presentation information with 
the group.   

Craig Benson.  Thank you everybody.    

Mark Fuhrmann.  I'd like to thank Tom Aird especially for helping out with the webinar. 
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