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Executive Summary 
 
The Burrell, Pennsylvania, disposal cell is a covered landfill constructed by the U.S. Department 
of Energy (DOE) to isolate soil contaminated with uranium mill tailings.  The abundance of 
plants growing on the Bur rell disposal cell has increased each year since closure of the cell in 
1987. DOE’s original plan for post-closure maintenance included regular herbicide spraying to 
suppress plant growth for the 200-to-1,000-year life of the disposal cell.   
 
This report completes a two-part study of the effects of plant root intrusion and ecological 
development on the performance of the disposal cell cover and, as a consequence, on potential 
changes in risks to human health and the environment. The DOE Long-Term Surveillance and 
Maintenance (LTSM) Program plans to use the results of this study as the technical basis for 
choosing one of the following three management options for the Burrell disposal cell: 

• Discontinue herbicide spraying if risks of root intrusion are acceptably low. 

• Accept the cost and environmental consequences of continued herbicide spraying, or other 
long-term maintenance, if risks are sufficiently large.  

• Modify the disposal cell cover design and, thereby, improve risk management over the     
long term. 

In the first part of the study we evaluated the effects of root intrusion on radon flux and the 
saturated hydraulic conductivity of the cover. This work resulted in two findings. The first is that 
root intrusion and associated drying of the cover will not likely increase radon flux above the   
20-picocurie-per-square-meter-per-second standard unless the western Pennsylvania climate 
changes from humid to semiarid. The second is that plant roots do increase the hydraulic 
conductivity of the radon barrier. We measured a 2-orders-of-magnitude increase in the saturated 
hydraulic conductivity where plant roots penetrated the radon barrier (or compacted soil layer). 
At a nearby analog site, the saturated hydraulic conductivity was 3 orders of magnitude above the 
design specification of 10–7 centimeter per second. The analog site represents a reasonable future 
condition of the cover after 200-to-1,000 years of ecological and pedogenic changes. 

In the second part of the study, we evaluated possible consequences of increased water 
movement into the tailings that might result from root intrusion in the cover. The first phase of 
this screening- level risk assessment evaluated concentrations and mobility of contaminants in 
tailings pore fluid. Composite tailings samples were retrieved from locations within the disposal 
cell that had the highest radium levels at the time of construction. Column leach tests conducted 
using composite samples encompassed a range of current, possible future, and, less likely, 
extreme chemical cond itions. The results suggest that manganese, molybdenum, selenium, 
uranium, and 226Ra in pore fluid may exceed either the Uranium Mill Tailings Radiation Control 
Act (UMTRCA) maximum concentration limit (MCL) or a U.S. Environmental Protection 
Agency (EPA) risk-based screening level for one or more of the conditions tested. In other 
words, water extracted directly from the disposal cell, the worst-case exposure pathway, may be 
unsafe to drink.  

The second phase of the risk assessment evaluated groundwater quality beneath the disposal cell 
for a range of conditions, reasonable and extreme, that could occur during the design life of the 
cover. We used a combination of historical monitoring data from seeps and wells, soil-water 
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balance modeling, and groundwater mixing calculations to estimate groundwater quality for a 
range of possible future conditions, including changes in the ecology of cover soils and changes 
in the tailings pore water chemistry. No contaminants of concern (COCs) in DOE’s historical 
database for seeps and monitor wells came close to the UMTRCA MCLs or the EPA risk-based 
screening levels. Estimates of groundwater quality for existing conditions were comparable to the 
historical monitoring data. Even for extreme conditions, all model-predicted COCs, except 226Ra, 
were well below MCLs and EPA risk-based screening levels. 

The results suggest that 226Ra in groundwater could exceed the MCL by at most 10 percent, but 
only for a highly unlikely combination of conditions: (1) pore water pH of 4.5 or less, (2) a  
2-to-3-orders-of-magnitude increase in the saturated hydraulic conductivity of the radon barrier 
because of root intrusion, (3) 1,000 years of 226Ra ingrowth, and (4) pore water contamination 
levels as high as that from the most contaminated tailings. Primarily because a pore water pH of 
4.5 is highly unlikely, radium is expected to remain relatively immobile in the disposal cell. The 
results also suggest that, in the future, because of increased evapotranspiration, contaminant 
concentrations in groundwater would be substantially lower if native woodlands were allowed to 
establish.  Conversely, regular denuding of the disposal cell with herbicides would reduce 
evapotranspiration and, in time, may actually increase drainage from the cover and leaching of 
contaminants into groundwater. 
 
On the basis of the results of this study, we conclude that regular spraying of vegetation on the 
disposal cell is unwarranted and unjustified. DOE can safely eliminate this requirement from the 
Burrell long-term surveillance plan. Natural plant succession can be allowed to proceed with no 
increased risk to human health or the environment. In fact, continued spraying may interfere with 
the long-term performance of the disposal cell. Because of a much higher evapotranspiration rate, 
the development of a mature woodland plant community is expected to augment the performance 
of the disposal cell by limiting drainage through the cover and by reducing the likelihood of 
contaminant leaching into groundwater below the disposal cell.  
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1.0  Introduction 
 
1.1  Purpose 
 
This document presents methods, results, and recommendations of a screening-level risk 
assessment for the Burrell, Pennsylvania, disposal cell. The risk assessment was conducted to 
evaluate possible long-term changes in disposal cell performance, human health risks, and 
environmental risks associated with a documented increase in the permeability of the disposal 
cell cover caused by plant root intrusion. The U.S. Department of Energy (DOE) Long-Term 
Surveillance and Maintenance (LTSM) Program plans to use the results of this evaluation as the 
basis for vegetation management decisions at the site and, if warranted, for revision of the long-
term surveillance plan for the Burrell disposal cell.  
 
1.2  Current Vegetation Management Plan 
 
The Burrell, Pennsylvania, disposal cell is a covered landfill constructed by DOE under the 
Uranium Mill Tailings Radiation Control Act (UMTRCA) of 1978 to isolate soil contaminated 
with uranium mill tailings. The disposal cell was constructed in 1987 (Morrison-Knudsen 
Engineers, Inc., 1994) and stewardship was transferred to the LTSM Program in 1994.  
Observations of plants growing on the disposal cell cover, beginning in 1988, raised concerns 
about effects of root intrusion on the long-term performance of the cell. Within 3 years after 
construction, a diverse plant community had established on the rock cover. Within 10 years, 
Japanese knotweed, an exotic perennial, had rooted through the rock layer and an underlying,    
90-centimeter (cm)-thick, compacted soil layer (CSL). Of concern was the possibility that root 
intrusion would increase (1) radon flux from the surface of the disposal cell and (2) water 
movement through the cover and leaching of underlying tailings. Because of this concern, the 
long-term surveillance plan for Burrell recommended herbicide applications every 2 to 3 years to 
suppress plant growth for the design life of the disposal cell (DOE, 1993). Under UMTRCA, 
disposal cells are intended to last 200 to 1,000 years (EPA, 1983). 
 
1.3  Summary of Root Intrusion Study 
 
The LTSM Program recognizes that the costs and associated risks of committing to long-term 
spraying of herbicide are unjustified unless substantiated by sound technical reasons. Herbicide 
applications may actually increase human health and environmental risk at the site�the solution 
may be worse than the problem. Therefore, between 1995 and 1997, the LTSM Program 
conducted a field study of the consequences of root intrusion and long-term ecological change on 
the disposal cell cover as the basis for a reasonable vegetation management strategy (Waugh and 
Smith, 1997, 1998). 
 
Waugh and Smith (1997, 1998) evaluated the effects of plant root intrusion on radon attenuation 
and water infiltration through the CSL, which is intended to serve as both a radon barrier and a 
water infiltration barrier. The results indicate that root intrusion will not increase radon flux 
above the 20-picocuries-per-square-meter-per-second (pCi · m-2 · s-1) performance standard 
unless the CSL dries out because of unforeseen and unlikely climatic and ecological changes (see 
Section 3.0).  However, LTSM Program personnel measured a significant increase in the 
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saturated hydraulic conductivity (Ksat) where plant roots penetrated the CSL (see Section 4.0). 
The Ksat averaged 3.0 × 10–5 centimeter per second (cm · s–1) at locations where Japanese 
knotweed roots penetrated the clay layer compared with 2.9 × 10–7 cm · s–1 where there were no 
plants. The average Ksat for the cover, calculated using the leaf area index for Japanese knotweed 
as a weighting factor, was 4.4 × 10–6 cm · s–1. At nearby Hannastown Historical Park, a site with 
late-successional vegetation and a soil profile and clay subsoil similar to the Burrell cover, the 
Ksat of the clay subsoil averaged 1.3 × 10–4 cm · s–1. The Hannastown soil profile was teaming 
with life. Earthworm holes, root channels, and soil structural planes all contribute to macropore 
flow of water in the subsoil. The LTSM Program considers Hannastown to be a reasonable 
analog of the long-term ecology and soil hydrology of the Burrell disposal cell cover.  
 
Burrell and Hannastown data indicate that during the 200- to 1,000-year life of the disposal cell, 
the hydraulic conductivity of the CSL will likely increase by 3 orders of magnitude in response to 
ecological and pedogenic changes.  This greater capacity to move water through the disposal cell 
may cause unacceptable leaching of radioactive and other hazardous materials into nearby surface 
water and groundwater. Section 4.0 addresses the likelihood and risks of increased contaminant 
leaching. 
 
1.4   Management Options 
 
During 1998, the LTSM Program conducted two phases of a possible three-phase assessment of 
the added risks associated with increased permeability of the cover attributable to plant root 
intrusion.  The goal of the risk assessment was to provide a technically based rationale that will 
allow DOE to choose among three management options for the Burrell disposal cell: 

�� Discontinue herbicide spraying if risks are acceptably low. 

�� Accept the cost and environmental consequences of continued herbicide spraying, or other 
long-term maintenance, if risks are sufficiently large.  

�� Modify the disposal cell cover design and, thereby, improve risk management over the      
long term. 
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2.0  Characterization Data 
 
2.1  As-Built Contaminant Concentrations and Distributions 
 
Evaluations of root intrusion effects on water infiltration, radon diffusion, plant uptake, and, 
ultimately, human health and ecological risks require data on the chemical species, 
concentrations, and distributions of contaminants in the Burrell disposal cell.  Data on 
concentrations and distributions of radiological (226Ra and 230Th) and other contaminants are 
available in the Burrell, Pennsylvania, Vicinity Property Completion Report (Morrison-Knudsen 
Engineers, Inc., 1994).  The estimated total 226Ra activity in the 54,000 cubic yards of 
contaminated material placed in the cell is about 4 curies.  The completion report did not contain 
an estimate of the 230Th inventory.  Table 2–1 provides a summary of as-built 226Ra and 230Th 
data in picocuries per gram (pCi/g) from a grid of 24 boreholes sampled in November 1986 after 
tailings were placed in the cell but before the cover was constructed. 
 

Table 2–1.  Summary Statistics for 226Ra and 230Th Concentrations in Burrell Disposal Cell        
 

Depth  226Ra (pCi/g) 230Th (pCi/g) 
(cm) Mean S.E.(mean)a Min. Max. nb  Mean S.E.(mean)a Min. Max. nb 

  0 – 60 39.5   8.0   5.5   85.0 11 416.0 154.6   55.0 1910.0 11 

  60 – 120 26.5   5.3   8.0   83.0 12 204.1   32.1   77.0   410.0 12 

120 – 300 79.8 18.8 28.0 280.0 13 878.5 171.9 350.0 2520.0 13 

All 49.6   8.2   5.5 280.0 36 512.4    90.7   55.0 2520.0 36 
aStandard error of tbe mean. 
bSample size. 

Lateral and vertical heterogeneities of 226Ra and 230Th concentrations were high.  Overall, 
concentrations were lower beneath the top slope and higher beneath the side slopes of the cell.  
Radon emanation fraction data, required for modeling radon flux, were also compiled from the 
completion report (Table 2–2). 

 
Table 2–2.  Radon Emanation Fraction Data for Burrell Disposal Cell      

 
Depth (cm) Mean S.E.(mean) Min. Max. n 

0 – 60 0.14 0.011 0.04 0.23 22

  60 – 120 0.13 0.014 0.01 0.27  23

120 – 180 0.15 0.013 0.00 0.23  23

180 – 240 0.17 0.015 0.00 0.31  24

240 – 300 0.16 0.016 0.02 0.29  22

All 0.15 0.006 0.00 0.31 114
 
Chemical analyses of soil samples from the Burrell site were performed in 1984.  The analyses 
included pesticides (Methoxychlor, 2,4–D, and 2,4,5–T), metals (As, Ba, Cd, Pb, Hg, Se, and 
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Ag), sulfide, and cyanide.  According to Morrison-Knudsen Engineers, Inc. (1988), no results for 
pesticides exceeded the U.S. Environmental Protection Agency (EPA) maximum allowable 
toxicity concentrations in Title 40 Code of Federal Regulations (CFR) Part 261.24.  Except for 
one cadmium value, Morrison-Knudsen Engineers, Inc. (1988) also states that no metal results 
exceeded the maximum EPA toxicity limits for metals in 40 CFR 261.24.   
 
2.2  As-Built Cover Design and Material Properties 
 
As-built information on the soil, sand, and rock layer thicknesses; material properties (e.g., liquid 
limit, plasticity, texture, bulk density); and hydraulic properties (e.g., saturated conductivity and 
water retention characteristics) were compiled for use in radon flux and water infiltration 
evaluations. 
 
From the tailings layer up, the Burrell cover consists of a 90-cm-thick radon barrier or CSL, a   
30-cm-thick sand-and-gravel drainage layer, and a 30-cm-thick rock (riprap) layer (Figure 2–1).  
These three layers were designed to function together to meet the regulatory standards for radon 
releases and erosion for 200 to 1,000 years. A CSL thickness adequate to meet the radon flux 
standard was calculated using the U.S. Nuclear Regulatory Commission (NRC) RADON model 
(NRC, 1989). The target hydraulic conductivity for the CSL was 1 × 10–7 cm · s–1.   
 

 
Figure 2–1.  Surface Cover Design for Burrell Disposal Cell 

 
The sand-and-gravel drainage or filter layer also serves as a bedding layer for the rock armor.  
The rock armor is sized to prevent erosion of underlying layers given a probable maximum 
precipitation (PMP) event, the most severe combination of meteorological and hydrological 
conditions possible at a site (DOE, 1989). 
 
Material property data for the CSL (Table 2–3) were compiled from the Burrell completion report 
(Morrison-Knudsen Engineers, Inc., 1994).  Actual compaction of the radon barrier during 
construction averaged 96.6 percent of the maximum dry density.  Actual average, maximum, and  
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Table 2–3.  Summary of Engineering Test Results for CSL 
 

        Proctor Compaction 
Soil Specific Liquid Plasticity % Passing Silt Clay Moisture Optimum Max. Dry 

Typea Gravity Limit (%) Index (%) 200 Sieve (%) (%) Content (%) % Moisture Density 

CLb 2.66 35.8 16.0 62 38 24 16.7    16.9 1.73 g · cm–

3 
aUnified Soil Classification System. 
bSilty clay with some coarse fragments. 

 
minimum gravimetric moisture contents of the radon barrier during construction were  
17.7 percent, 21.7 percent, and 14.7 percent, respectively.  The bedding and rock materials are a 
greenish gray, calcareous, crossbedded sandstone.  Grain-size curves for these materials are 
available in the Burrell completion report. 
 
2.3  Natural Analog Site Selection 
 
A goal of this study was to evaluate both current conditions and possible long-term effects of root 
intrusion on radon attenuation and water infiltration. Current influences of plants were evaluated 
by measuring the conditions of the disposal cell cover at locations both with and without plants.  
We inferred a potential long-term condition of the cover with data from a natural analog site. 
 
Three criteria were used to search for an appropriate natural analog of possible future ecological 
conditions on the Burrell cover:   

�� The same soil type as the CSL. 

�� A soil depth equal to or greater than the CSL.  

�� A chronosequence of plant community development with the oldest sere (successional stage) 
at least 50 years old. 

  
Construction records, a series of aerial photographs, and a copy of the U.S. Department of 
Agriculture (USDA) Soil Survey for Westmoreland County (Taylor et al., 1992) were used to 
determine that the Burrell disposal cell CSL consisted of Gurnsey silt loam and Westmoreland 
silt loam series excavated from open pits at a nearby coal mine.  Land parcels with Westmoreland 
silt loam and Gurnsey silt loam series and with mature vegetation were located using USDA soil 
survey maps. Hannastown Historical Park, an archaeological and historical site owned and 
managed by the Westmoreland County Historical Society, was selected as the natural analog site 
(Waugh and Smith, 1998). 
 
A 0.5-hectare (ha) rectangular area near the northeast corner of Hannastown Historical Park was 
chosen for study.  The second-growth, closed-canopy woodland consists primarily of sugar maple 
with scattered beech and yellow birch and virtually no understory vegetation.  This northeast-
facing stand has a slope of approximately 5 percent. The soil series, Westmoreland silt loam, 
formed in residuum derived from interbedded gray calcareous shale, sandstone, and limestone.  
The soil profile at the study site consisted of a 15- to 20-cm brown, silt loam plow layer over a 
80+ cm yellowish-brown silty clay loam subsoil. 
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2.4  Soil Physical and Hydraulic Properties 
 
A field measurement and sampling program was developed to acquire data that best capture near-
term and possible long-term influences of ecological development on the performance of the 
cover.  These data were used for analyses of radon flux and water infiltration.  Three conditions 
were compared:  (1) the Burrell cover without plant roots (as-built), (2) the Burrell cover with 
plant roots, and (3) the Hannastown analog of a possible future ecology of the Burrell cover.  
 
2.4.1  Soil Water Content, Texture, Bulk Density, and Porosity 
 
Soil samples were retrieved from the Burrell cover and from analog soil profiles at Hannastown 
to determine seasonal soil water content, texture (particle-size distribution), bulk density 
(compaction), and porosity.  Soil pits were excavated in the Burrell cover at locations both with 
and without vegetation (n = 5).  At locations with vegetation, pits were excavated through the 
root crowns of mature Japanese knotweed, sycamore, black locust, and tree-of-heaven.  The 
surface layer of rock was moved to expose the gravel bedding layer.  For water content and 
textural analyses, loose bedding-layer material was sampled at the contact with the CSL; a bucket 
auger was used to retrieve CSL samples.  Samples were collected early in the growing season and 
again in midsummer to capture seasonal variation in soil water content.  Plow layer and subsoil 
samples from random soil profiles (n = 5) at the Hannastown site were also retrieved with a 
bucket auger.  Bulk density samples of the Burrell CSL and the Hannastown subsoil were 
retrieved with a double cylinder, hammer-driven core sampler.  Table 2–4 presents methods used 
for analyses of gravimetric water content, soil particle size, dry-weight bulk density, and porosity. 
Tables 2–5 and 2–6 present the results of these analyses.   
 

Table 2–4.  Summary of Laboratory Methods for Soil Analyses 
 

Soil Property and Method Reference 
Gravimetric Water Content Klute (1986), Chapter 21, pp. 493–544 
Dry-Weight Bulk Density Klute (1986), Chapter 13, pp. 363–367 
Soil Porosity Klute (1986), Chapter 18, pp. 444–445 
Saturated Hydraulic Conductivity           

Falling Head Method 
 
Klute (1986), Chapter 28, pp. 700–703 

Moisture-Retention Characteristics 
Hanging Column 
Pressure Plate 
Thermocouple Psychrometer 

 
Klute (1986), Chapter 26, pp. 637–639 
ASTM D 2325-68 (81) 
Klute (1986), Chapter 24, pp. 597–618 

Particle-Size Distribution  
      Sieve 

Hydrometer 

 
ASTM D 422-63 (90) 
ASTM D 422-63 (90) 
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Table 2–5.  Particle Size and Bulk Density of Burrell CSL and Hannastown Analog Subsoil 
  

 Particle Sizea Bulk Density (g · cm–3) 

Site % Clay % Sand Mean S.E.(mean) n 

Burrell Cover  
   
  With Plants 
  Without Plants 

 
 

27 

 
 

39 

 
 

1.76 
1.77 

 
 

0.02 
0.02 

5
5

Hannastown Analog Site 29 17 1.48 0.02 5
 aUSDA soil classification system. 
 

 
Table 2–6.  Gravimetric and Volumetric Soil Water Content in Burrell Cover 

and in Analog Soil Profiles at Hannastown 
 

 
Material 

 
Depth 

Soil Water Content  
(% dry-wt) 

Soil Water Content 
(% vol.)1 

 
Site Date 

Type (cm) Mean S.E.(mean) Mean2 S.E.(mean) n 
Burrell Cover 
Without plants May 10, 1995 Drainage 

Layer 15  4.3 0.6   5

  Drainage 
Layer 30–45  4.3 0.3   5

  Radon 
Barrier 15 20.3 1.0 35.9 a 1.0 5

  Radon 
Barrier 45–60 19.3 0.7 34.2 a 0.7 5

Burrell Cover 
Without Plants July 28, 1995 Drainage 

Layer 30–45  4.7 0.2   5

  Radon 
Barrier 15 18.2 0.9 32.2 a 0.9 5

  Radon 
Barrier 30–60 19.2 0.5 34.1 a 0.5 5

Burrell Cover 
With Plants July 28, 1995 Drainage 

Layer 30–45  4.8 0.2   5

  Radon 
Barrier 15 19.1 0.7 33.6 a 0.7 5

  Radon 
Barrier 30 18.8 0.3 33.2 a 0.3 5

  Radon 
Barrier 50–60 18.3 0.2 32.2 a 0.2 4

Hannastown 
Analog Site July 27, 1995 A Horizon 15 17.8 0.9   5

  B Horizon 60 17.0 0.6 25.1 b 0.6 5

  B Horizon 110 16.5 0.7 24.4 b 0.7 5
              1Calculated using bulk density values from Table 2–5. 



June 1999  DOE Grand Junction Office 
Page 8 Plant Encroachment on the Burrell, Pennsylvania, Disposal Cell 

         2Means marked with the same letter are not significantly different ( � = 0.05). 
2.4.2  Soil Hydraulic Properties 
 
Soil hydraulic properties of the Burrell CSL and the Hannastown subsoil were needed for radon 
flux and water infiltration analyses.  These soil hydraulic-property data were also used as a 
measure of the value of Hannastown as an analog site. Saturated hydraulic conductivity and 
water-retention characteristics were determined with standard laboratory methods (see  
Table 2–4).  For those tests, samples were recompacted at bulk densities consistent with field 
values (Table 2–5).  The RETC code (van Genuchten et al., 1991) was used to quantify 
unsaturated soil-water retention characteristics and curve fitting.  Table 2–7 presents a summary 
of the results.  The soil-water retention curves are available in Waugh and Smith (1997). 
 
   Table 2–7. Initial Test Conditions, Laboratory Saturated Hydraulic Conductivity (Ksat), and Water- 

Retention Characteristics for Recompacted Burrell CSL and Hannastown Analog Subsoil 
 

Initial Test Conditions Water Retention 
Characteristics 

 
Material Type 

�g a �v b �b c St d 

Ksat (cm · s–

1) 
�s e �r f n g � g r2 h 

Burrell CSL 1 19.0 33.9 1.78 32.7 2.6 ´ 10–8 36.4 0.10 1.524 0.0001 0.963 

Burrell CSL 2 18.5 33.2 1.79 32.5 3.3 ´ 10–8 36.7 0.06 1.163 0.0014 0.966 

Hannastown 1 16.2 24.1 1.48 44.0 1.4 ´ 10–7 43.1 0.02 1.312 0.0022 0.993 

Hannastown 2 16.0 23.8 1.49 44.0 5.1 ´ 10–7 40.8 0.08 1.416 0.0008 0.999 
aGravimetric percent water content. 
bVolumetric percent water content. 
cDry-weight bulk density (g · cm–3). 
dTotal porosity calculated as 1 – �b/�p with an assumed particle density, �p, of 2.65 g · cm–3. 
eSaturated water content as % volumetric; the maximum volumetric water content of the soil. 
fResidual water content; the maximum amount of water in a soil that will not contribute to liquid flow. 
gThe symbols n and � are empirical curve-fitting constants that affect the shape of the water-retention curve 
using the equation of van Genuchten (1980). 
hThe coefficient of determination is a measure of how well the van Genuchten curve fits the  
 observed data. 
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3.0  Root Intrusion Effects on Radon Flux 
 
The Uranium Mill Tailings Remedial Action (UMTRA) Project designed the Burrell cover to 
conform to standards promulgated by EPA for the release rate of 222Rn.  The rules in 40 CFR  
Part 192 require assurance that the release rate will not exceed 20 pCi · m–2 · s–1 “for a period of 
1000 years to the extent reasonably achievable and in any case for at least 200 years when 
averaged over the disposal area over at least a one-year period.”  The U.S. Nuclear Regulatory 
Commission (NRC) accepts cover designs for which radon attenuation is calculated with the 
computer program RADON (NRC, 1989) or its predecessor program, RAECOM, as a basis for 
compliance.  We used RADON to test a range of possible current and future influences of root 
intrusion and ecological development on radon flux from the cover.  Input data for the tests 
consisted of a combination of characterization data from the original investigation, field data 
depicting current conditions at Burrell, and data from the Hannastown site as an analog of 
possible future conditions (Waugh and Smith, 1998). 
 
The mathematical model implemented in RADON describes one-dimensional, steady-state radon 
diffusion through a two-phase multilayer system.  The model does not address preferential 
diffusion in soil macropore structure or active transport through the transpiration stream of plants. 
Therefore, although RADON is the accepted tool for designing UMTRA disposal cell covers, it 
may underestimate increases in flux rates attributable to root intrusion and soil development. 
 
3.1  RADON Program Input Data 
 
The RADON program requires input data on radiological and physical properties of tailings and 
cover layers.  Original design values for parameters that are not expected to change appreciably 
or in response to root intrusion were held constant (Table 3–1).   
 

Table 3–1. Constants Input to RADON Program for Calculating Radon Flux From Burrell Cover 
 

Constant Description Source 

Tailings Layer Thicknesses          
(from the bottom to top of the 
tailings) 

Layer 1 = 180 cm 
Layer 2 = 60 cm 
Layer 3 = 60 cm 

Burrell completion report 
(Morrison-Knudsen Engineers, 
Inc., 1994) 

Tailings Dry Bulk Density 1.46 g · cm–3 Burrell completion report 
(Morrison-Knudsen Engineers, 
Inc., 1994) 

Tailings 222Rn Emanation 
Coefficient (mean) 

0.15 Table 2–2 

Tailings Water Content 9.0  Burrell completion report 
(Morrison- Knudsen Engineers, 
Inc., 1994) 

Cover 222Rn Emanation Coefficient 0.00 NRC (1989) default 

Cover 226Ra Activity 0.00 NRC (1989) default 
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Radium-226 activity, soil water content, and dry-weight bulk density were selected as RADON 
test variables because (1) sensitivity analyses have shown them to be important (e.g., Smith et al., 
1985), (2) they are expected to change in the long-term, and/or (3) field measurements  
(Section 2.4) show that they are influenced by root intrusion and long-term ecological change. 
 
3.1.1  Radium-226 Activity  
 
The radiological characterization data for Burrell tailings (Table 2–1) underestimate 226Ra 
activity during the 200- to 1,000-year design life of the cover.  Radium-226 activity is expected to 
increase over time as a consequence of 230Th decay.  Table 3–2 gives initial (t = 0) 226Ra and  
230Th activity as measured during construction of the cell (from Table 2–1) and the serial decay of 
226Ra and 230Th through the year t = 1,000.   

Table 3–2.  Serial Decay of 226Ra and 230Th (in picocuries per gram) at Three Depths Based  
  on Average Activity From As-Built Characterization Data 
 

Time  Depth = 0–60 cm  Depth = 60–120 cm   Depth = 120–300 cm  
(years)  226Ra 230Th 226Ra 230Th 226Ra 230Th

0  39.5 416.0 26.2 204.1 79.8 878.5
50  47.5 415.8 30.0 204.0 96.8 878.1

100  55.4 415.6 33.7 203.9 113.5 877.7
150  63.1 415.5 37.3 203.8 129.8 877.3
200  70.6 415.3 40.9 203.7 145.8 876.9
250  78.0 415.1 44.4 203.6 161.4 876.6
300  85.2 414.9 47.8 203.6 176.7 876.2
350  92.2 414.7 51.1 203.5 191.7 875.8
400  99.1 414.6 54.3 203.4 206.3 875.4
450  105.8 414.4 57.5 203.3 220.6 875.1
500  112.4 414.2 60.6 203.2 234.5 874.7
550  118.9 414.0 63.7 203.1 248.2 874.3
600  125.2 413.9 66.7 203.0 261.6 873.9
650  131.3 413.7 69.6 202.9 274.7 873.5
700  137.4 413.5 72.4 202.9 287.5 873.2
750  143.3 413.3 75.2 202.8 300.0 872.8
800  149.0 413.1 77.9 202.7 312.2 872.4
850  154.7 413.0 80.6 202.6 324.2 872.0
900  160.2 412.8 83.2 202.5 335.9 871.7
950  165.6 412.6 85.8 202.4 347.3 871.3

1,000  170.9 412.4 88.2 202.3 358.5 870.9
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The total 226Ra activity in picocuries per gram at any time (N2) was calculated as 
 

                    N
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2 1
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where 
 �2  =  8.63 × 10-6, the decay constant for 226Ra, 
 (N1)0  =  the initial activity of 230Th,  
 �1 =  4.32 × 10-4, the decay constant for 230Th, and 
 (N2)0  =  the initial activity of 226Ra. 

 
 
3.1.2  Soil Water Content and Dry-Weight Bulk Density 
 
Soil water content and dry-weight bulk density of the CSL are the two RADON input parameters 
most influenced by root intrusion and ecological development on the cover.  Because radon 
diffusion in soil is elevated when interconnected pore spaces are filled with air, radon flux is 
most sensitive to the CSL water content and porosity (NRC, 1989).  RADON calculates porosity 
as a function of the dry-weight bulk density, assuming a constant specific gravity (2.65 g · cm–3) 
and the density of water as unity in grams per cubic centimeter. 
 
NRC considers the long-term soil water content of the CSL to be the parameter that introduces 
the greatest uncertainty in radon attenuation calculations.  In the absence of field data, NRC 
accepts the soil water content at which permanent wilting occurs as a reasonable value of the 
long-term soil water content.  The permanent wilting point used by UMTRA for design 
calculations is –15 bars (DOE, 1989).  Water retention characteristic curves (Waugh and Smith, 
1997) indicated that the –15 bar-soil water equivalent is about 23 percent by volume for the 
Burrell CSL and about 15 percent by volume for the Hannastown subsoil.  In situ dry-weight bulk 
densities were 1.76 g · cm–3 for the Burrell CSL and 1.48 g · cm–3 for the Hannastown subsoil 
(Table 2–5). Converting volumetric water content (�v) to gravimetric water content (�w) as 
 
                            �w =  �v(�w /�b)            (2) 
 
where �w, the density of water, is taken as unity in grams per cubic centimeter, gives –15 bar 
gravimetric water content equivalent values for Burrell and Hannastown of 13.1 percent and   
10.1 percent, respectively.  RADON requires gravimetric values. 

The –15-bar soil water equivalent is a conservative annual average for the humid climate of 
western Pennsylvania.  At the depth of the Burrell CSL, agricultural and woodland soils in 
western Pennsylvania only rarely dry to –15 bar (Rogowsky, 1995).  NRC also accepts in situ 
measurements of soil water content if samples are obtained below depths influenced by high 
seasonal variability.  Wet and dry season in situ gravimetric water contents of the Burrell CSL for 
1995 (Table 2–6) were not significantly different and, therefore, provide a reasonable and still 
conservative annual average value of 19.0 percent.  The 1995 dry-season water content of  
17.1 percent for the Hannastown subsoil is a reasonable long-term value. 
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3.2  RADON Test Matrix 
 
A suite of RADON tests were run encompassing a broad range of current and possible future 
conditions.  Table 3–3 provides summaries of the factorial test structure.   
 

Table 3–3.  RADON Model Test Structure 
 

Factor Level    Description 

Year     0 

200 

1000    

 Current conditions 

Minimum cover design life 

Target cover design life 

226Ra Activity  
(pCi · m–2 · s–1) 
in Three 
Tailings Layers 

Layer 1: 
(0–60 cm) 
 
Layer 2: 
(60–120 cm) 
 
Layer 3: 
(120–300 cm) 

 

39.5 in year 0 
70.6 in year 200 
170.9 in year 100 
26.2  in year 0 
40.9 in year 200 
88.2 in year 1000 
79.8 in year 0 
145.8 in year 200 
358.5 in year 1000 

226Ra activity derived from serial decay 
calculations (Table 3–2) from sampling of 
three tailings layers during construction of the 
disposal cell  

 

Soil Water 
Content 
(gravimetric) 

Burrell CSL 

 

Hannastown 

13.1% 

19.0% 

10.1% 

17.1% 

–15 bar equivalent (Waugh and Smith, 1997) 

In situ mean value (Table 2–6) 

–15 bar equivalent (Waugh and Smith, 1997) 

In situ mean value (Table 2–6) 

Dry-Weight 
Bulk Density  
(g · cm–3) 

Burrell CSL 

Hannastown 

1.76 

1.48 

In situ mean value (Table 2–5) 

In situ mean value (Table 2–5) 

CSL Layer 
Thickness 
(cm) 

0.0 

90.0 

Optimum 

 Rn flux calculated given no CSL 

Actual thickness of the Burrell CSL 

RADON calculates the thickness required  
to maintain 222Rn flux below the  
20 pCi · m–2 · s–1 standard. 

    
 
3.3  RADON Test Results and Discussion  
 
Table 3–4 presents a summary of the RADON model test results. Given the constraints and 
assumptions of these tests, 222Rn flux levels at the surface of the Burrell disposal cell should not 
exceed the standard within 1,000 years if the CSL remains intact and dries no more than the 
Hannastown analog subsoil.   
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Table 3–4.  RADON Model Test Results; Shaded Results Are for Analog Site Conditions 

 

 Test Conditions Test Resultsa 

  226Ra Activity (pCi/g) CSL   
Test Time in Three Tailings Layersb �w c �b

d  CSL Rn Flux 
No. (0 + t) 0–60 cm 60–120 cm 120–300 cm (wt%) (g · cm–3)  (cm) (pCi · m–2 · s–

1) 
1 0 39.5 26.2 79.8 – – 0.0   23.6 
2 0 39.5 26.2 79.8 19.0 1.76 < 10.0   20.0 
3 0 39.5 26.2 79.8 19.0 1.76 90.0  < 0.1 
4 0 39.5 26.2 79.8 13.1 1.76 < 10.0   20.0 
5 0 39.5 26.2 79.8 13.1 1.76 90.0     0.8 
6 200 70.6 40.9 145.8 – – 0.0   42.0 
7 200 70.6 40.9 145.8 19.0 1.76 < 10.0   20.0 
8 200 70.6 40.9 145.8 19.0 1.76 90.0   15.7 
9 200 70.6 40.9 145.8 13.1 1.76 25.1   20.0 

10 200 70.6 40.9 145.8 13.1 1.76 90.0     1.3 
11 200 70.6 40.9 145.8 17.1 1.48 26.5   20.0 
12 200 70.6 40.9 145.8 17.1 1.48 90.0     6.3 
13 200 70.6 40.9 145.8 10.1 1.48 72.3   20.0 
14 200 70.6 40.9 145.8 10.1 1.48 90.0   16.8 
15 1,000 170.9 88.2 358.5 – – 0.0 101.0 
16 1,000 170.9 88.2 358.5 19.0 1.76 < 10.0   20.0 
17 1,000 170.9 88.2 358.5 19.0 1.76 90.0  < 0.1 
18 1,000 170.9 88.2 358.5 13.1 1.76 74.7   20.0 
19 1,000 170.9 88.2 358.5 13.1 1.76 90.0     3.2 
20 1,000 170.9 88.2 358.5 17.1 1.48 73.2   20.0 
21 1,000 170.9 88.2 358.5 17.1 1.48 90.0   15.2 
22 1,000 170.9 88.2 358.5 10.1 1.48 163.3   20.0 
23 1,000 170.9 88.2 358.5 10.1 1.48 90.0   40.5 
aAll test results are output of the RADON code (NRC, 1989). 
b226Ra activity (picocuries per gram) for the years 0, 200, and 1,000 are based on characterization of 226Ra  
  and 230Th activity in the cell during construction (Table 2–1) and calculation of their serial decay (Table 3–2). 
c
�w values: 13.1% was derived from the volumetric moisture retention curve for the Burrell CSL at –15 bar    

  matric potential (Waugh and Smith, 1997), 19.0% was the dry-season mean for 1995 (Table 2–6), 17.1% was  
  the dry-season mean for the Hannastown analog subsoil (Table 2–6), and 10.1% was derived from the  
  volumetric moisture retention curve for the Hannastown analog subsoil at –15 bar matric potential (Waugh and  
  Smith, 1997). 
d
�b bulk density values: 1.76 and 1.48 g · cm–3 are in situ values for the Burrell CSL and Hannastown analog    

  subsoil, respectively (Table 2–5). 
 
Given current 226Ra levels in the tailings, it appears there is little need for a CSL in the cover   
(Tests 1 through 5).  Flux rates at the surface of the tailings in the year t = 0 barely exceed the 
standard (Test 1).  A CSL less than 10 cm thick would be more than adequate for compliance 
with the standard (Tests 2 and 4).  The 90-cm CSL maintains flux rates below  



June 1999  DOE Grand Junction Office 
Page 14 Plant Encroachment on the Burrell, Pennsylvania, Disposal Cell 

1.0 pCi · m–2 · s–1 regardless of root intrusion; present-day plant growth had no significant  
 
effect on CSL water content (Test 3).  Even for the unlikely scenario that plant transpiration dries 
the CSL water content to –15 bar, flux rates remain below 1.0 pCi · m–2 · s–1 (Test 5). 
 
Tests 6 through 14 results are for 226Ra activity levels in the year t = 200.  Flux rates at the 
surface of the tailings (Test 6) are more than twice the standard (42.0 pCi · m–2 · s–1).  However, a 
CSL less than 10 cm thick would be adequate, given in situ soil water data (Test 7).  A minimum 
25-cm-thick CSL would be needed, assuming the –15 bar water content (Test 9).  A 90-cm CSL 
remains more than adequate to meet the flux standard at the surface of the disposal cell (Tests 8 
and 10), even if it degrades and dries to conditions equivalent to the Hannastown subsoil bulk 
density, porosity, or –15 bar moisture (Tests 11 through 14). 
 
For the 1,000-year 226Ra activity levels (Tests 15 through 23), 222Rn flux rates at the top of the 
tailings exceed 100 pCi · m–2 · s–1 (Test 15).  Given the unlikely assumption that in situ bulk 
density and porosity at Burrell will remain unchanged, a CSL less than 10 cm thick would be 
adequate if soil water also remains unchanged (Test 16); a minimum 75-cm CSL would be 
needed if soil water content dropped to the –15 bar equivalent (Test 18).  For current Burrell 
conditions, the 90-cm CSL remains adequate (Tests 17 and 19).  A 90-cm CSL on the disposal 
cell with dry-season field conditions equivalent to the Hannastown analog subsoil is also 
adequate to meet the standard (Test 21).  However, if unforeseen ecological development and 
changes in climatic conditions caused the CSL to dry to –15 bar (Test 23), annual average  
radon flux rates, averaged over the surface of a 90-cm CSL, may double the standard  
(40.5 pCi · m–2 · s–1).  For this unlikely scenario, a minimum CSL thickness of 163 cm would be 
required (Test 22). 
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4.0  Contaminant-Leaching Risk Assessment 
We developed a three-phase approach to evaluate possible consequences of increased water 
movement into the tailings that could result from root intrusion of the cover. 

�� Phase I:  Assessment of Tailings Contaminants 

Phase I evaluated risks of water extracted directly from the disposal cell to human health and 
the environment.  As a simple screening-level measure of risk, this evaluation required a 
comparison of reasonable estimates of pore-water concentrations of contaminants of concern 
(COCs) with drinking water standards.  Estimates of existing and potential future COC 
concentrations were derived from a sequence of leaching and pore-fluid extraction tests using 
samples augered from the disposal cell.  The tests were designed to capture a reasonable 
range of possible future changes in the chemistry of leach water. 

Phase I test results suggested that water extracted directly from the pile could pose 
unacceptable risk. 

�� Phase II:  Assessment of Groundwater Contamination 

The purpose of Phase II was to model the effects of a higher CSL permeability on the 
leaching of pore-water COCs into groundwater beneath the disposal cell.   

Phase II required the following information: 

�� Estimates of drainage from the cover for current and possible future ecological conditions. 
A simple soil-water balance model was used to estimate drainage for current Burrell 
conditions and for Hannastown analog site conditions. 

�� Physical and hydraulic properties of disposal cell materials and underlying sediments.  
These properties were estimated from existing data in the Burrell completion report. 

�� Existing water quality data for seeps and wells.  

The results of Phase II modeling indicated that a higher CSL permeability, attributable to root 
intrusion, would not likely cause concentrations of COCs in groundwater beneath the disposal 
cell to exceed drinking water standards. 

�� Phase III:  Exposure Assessment 

If Phase II had reached the opposite conclusion, then the risk assessment would have 
proceeded with Phase III. Phase III would have followed EPA guidance for risk 
characterization and assessment, including identification of potential receptors, exposure 
analysis, effects assessment, and comparison of the risks of contaminant leaching with the 
risks of long-term herbicide spraying.   

 Phase III would have consisted of the following tasks:  

�� Compile information on residential and incidental use of surface water and groundwater 
in the area.  Acquire any information on potential future land use. Clarify DOE property 
boundaries and the duration of DOE institutional controls at the site. 
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�� Characterize aquatic and terrestrial habitats potentially affected by groundwater and 
surface water. 

�� Identify human and ecological pathways, potential receptors, and exposure points. 

�� Evaluate exposure pathways and estimate exposure point concentrations for a reasonable 
range of possible future site conditions. 

�� Calculate hazard quotients and indices. 
 
Phase I and Phase II of the risk assessment were completed in 1998.  This section provides 
summaries of the methods and the results of the Phase I and Phase II tasks listed in Table 4–1. 
 

Table 4–1.  Phase I and Phase II Tasks 
 

Task Description 

Phase I:  Assessment of Tailings Contaminants 

 �� Complete project plans 

 �� Search and evaluate contaminant geochemistry literature 

 �� Sample and analyze disposal cell materials 

 �� Conduct leach studies of disposal cell materials 

 �� Compare leach study results with drinking water standards 

Phase II:  Assessment of Groundwater Contamination 

 �� Evaluate existing water quality data 

 �� Compile soil physical and hydraulic property data 

 �� Model soil-water balance of cover 

 �� Model groundwater COC concentrations attributable to cover Ksat changes 

 �� Compare groundwater COC estimates with drinking water standards 
 
 
4.1  Phase I:  Assessment of Tailings Contaminants  
 
4.1.1  Evaluation of Geochemistry Literature 
 
The Burrell completion report (Morrison-Knudsen Engineers, Inc., 1994) and other project files 
contained no pore-water quality data for tailings materials. A search for literature on contaminant 
levels in similar geochemical environments did not provide reasonable or transferable estimates 
of pore-water quality. Therefore, geochemistry data that were needed to model pore-water quality 
based on solid-phase chemistry were lacking.  

4.1.2  Sampling and Analysis of Disposal Cell Materials 

Because of the lack of sufficient literature on mill tailings geochemistry similar to Burrell 
conditions, we chose to sample and analyze tailings materials from the Burrell disposal cell.  
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Drilling and sampling of tailings materials occurred during two trips to western Pennsylvania.  A 
total of six boreholes were drilled on May 13 and 14, 1998.  Figure 4–1 shows the borehole 
locations on the disposal cell.  The holes were advanced using a Simco Model 4000              
track-mounted drill equipped with 3.5-inch inside diameter hollow stem augers.  Samples were 
collected with a 140-pound sliding hammer using a 30-inch drop. Borehole sites were prepared 
by removing the riprap and setting it aside for later replacement.  Drill cuttings were placed on 
plastic sheeting to protect the ground from contamination.  Radon barrier materials and tailings 
were segregated on the plastic sheets.  Surface radiation levels were monitored continuously 
during the drilling operation. 

Boreholes 1 and 2 (Figure 4–1) were advanced to the target depth of approximately 21.5 and        
 20 feet, respectively.  However, when cuttings with elevated radioactivity were encountered, the 
on-site health and safety officer terminated drilling of boreholes 3 through 6 before the target 
depth was reached.  Three new boreholes were drilled on July 8 and 9, 1998, at locations 4, 5, and 
6 where the May drilling had encountered contaminated tailings (Figure 4–1).  These holes were 
drilled to approximately 50 feet. Drive samples were collected at 5-foot intervals and lithologic 
logs of the cuttings were recorded (see Appendix A).  Soil samples from an upgradient location 
were also collected to serve as a reference (background).   

Boreholes 4, 5, and 6 were located on the west end of the Burrell disposal cell in an area that an 
earlier characterization study indicated has the highest radium concentrations in the disposal cell 
(Morrison-Knudsen Engineers, Inc., 1994). 

After the samples were removed, all boreholes were backfilled with cuttings in approximately the 
same horizons from which they were taken, and the riprap layer was replaced.  The auguring and 
sampling equipment was then cleaned with high-pressure washing equipment following 
completion of the last hole to prevent the potential spread of residual contamination. 

 
4.1.3  Column Leach Study of Disposal Cell Materials 

A column leach study was conducted by the Environmental Sciences Laboratory (ESL) at the 
DOE Grand Junction Office. The purpose of the study was to bound a range of possible future 
COC concentrations in tailings pore water.  Precipitation (rainfall and snowfall) at the site was 
simulated and passed through samples of contaminated tailings materials that had been retrieved 
from the Burrell disposal cell. ESL personnel believed that small differences in the chemical 
composition of the simulated precipitation would have only minor effects on the results because 
the ionic composition will be dominated by interaction with the soils. 

Soil chemical conditions may change over time because of plant growth, microbial activity, 
change in land use, and other factors.  Thus, an acidic solution (pH = 4.5), the same as that used 
for the toxicity characteristic leaching procedure (TCLP) (51 FR 21648), was passed through the 
column to represent a worst-case scenario. Considering the chemical conditions currently existing 
in groundwater at the Burrell site (neutral pH, high sulfate, high calcium, and high alkalinity), 
groundwater chemistry would have to change drastically for TCLP conditions to occur; therefore, 
TCLP conditions are highly unlikely.  
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Figure 4–1.  Drilling and Sampling Locations On and Adjacent to Burrell Disposal Site 
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A total of five leach tests were performed.  Three of the tests used composite samples (a 
composite consists of material from the entire length of the borings) from each of three borings, 
boreholes 4, 5, and 6 (see Figure 4–1). Boreholes 4, 5, and 6 were located in an area with the 
highest radium concentrations in the disposal cell (Section 3.1). A fourth leach test used samples 
with the highest radioactivity levels.  The fifth leach test used background or reference soils 
collected near, but not influenced by, the Burrell disposal cell.  The purpose of the background 
test was to evaluate if contaminated soils in the disposal cell are likely to release COCs in 
concentrations above those released by “normal” soils in the area. 

The column leach test procedure follows: 

1.  Borehole cuttings from the disposal cell and the background sample were air dried for       
5 days.    

2.  Columns were constructed of clear acrylic tubing (4-inch inside diameter, 8-inch length).  
The columns were packed by lightly tamping the sample material.  Column designations 
and sample weights follow: 

 
Identifier Sample Weight (g) Description 
A 2,099.60 Composite from borehole 4 
B 2,267.20 Background sample 
C 1,939.40 Composite from borehole 6 
D 2,203.80 Composite from borehole 5 
E 536.30 Boreholes 4  

(15–16 feet) 
and 1,821.20 from borehole 6 
(15–17 feet)  

Hottest (radiological) material from 
boreholes 4 and 6 

 
Composite samples were prepared by spooning nearly equivalent portions from throughout 
the boreholes. Again, composite samples from boreholes 4, 5, and 6, augered in the area of 
the disposal cell with highest 226Ra levels, were selected to bias the tests at the high end of 
contaminant distribution.   

 
3. Test fluids were passed through the columns from bottom to top with a peristaltic pump. 

Flow rates were about 1.5 milliliters per minute (mL/min).  Samples were collected in a 
flask placed at the outlet. All fluids were filtered [0.45 micron (mm)] and submitted to the 
GJO Analytical Chemistry Laboratory for analyses.  Each sample consisted of 1,625 mL 
divided into 5 separate aliquots for analyses.   
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Preservation techniques were as follows: 
 

Container Preservative Analyses 
1 L Nalge HNO3, pH<2 226Ra, 228Ra 
250 mL Nalge NaOH, pH>12 C, N 
125 mL Nalge HNO3, pH<2 Pb, Mn, Mo, Se, U, V 
125 mL Nalge None SO4 
125 mL Nalge H2SO4, pH<2 NO3, NH4 

 
 4.  Deionized water was passed through the columns initially.  The first four samples were 

collected using deionized water as the influent.  Then the TCLP fluid was used as the 
influent.  The last two samples were collected using TCLP fluid as the influent.  The TCLP 
fluid was prepared in the GJO Analytical Chemistry Laboratory by combining 5.7 mL of 
glacial acetic acid, 64.3 mL of 1N NaOH, and diluting the solution to 1L with deionized 
water.  The pH of the TCLP solution is 4.5.   

Table 4–2 presents results of the leach study.  Appendix B contains several figures that display 
leachate concentrations for selected constituents. 

 
Table 4–2. Comparison of the Burrell Site Leach Study Results With Risk-Based Screening Levels 

      and UMTRA Maximum Concentration Limits (MCLs) 
 

 
 
 

Constituent (units) 

 
Risk-Based 
Screening 

Levela  

 
 

UMTRA 
MCL 

Maximum 
Deionized 

Water 
Concentration

Exceeds
Risk Level 
or MCL? 

 
Maximum 

TCLP 
Concentration 

Exceeds 
Risk Level 
or MCL? 

Lead (mg/L) N/Ab 50       1 No        38.7 No 
Manganese (mg/L) 840 N/A 1,120   Yes 28,300    Yes 
Molybdenum (mg/L) 180 100  793 Yes    125 Yes 
Selenium (mg/L) 180 10        5.8 No         24.6 Yes 
Uranium (mg/L) 110 44 210 Yes    583 Yes 
Vanadium (mg/L) 260 N/A      7 No        7 No 
Cyanide (mg/L) N/A N/A        3.9 N/A          3.9 N/A 
Ammonia (mg/L) 1000 N/A 233 No   419 No 
Nitrate (mg/L) 58,000 44,000 2,400     No     96 No 
226Ra (pCi/L) N/A 5c       3.8 No   128 Yes 
228Ra (pCi/L) N/A 5     <1.4 No          6.9 Yes 
Sulfate (mg/L) N/Ad N/A 418 N/A        85.5 N/A 

      aThese are screening-level risks developed by EPA Region III using standard default values.  Site concentrations  
     below these levels are generally considered to be protective of human health.  Reference “Updated Risk-Based  
     Concentration Table” by Roy L. Smith, Ph.D., Toxicologist, March 17, 1997. 
      bN/A = not available. 
     cCombined 226Ra and 228Ra level is 5 pCi/L. 
     dAlthough an official risk-based level has not been developed, proposed levels range from 250 to 2,000 mg/L,  
      depending on site-specific conditions. 
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4.1.4  Comparison of Leach Study Results with Drinking Water Standards 

Table 4–2 also presents a comparison of the Phase I leach study results with risk-based screening 
levels and UMTRA maximum concentration limits (MCLs).  The highest leachate concentrations 
for manganese, molybdenum, and uranium concentrations, using deionized water, exceeded the 
respective screening threshold and/or the MCL.  When leached with the TCLP solution, the 
COCs manganese, molybdenum, selenium, uranium, 226Ra, and 228Ra all exceeded the respective 
screening threshold and/or the MCL.  Risk-based screening threshold values and UMTRA MCLs 
are shown on the leach study figures in Appendix B. 

These Phase I results indicate that water extracted directly from the Burrell disposal cell may 
pose unacceptable risk to human health and the environment.  Therefore, we chose to proceed 
with Phase II of the risk assessment, Assessment of Groundwater Contamination. 
 
4.2  Phase II:  Assessment of Groundwater Contamination  
 
The purpose of Phase II was to review existing groundwater quality data and then to model the 
effects of a higher CSL permeability on the leaching of COCs into groundwater beneath the 
disposal cell. 
 
4.2.1  Summary of Existing Water Quality Data 

Groundwater monitor wells and seeps are sampled annually in the fall at the Burrell site (DOE, 
1999).  The groundwater monitor network consists of two pairs of wells at five locations: two 
hydraulically downgradient point-of-compliance locations, one hydraulically crossgradient point-
of-compliance location, and two hydraulically upgradient point-of-compliance locations. Each 
well pair consists of a shallow well completed in unconsolidated fill or alluvium and a deeper 
well completed in shallow bedrock. Seeps along the base of the south side slope of the disposal 
cell are also sampled.  The following 18 constituents are analyzed in the water samples: 

ammonium 

calcium 

chloride 

gross alpha 

iron 

lead 

magnesium 

manganese 

molybdenum 

nitrate  

potassium 
226Ra and 228Ra  

selenium 

sodium 

sulfate 

total dissolved solids 

uranium 

vanadium 

Of the 18 analytes, 7 have exceeded minimum laboratory detection limits since sampling began in 
1987, but none exceeded the MCLs in October 1998: 

�� Gross alpha has occasionally reached detection limits but remains well below the MCL. 

�� Lead concentrations in samples were anonymously high in 1987, as high as 0.15 mg/L. The 
MCL is 0.05 mg/L. Lead concentrations have not reached detection limits since then. 
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�� Values for molybdenum (0.06 to 0.08 mg/L) in samples from downgradient locations were 
also highest in 1987 but below the MCL (0.10 mg/L). Since then, values have dropped by 
more half but remain higher than samples from upgradient and crossgradient locations. 

�� Low values for nitrate in samples from downgradient and background locations, barely above 
detection limits, have persisted. 

�� Radium-226 and -228 levels in samples from downgradient and background locations have 
also remained barely above detection limits. 

�� Selenium concentrations in samples have been at or below laboratory detection limits at all 
locations since sampling began in 1987. 

�� Uranium concentrations in samples from downgradient alluvial wells is higher than in 
background wells. Uranium values increased slightly between 1996 and 1998 but remain 
below MCLs. 

Table 4–3 and Table 4–4 present the analytical results of alluvial and bedrock groundwater 
samples for October 1998. 
 

Table 4–3.  Summary of Alluvial Groundwater Sample Analytical Resultsa 
 

 Alluvial Groundwater Sample Location 

Analyte 
UMTRA 

MCL MW-420 
(upgradient) 

MW-421 
(upgradient) 

MW-422 
(crossgradient) 

MW-423 
(downgradient) 

MW-424 
(downgradient) 

Gross alpha 15b             9.23 Uc  17.14 U     7.92 U   24.93 U   14.57 U     

Lead  0.05      0.001 U  0.001 U 0.001 U   0.001 U 0.001 U 

Molybdenum  0.10      0.001 U  0.001 U 0.001 U 0.0153 0.021     

Nitrate as NO3  44         0.0294     0.011 U 0.0245   0.0208 0.0188   
226Ra  
228Ra  

5, combined  0.15 U   

0.93       

0.13 U   

0.62 U   

0.14 U   

0.66 U   

0.51      

0.67 U   

0.13 U   

0.64 U   

Selenium    0.01      0.001 U 0.001 U 0.001 U 0.001 U 0.001 U 

Uranium 0.044 0.001 U 0.001 U 0.001 U 0.022     0.0019   
       aAll results in milligrams per liter, except 226Ra, 228Ra, and gross alpha are in picocuries per liter. 
       bExcludes contributions from uranium and 222Rn decay. Groundwater sample results include uranium and  
      222Rn decay. 
       cU = undetected at respective laboratory reporting limit. 
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Table 4–4.  Summary of Bedrock Groundwater Sample Analytical Resultsa  
 

  Bedrock Groundwater Sample Location 

Analyte MCL MW-520 
(upgradient) 

MW-521 
(upgradient) 

MW-522 
(crossgradient) 

MW-523 
(downgradient) 

MW-524 
(downgradient) 

Gross alpha 15b          5.93 Uc   10.73 U     7.37 U    14.22 U       9.23 U    

Lead 0.05 0.001 U 0.001 U 0.001 U 0.001 U   0.001 U 

Molybdenum 0.10 0.0014    0.0143    0.001 U 0.0138    0.0012    

Nitrate as 
NO3 

44         0.0361    0.0113    0.0194   0.0224    0.011 U 

226Ra 
228Ra 

5, combined 0.15 U    

1.27        

0.19 U    

1.05       

0.14 U    

0.68 U    

0.14 U    

0.69 U    

0.14 U    

0.66 U    

Selenium 0.01     0.001 U   0.001 U 0.001 U 0.001 U 0.001 U 

Uranium 0.044   0.001 U   0.001 U 0.001 U 0.001 U 0.001 U 
       aAll results in milligrams per liter, except 226Ra, 228Ra, and gross alpha are in picocuries per liter. 
       bExcludes contributions from uranium and 222Rn decay. Groundwater sample results include uranium and  
      222Rn decay. 
       cU = undetected at respective laboratory reporting limit. 
 
4.2.2  Soil Physical and Hydraulic Property Data for Modeling 

Modeling of water movement and drainage from the cover and tailings requires input data on the 
design, physical properties, and hydraulic properties of cover materials and vegetation. 

Cover Design 

From the tailings layer up, the Burrell cover consists of a 90-cm-thick CSL, a 30-cm-thick sand 
and gravel drainage layer, and a 30-cm-thick rock layer (Figure 2–1). The specified hydraulic 
conductivity for the CSL was 1 × 10–7 cm · s–1.  The sand-and-gravel drainage or filter layer in the 
cover also serves as a bedding layer for the rock armor.  The rock armor is sized to prevent 
erosion of underlying layers given a PMP event, the most severe combination of meteorological 
and hydrological conditions possible at a site. 

Soil Physical Properties 
 
Material property data for the CSL were compiled from the completion report for Burrell    (Table 
2–3). Section 2.4.1 presents soil water content, texture (particle-size distribution), bulk density 
(compaction), and porosity of samples retrieved from the Burrell cover and from analog soil 
profiles at Hannastown.  
 
Soil Hydraulic Properties 
 
Water retention characteristic data for the Burrell CSL and the Hannastown subsoil, needed to 
model water movement through the cover, were presented in Section 2.4.2. These data were also 
used as a measure of the value of Hannastown as an analog site.  
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At humid sites like Burrell where CSLs have been constructed as the primary barrier to water 
infiltration, macropore structure in the CSL created by root intrusion and soil development is of 
greatest concern (Meyer et al., 1996).  Root channels and eventually earthworms, burrowing 
animals, soil structural changes, and other heterogeneities can all combine to promote preferred 
pathways for flow of water. 
 
At Burrell, given high precipitation and a CSL that is often saturated, the passage of water 
through the cover is most sensitive to changes in the saturated hydraulic conductivity.  Under 
these conditions, the hydraulic gradient is approximately 1 and water flux through the CSL (QCSL) 
can be calculated using Darcy’s law (Meyer et al., 1996) as 
 
                                                          QCSL = Ksat  ·  I  (3) 
 
where  

 Ksat = the vertical saturated conductivity of the CSL, 

 I = the vertical gradient across the CSL, calculated as (H + T)/T 

 H = the head of water above the CSL, and 

 T = the thickness of the CSL. 
 
Under saturated conditions, when H is small with respect to T, water flux through the CSL is 
approximated by saturated hydraulic conductivity (Ksat).  Air-entry permeameters (AEPs) (ASTM 
D5126) were used to estimate in situ changes in Ksat and preferential flow attributable to root 
intrusion and soil development.  The AEPs were designed and manufactured by Daniel B. 
Stephens and Associates, Inc., for use on engineered clay layers and other low-permeability clay 
soils (Stephens et al., 1988; Havlena and Stephens, 1992).  

The AEP tests were designed to capture a reasonable range of current and possible future 
conditions on the cover.  Replicate AEP tests were conducted on the cover in areas without plants 
(n = 3), on the cover where woody plants have rooted into the CSL (n = 6), and at the 
Hannastown analog site (n = 3).  Permeameter rings were driven into the cover CSL or analog 
subsoil after removing overlying materials (rock and bedding layers on the cover and plow-layer 
soil at Hannastown).  The CSL-with-plants tests included three Japanese knotweed and three 
dominant tree species (sycamore, black locust, and staghorn sumac). 
 
Three different methods corresponding to three different conditions encountered during the tests 
were used to calculate Ksat:   
 
�� Bouwer (1966) method, which assumes initially unsaturated soil, was used for the         analog 

soils; 
 

�� Young et al. (1995) method, which assumes initially saturated or nearly saturated soil and 
deep seepage, was used for most of the cover tests with plants; and 
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�� Young et al. (1995) method that assumes initially saturated or nearly saturated soil and no 
deep seepage.  This method was used for cover tests without plants and one test with plants 
where water moved to the surface after a period of monitoring. 

Table 4–5 presents in situ Ksat test results.  Results for four conditions are presented:  (1) the 
Burrell CSL without plants, (2) the Burrell CSL with Japanese knotweed, (3) the Burrell CSL 
with trees, and (4) the Hannastown analog subsoil. For all Burrell cover tests, field soil-water 
content values were at saturation and water was observed ponding in AEP test pits. 

�� At locations on the disposal cell where plants have not rooted (Table 4–5), the in situ Ksat of  
2.9 × 10–7 cm · s–1 was about 3 times the CSL design standard (1 × 10–7 cm · s–1) (DOE, 
1989) and about an order of magnitude higher than laboratory falling-head results for the 
same soil (2.6 × 10–8 cm · s–1). 

�� Japanese knotweed increased the Burrell CSL Ksat, within their root zone, by 2 orders of 
magnitude (3.0 × 10–5 cm · s–1).  Japanese knotweed taproots grew vertically through the 
drainage layer of sand and gravel, were diverted laterally at the surface of the CSL, but often 
turned again deep into the CSL with many secondary laterals and fibrous roots. 

�� The CSL Ksat for the three tree species (4.8 × 10–7 cm · s–1; QCSL =  0.41 millimeter per day) 
was not significantly different than the control (no plants; Table 4–5).  The test trees were 
taller than Japanese knotweed but had significantly lower foliage density.  Tree roots clogged 
the drainage layer, but only a small percentage of the root biomass was observed in the CSL. 
 

Table 4–5.  Air-Entry Permeameter Tests of In Situ Ksat in Burrell CSL and Hannastown Analog Subsoil 
 

Conditions Tested Ksat (cm · s–1) Ksat (mean) a Calculation Method

Burrell CSL Without Plants
Replicate 1 1.8 ´ 10–7 2.9 ´ 10–7  a Young et al. (1995)c 
Replicate 2 6.0 ´ 10–7  Young et al. (1995)c 
Replicate 2 1.0 ´ 10–7  Young et al. (1995)c 

Burrell CSL With Plants
Japanese knotweed 1.6 ´ 10–6 3.0 ´ 10–5  b Young et al. (1995) 
Japanese knotweed 5.8 ´ 10–5  Young et al. (1995) 
Japanese knotweed 6.1 ´ 10–4 b  Young et al. (1995)c 

Trees
Sycamore 4.0 ´ 10–7 4.8 ´ 10–7  a Young et al. (1995) 
Staghorn sumac 7.4 ´ 10–7  Young et al. (1995) 
Black locust 3.1 ´ 10–7  Young et al. (1995) 

Hannastown Analog Subsoil
Replicate 1 1.2 ´ 10–4 1.2 ´ 10–4  c Bouwer (1966) 
Replicate 2 1.2 ´ 10–4  Bouwer (1966) 
Replicate 3 1.2 ´ 10–4  Bouwer (1966) 

     aMean values followed by the same letter were not significantly different at � = 0.05. 
     bThis value was excluded from the mean because water may have seeped along the 
     permeameter wall, resulting in an inflated Ksat value. 
     cShape factors used for calculation were based on the assumption of no deep seepage.  
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�� Measurements of Ksat at the Hannastown analog site are considered a reasonable upper range 
for future conditions on the Burrell cover (Waugh and Smith, 1997).  The Hannastown Ksat 
(1.3 × 10–4) was nearly 3 orders of magnitude higher than the Burrell CSL Ksat without plants. 
Dye was used to trace water movement patterns during AEP tests.  Excavation of soil profiles 
following AEP measurements revealed dye on coarse and fine root surfaces, in earthworm 
holes, and along planes of weakness between soil peds. 

4.2.3  Ecological Data for Modeling 

Plant canopy structure plays a fundamental role in processes involving the interaction of plant 
communities and their environment such as evapotranspiration (McNaughton and Jarvis, 1983), 
biomass productivity (deWit,1965), and radiation interception (Ross, 1981) and, therefore, is 
needed to model these processes. Plant community leaf area index (LAI) was measured at Burrell 
and Hannastown vegetation with an LAI–2000 Plant Canopy Analyzer (LI-COR, Inc., 1992).  
The LAI–2000 provides an indirect but accurate estimate of LAI using “fish-eye” lens 
measurements of canopy gap fractions (the fraction of the sky visible through the canopy) at 
various angles (Welles and Norman, 1991).  Table 4–6 presents a summary of LAI results.   

 
Table 4–6.  Leaf Area Index on Burrell Cover and at Hannastown Site 

 
  Start Finish LAIa Visible  

Site Date Time Time Mean S.E.(mean) Sky (%)b nc 

Burrell Cover July 28, 1995 19:47 20:45 0.65 0.07 57.9 100 

Hannastown 1 July 27, 1995 19:38 19:56 4.86 0.19 1.4 25 

Hannastown 2 July 27, 1995 18:59 19:37 5.37 0.04 1.0 25 
 aLeaf area index (LAI) is a dimensionless measure of “How much foliage?”  LAI can be thought of  

 as square meter of foliage area divided by square meter of ground area.  It is also an index of leaf-   
 evaporation surface area. 
b“Visible sky” is an indicator of canopy light absorption. 

 cThe number of sample points (n) were located using random points along transects originating at 
random locations along a baseline. 

LAI data for Burrell and Hannastown plant communities provide clues for possible future 
changes in the plant canopy structure on the engineered cover.  Hannastown 1 is a 30-year-old, 
mixed-deciduous, open-woodland sere in an abandoned pasture.  Hannastown 2, a second-growth 
closed-canopy sugar maple woodland, is perhaps more than 100 years old.  A comparison of 
stands suggests that the Burrell LAI, presently 0.65, may increase sevenfold within 30 years as 
the community begins to resemble Hannastown 1, resulting in higher evapotranspiration rates that 
may help dry the soil and reduce the probability of saturated flow events.  Lower standard error 
values for LAI at Hannastown 1 than at Hannastown 2 is an indication of increased uniformity in 
the canopy over time. 
 
4.2.4  Model Soil Water Balance of Cover  

Soil moisture data (Table 2–6) suggest that under present-day conditions the Burrell CSL is often 
saturated. So for present-day conditions, the passage of water through the cover is most sensitive 
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to changes in the saturated hydraulic conductivity of the CSL.  Therefore, for the purpose of 
modeling present-day groundwater contamination, given saturated conditions, the hydraulic 
gradient is approximately 1 and water flux through the CSL can be approximated by the saturated 
hydraulic conductivity. 

Hundreds of years from now, assuming Hannastown is a reasonable analog of long-term 
conditions, the CSL will be significantly drier (Table 2–6).  Prediction of water flux through a 
drier CSL must take into account many factors in the soil water balance and, thus, is more 
complex. We used a computer model called HELP (Hydrologic Evaluation of Landfill 
Performance) to predict the water flux or leakage for Hannastown as an analog of a future 
condition of the Burrell cover. 

HELP Version 3.07 (Schroeder et al., 1996) is a quasi two-dimensional hydrologic model of water 
movement across, into, through, and out of landfills.  The model accepts weather, soil, and design 
data and uses solution techniques that account for surface storage, snowmelt, runoff, infiltration, 
vegetative growth, evapotranspiration, soil moisture storage, lateral subsurface drainage, leachate 
recirculation, unsaturated vertical drainage, and leakage through soil, geomembrane, or composite 
liners.  Landfill systems, including combinations of vegetation, cover soils, waste cells, lateral drain 
layers, barrier soils, and synthetic geomembrane liners, can be modeled.  The program was 
developed to conduct water balance analyses of landfills, cover systems, and solid-waste disposal 
facilities.  The model facilitates rapid estimation of the amounts of runoff, evapotranspiration, 
drainage, leachate collection, and liner leakage that may be expected to result from the operation of 
a wide variety of landfill designs. 

Tables 4–7, 4–8, and 4–9 present summaries of input parameters, input values, and the source of 
input values. Table 4–10 presents a summary of average annual water-balance results, averaged 
for a 10-year simulation. 

For Hannastown analog conditions, the HELP simulation indicates that drainage from the Burrell 
disposal cell cover should not be approximated by the saturated hydraulic conductivity. Water 
balance changes were most sensitive to LAI. The simulation calculated greater than 60 percent of 
precipitation lost by evapotranspiration. Approximately 25 percent of the precipitation was lost as 
leakage from the cover, and the balance was lost as runoff from the disposal cell. Appendix C 
contains the HELP 3.07 output file for the simulation.  
 
4.2.5  Model Groundwater Contaminants of Concern Concentrations  

The purpose of this task is to model the effects of the projected increase in the permeability of the 
CSL on COC concentrations in groundwater beneath the Burrell disposal cell. A range of 
possible future site conditions are defined based on the root intrusion study (Waugh and Smith, 
1998), the column leach study (Section 4.1.3), and cover water-balance modeling (Section 4.2.4). 

The following mixing equation from the Summers model (EPA, 1989) was used: 

                                          Cgw = [QpCp + QaCa] / Qp + Qa         (4) 
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where 

Cgw = concentration of contaminant in groundwater after source mixing, 

Qp = volumetric flux of source water to aquifer, 

Cp = contaminant concentration in source water, 

Qa = volumetric flux in aquifer beneath source area, and 

Ca = initial contaminant concentration in aquifer. 

Table 4–7.  Cover Layer Input Values for HELP Model of Cover Water Balance 
 

Parameter Rock Layer 
Drainage 

Layer 
Compacted 
Soil Layer 

Tailings 
Layer 

    Data      Source 

Layer Typea Lateral 
drainage 

Lateral 
drainage 

Barrier soil Vertical 
percolation

HELP user’s manual 

Soil Texture 
Classificationb 

Sand Sand Clay loam Silty clay 
loam 

Waugh and Smith 
(1997) 

Thickness (cm) 30.0       30.0      90.0      600.0      Morrison-Knudsen 
Engineers, Inc. (1994)

Porosity (vol/vol) 0.437 0.437 0.464 0.398 HELP default value 
Field Capacity 
(vol/vol) 

0.062 0.062 0.310 0.244 HELP default Value 

Wilting Point 
(vol/vol) 

0.024 0.024 0.187 0.136 HELP default value 

Initial SWCc 

(vol/vol) 
0.188 0.127 0.464 0.274 HELP calculation 

Effective Ksat
d    

(cm · s–1) 
5.8 × 10–3 5.8 × 10–3 6.4 × 10–5 1.2 × 10–4 Waugh and Smith 

(1997) 
Slope (%) — 17.0     — — Morrison-Knudsen 

Engineers, Inc. (1994)
Slope Length 
(meters) 

— 60.0     — — Morrison-Knudsen 
Engineers, Inc. (1994)

aSelected from options in HELP. 
bUSDA soil texture classification. 
cSWC = soil water content. 
dHELP calculated the effective Ksat for the compacted soil layer from input of Hannastown AEP data.  
The other Ksat values were HELP default values specified for the textural classes selected. 
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Table 4–8.  Cover Design and Evaporative Zone Data for HELP Model of Water Balance 
 

Parameter Value Data Source 

Soil Conservation Service runoff 
curve number 

74.7 Computed by HELP model based on slope 
percent, slope length, soil texture, and 
vegetation 

Fraction of area allowing runoff 100.0% Specified by user 

Area of landfill surface 2.5 ha Morrison-Knudsen, Inc. (1994) 

Evaporative zone depth 60.0 cm HELP override of user input of 150 cm 

Initial water in evaporative zone 9.44 cm Computed by HELP based on weather data 

Upper limit of evaporative storage 26.22 cm Computed by HELP based on soil input data 

Lower limit of evaporative storage 1.44 cm Computed by HELP based on soil input data 

Initial snow water 0.0 cm Computed by HELP based on weather data 

Initial water in layer materials 215.41 cm Computed by HELP based on soil input data 

Total initial water 215.41 cm Computed by HELP based on soil input data 

Total subsurface inflow 0.0 cm Specified by user 
 

Table 4–9.  Evapotranspiration and Weather Data for HELP Model of Cover Water Balance 
 

Parameter Value Data Source 

Station latitude 40.50� HELP input data for Pittsburgh, 
Pennsylvania 

Maximum LAI 5.37 Hannastown analog data (Table 4–7) 

Start of growing season (Julian date) 114 HELP weather input data for Pittsburgh 

End of growing season (Julian date) 288 HELP weather input data for Pittsburgh 

Average annual wind speed  14 km · h–1 

a 
HELP weather input data for Pittsburgh 

Average first quarter relative humidity 67% HELP weather input data for Pittsburgh 

Average second quarter relative humidity 63% HELP weather input data for Pittsburgh 

Average third  quarter relative humidity 71% HELP weather input data for Pittsburgh 

Average fourth  quarter relative humidity 70% HELP weather input data for Pittsburgh 
akm · h–1 = kilometers per hour. 
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Table 4–10.  Output Summary of HELP Simulation of Burrell Cover Water Balance 
         for Hannastown Analog Conditions 

 
 Water (cm) 

Water Balance Parameter Mean Std. Dev. Percent 

Precipitation 93.3    8.3      100.0    

Runoff   9.6    7.0      10.3 

Evapotranspiration 58.6    5.4      62.9 

Lateral drainage from layer 2 (sand drainage layer)   1.0    0.5        1.1 

Vertical drainage/leakage through layer 3 (CSL) 24.1    6.1      25.8 

Average head on top of layer 3 (CSL)    0.08  0.03 — 

Vertical drainage/leakage through layer 4 (tailings) 24.8    6.6      26.7 

Overall change in water storage –0.8    0.2      –0.1 

 

We computed a suite of groundwater COC calculations encompassing a broad range of present-
day and possible future conditions. Descriptions of the test conditions follow: 
 

Factor Descriptions Level Descriptions 

1.  Leach Test. A range of COC 
concentrations from results of the column 
leach tests (Section 4.1). 

 

a. Maximum levels from deionized water tests. 
b. Maximum levels from TCLP tests. 
c. Mean levels from TCLP tests. 

2.  CSL Ksat. Range of Ksat values from air-
entry permeameter measurements on the 
Burrell cover and at the Hannastown 
analog site. 

a. Current CSL Ksat with no plants. 
b. Current CSL Ksat with Japanese knotweed. 
c. Analog site Ksat and vegetation. 

3.  Percent of Maximum Qc.  Percent of the 
annual precipitation through the CSL;  
25% level is based on a HELP simulation 
(Section 4.0); 100% and 50% levels were 
sensitivity tests.   

a. 100% of precipitation. 
b. 50% of precipitation. 
c. 25% of precipitation. 

4.  Percent Aquifer Ksat.  Percent of 
measured aquifer saturated conductivity.  
The 10% level was a sensitivity test. 

a. 100% aquifer Ksat. 
b. 10% aquifer Ksat. 

5.  226Ra Ingrowth Time. A range of 226Ra 
concentrations spanning current levels to 
1,000 years of ingrowth.                    

a. Current Ra-226 levels. 
b. 226Ra levels after 200 years of ingrowth. 
c. 226Ra after 1,000 years of ingrowth. 
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4.2.6 Results and Discussion of Groundwater Contamination Assessment 

The assessment of root intrusion effects on current and possible long-term groundwater quality 
was based on historical water-quality data and on model simulations of water quality for a range 
of possible future conditions of the disposal cell cover. Tables 4–11, 4–12, 4–13, and 4–14 
present summaries of test conditions and results. Appendix D contains the input and assumptions 
for the full calculation. 

Since monitoring of wells and seeps began in 1987, no COC values have exceeded either the 
UMTRA MCLs or EPA risk-based drinking water standards (see Table 4–2 and Table 4–3 for 
MCLs and EPA standards). The maximum historical 226Ra value (0.5 pCi/L) is an order of 
magnitude below the MCL (Table 4–11). Concentrations of only 7 of 18 analytes from historical 
data exceeded minimum laboratory detection limits.  

The modeling results suggest that 226Ra concentrations may slightly exceed MCLs, but only for 
combinations of the following test conditions (Table 4–11):  

�� Leaching from the most contaminated areas of the disposal cell. 

�� pH of 4.5 or less (the TCLP test condition). 

�� Ksat where knotweed rooted through the CSL and at the analog site. 

�� 100 percent of precipitation percolating through the CSL for current 226Ra levels or 25 percent 
of precipitation passing through the CSL for 226Ra after 1,000 years of ingrowth. 

�� 100 percent of the measured aquifer Ksat. 
 

Table 4–11.  UMTRA MCL for 226Ra, Maximum Value From Historical Monitoring, 
         and Modeling Conditions for Which 226Ra Exceeded UMTRA MCL 

 

Test Condition 
Test 

Result 
 

Leach 
Test 

 
CSL 
Ksat 

Percent of 
 Max Qc 

Percent 
Aquifer Ksat 

226Ra 
Ingrowth Time 

(years) 

 
226Ra 

(pCi/L) 

UMTRA MCL 5.0 
Maximum Value From Historical Monitoring Data 0.5 

Max TCLP Knotweed 100 100       0 5.3 
Max TCLP Analog 100 100       0 5.3 
Max TCLP Analog   25 100 1,000 5.5 
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Table 4–12. Groundwater Modeling Test Conditions and Results for Maximum Deionized Water Leaching 
 

 Test Condition Test Result 
 

Test 
No. 

 
Leach 
Test 

 
CSL 
Ksat 

Percent 
of  Max 

Qc 

Percent 
Aquifer 

Ksat 

226Ra 
Ingrowth 

Time 
(years) 

 
Mn 

(mg/L)

 
Mo 

(mg/L)

 
U 

(mg/L) 

 
Se 

(mg/L) 

 
226Ra 

(pCi/L) 

1 Risk 
screening 
level 

— 100 100 — 840 180 110 180 — 

2 Max DIa No Plants 100 100        0 9,155   3.5 1.7 1.1   0.3 
3 Max DI Knotweed 100 100        0 8,874 31.0 8.9 1.3   0.4 
4 Max DI Analog 100 100        0 8,874 31.0 8.9 1.3   0.4 
5 Max DI No Plants 100 100    200     0.3 
6 Max DI No Plants   50 100    200     0.3 
7 Max DI No Plants   25 100    200     0.3 
8 Max DI Knotweed 100 100    200     0.5 
9 Max DI Knotweed   50 100    200     0.4 
10 Max DI Knotweed   25 100    200     0.3 
11 Max DI Analog 100 100    200     0.5 
12 Max DI Analog   50 100    200     0.4 
13 Max DI Analog   25 100    200     0.4 
14 Max DI No Plants 100 100 1,000     0.3 
15 Max DI No Plants   50 100 1,000     0.3 
16 Max DI No Plants   25 100 1,000     0.3 
17 Max DI Knotweed 100 100 1,000     0.8 
18 Max DI Knotweed   50 100 1,000     0.6 
19 Max DI Knotweed   25 100 1,000     0.4 
20 Max DI Analog 100 100 1,000     0.8 
21 Max DI Analog   50 100 1,000       0.6 
22 Max DI Analog   25 100 1,000       0.4 

       aMax DI = maximum deionized water. 
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Table 4–13. Groundwater Modeling Test Conditions and Results for Maximum TCLP Water Leach Tests 
 

 Test Condition Test Result 
 

Test 
No. 

 
Leach 
Test 

 
CSL 
Ksat 

Percent 
of  Max 

Qc 

Percent 
Aquifer 

Ksat 

226Ra 
Ingrowth 

Time 
(years) 

 
Mn 

(mg/L)

 
Mo 

(mg/L)

 
U 

(mg/L) 

 
Se 

(mg/L)

 
226Ra 

(pCi/L) 

23 Max TCLP No Plants 100 100       0 9,241 1.6   2.8 1.2   0.7 
24 Max TCLP Knotweed 100 100       0 9,905 8.5 22.1 2.0   5.3 
25 Max TCLP Analog 100 100       0 9,905 8.5 22.1 2.0   5.3 
26 Max TCLP No Plants 100 100    200       1.1 
27 Max TCLP No Plants   50 100    200       1.1 
28 Max TCLP No Plants   25 100    200       1.1 
29 Max TCLP Knotweed 100 100    200     10.4 
30 Max TCLP Knotweed   50 100    200       5.4 
31 Max TCLP Knotweed   25 100    200       2.9 
32 Max TCLP Analog 100 100    200     10.4 
33 Max TCLP Analog   50 100    200       5.4 
34 Max TCLP Analog   25 100    200       2.9 
35 Max TCLP No Plants 100 100 1,000       1.9 
36 Max TCLP No Plants   50 100 1,000       1.9 
37 Max TCLP No Plants   25 100 1,000       1.9 
38 Max TCLP Knotweed 100 100 1,000     20.6 
39 Max TCLP Knotweed   50 100 1,000     10.6 
40 Max TCLP Knotweed   25 100 1,000       5.5 
41 Max TCLP Analog 100 100 1,000     20.6 
42 Max TCLP Analog   50 100 1,000     10.6 
43 Max TCLP Analog   25 100 1,000       5.5 
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Table 4–14. Groundwater Modeling Test Conditions and Results for Mean TCLP Water Leach Tests 
 

 Test Condition Test Result 
 

Test 
No. 

 
Leach 
Test 

 
CSL 
Ksat 

Percent 
of  Max 

Qc 

Percent 
Aquifer 

Ksat 

226Ra 
Ingrowth 

Time 
(years) 

 
Mn 

(mg/L) 

 
Mo 

(mg/L)

 
U 

(mg/L) 

 
Se 

(mg/L)

 
226Ra 

(pCi/L)

44 Mean TCLP No Plants 100 100       0   9,216    1.4        1.9 1.1   0.5 
45 Mean TCLP No Plants 100   10       0   9,535   5.1        9.5 1.4   2.9 
46 Mean TCLP No Plants   50   10       0   9,535   5.1        9.5 1.4   2.9 
47 Mean TCLP Knotweed 100 100       0   9,617   6.0      11.4 1.5   3.5 
48 Mean TCLP Knotweed 100   10       0 12,438 38.3      78.8 4.1 24.6 
49 Mean TCLP Knotweed   50   10       0 11,077 22.7      46.3 2.8 14.4 
50 Mean TCLP Analog 100 100       0   9,617   6.0 1104   1.5   3.5 
51 Mean TCLP Analog 100   10       0 12,438 38.3      78.8 4.1 24.6 
52 Mean TCLP Analog   50   10       0 11,077 22.7      46.3 2.8 14.4   
53 Mean TCLP No Plants 100 100    200     0.8 
54 Mean TCLP No Plants   50 100    200     0.8 
55 Mean TCLP No Plants   25 100    200     0.8 
56 Mean TCLP Knotweed 100 100    200     6.8 
57 Mean TCLP Knotweed   50 100    200     3.6 
58 Mean TCLP Knotweed   25 100    200     1.9 
59 Mean TCLP Analog 100 100    200     6.8 
60 Mean TCLP Analog   50 100    200     3.6 
61 Mean TCLP Analog   25 100    200      1.9 
62 Mean TCLP No Plants 100 100 1,000      1.3 
63 Mean TCLP No Plants   50 100 1,000      1.3 
64 Mean TCLP No Plants   25 100 1,000      1.3 
65 Mean TCLP Knotweed 100 100 1,000     13.3  
66 Mean TCLP Knotweed   50 100 1,000      6.9 
67 Mean TCLP Knotweed   25 100 1,000      3.6 
68 Mean TCLP Analog 100 100 1,000     13.3  
69 Mean TCLP Analog   50 100 1,000      6.9 
70 Mean TCLP Analog   25 100 1,000      3.6 

The sensitivity tests indicated that 226Ra levels would exceed the MCL only for TCLP test 
conditions and if one of the following conditions was met: 

�� The cover Ksat reached 1.2 × 10–4 cm · s–1 (equivalent to analog site conditions). 

�� The cover drainage rate was 2 to 4 times greater than that predicted by the HELP model. 

�� The aquifer Ksat dropped to 10 percent of that measured by pump tests.  
 
Model estimates of 226Ra levels in groundwater at the edge of the disposal cell are considered to 
be conservative.  Radium-226 levels are expected to be much less than the MCL, even after  
1,000 years of ingrowth, primarily because radium is relatively immobile in the natural 
environment. The immobility is due to its strong tendency to substitute with alkaline cations 
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(particularly Ba, Sr, and Ca) in minerals. Radium also adsorbs to mineral surfaces.  While 226Ra 
is the predominant radioactive component at 22 UMTRA sites, it has not migrated any significant 
distance in the groundwater at these sites.   

Because the TCLP leach solution used in the Burrell tests has a low pH (4.5), it is capable of 
dissolving some of the alkaline cation-bearing mineral phases that would otherwise be stable.  
Once these minerals are in solution, the radium is released and can migrate.  If the conditions 
changed back to higher pH, the minerals would reprecipitate and the radium would again become 
immobile. However, it is not likely that the low pH conditions used in the TCLP leach tests will 
occur in the Burrell tailings.  This TCLP leach test was used to represent a worst-case scenario.  
The chemical conditions of neutral pH, high sulfate, high calcium, and high alkalinity currently 
existing in groundwater at the Burrell site favor the stability of the radium-bearing minerals.  
Groundwater chemistry would have to change drastically for these phases to dissolve and 
mobilize radium. 

The results also indicate that high drainage rates from the disposal cell, between 50 and           
100 percent of precipitation, would be high enough to leach radium at levels that would exceed 
the groundwater MCL if TCLP conditions existed.  However, such high drainage rates are very 
unlikely if plant succession progresses unimpeded. Water-balance modeling with the HELP code 
supports the premise that a combination of runoff and evapotranspiration from native woodland 
vegetation would limit drainage from the cover to about 25 percent of the precipitation. 
Therefore, denuding the disposal cell with regular herbicide applications would reduce 
evapotranspiration and may, in time, actually increase both drainage from the cover and     
contaminant leaching. 

In summary, Phase II modeling results show that a higher CSL permeability attributable to root 
intrusion would not likely cause concentrations of COCs in groundwater beneath the disposal cell 
to exceed UMTRA MCLs.  Therefore, Phase III, Exposure Assessment, was considered 
unnecessary. 
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5.0  Summary and Recommendations 
 
This report completes the second part of a two-part investigation of plant root intrusion on the 
Burrell, Pennsylvania, disposal cell. The first part was a field study of the consequences of plant 
root intrusion and long-term ecological change on the performance of the disposal cell cover. The 
second part was a screening assessment of changes in human health and environmental risks 
associated with existing and potential future changes in cover performance. The LTSM Program 
planned to use the results of this investigation as the technical basis for choosing one of the 
following three management options for the Burrell disposal cell and, if warranted, for revision of 
the long-term surveillance plan for the cell: 

�� Discontinue herbicide spraying if risks of root intrusion are acceptably low. 

�� Accept the cost and environmental consequences of continued herbicide spraying, or other 
long-term maintenance, if risks are sufficiently large.  

�� Modify the disposal cell cover design and thereby improve risk management over the       long 
term. 

 
5.1  Summary 

In the first part of the study we evaluated the effects of root intrusion on radon flux and the 
saturated hydraulic conductivity of the cover. This work resulted in two findings. The first is that 
root intrusion and associated drying of the cover is not likely to increase radon flux above the       
20-pCi m–2 · s–1 standard unless the western Pennsylvania climate changes from humid to 
semiarid.  The second is that plant roots do increase the hydraulic conductivity of the radon 
barrier. We measured a 2-orders-of-magnitude increase in the Ksat where plant roots penetrated 
the compacted soil layer (CSL or radon barrier). At a nearby analog site, the Ksat was 3 orders of 
magnitude above the design specification. The analog site represents a reasonable future 
condition of the cover after 200 to 1,000 years of ecological and pedogenic changes. 

The second part of the investigation, the screening-level risk assessment, evaluated possible 
consequences of increased water movement into the tailings that might result from root intrusion 
in the cover. Phase I of the risk assessment evaluated concentrations and mobility of 
contaminants in tailings pore fluid. Composite tailings samples were retrieved from locations 
within the disposal cell that had the highest radium levels at the time of construction. Column 
leach tests conducted with the composite samples encompassed a range of current, possible 
future, and less likely extreme chemical conditions. The results show that manganese, 
molybdenum, selenium, uranium, and 226Ra in pore fluid may exceed either the UMTRCA MCL 
or an EPA risk-based screening level for one or more of the conditions tested. These results 
prompted the LTSM Program to proceed with Phase II of the risk assessment. 

Phase II estimated groundwater quality beneath the disposal cell for a range of conditions, 
reasonable and extreme, that could occur during its design life. Phase II combined historical 
monitoring data from seeps and wells, soil water-balance modeling, and groundwater mixing 
calculations to estimate groundwater quality for a range of possible future conditions of the cover 
soils, plant ecology, and tailings pore water chemistry. No COCs in the DOE historical database 
for seeps and monitor wells came close to the UMTRCA MCLs or the EPA risk-based screening  
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levels. Modeled groundwater quality estimates for existing conditions were comparable to the 
historical monitoring data. Even for extreme conditions, all model-predicted COCs, except 226Ra, 
were well below the UMTRA MCL and the EPA risk-based screening levels. 

The Phase II modeling suggests that 226Ra in groundwater would exceed the MCL by, at most, 10 
percent, but only for the following unlikely combination of conditions: 

�� Pore water pH of 4.5 or less, 

�� A 2 to 3 orders of magnitude increase in the Ksat of the CSL because of root intrusion, 

�� One thousand years of 226Ra ingrowth from 230Th decay, and 

�� All pore water leaching from the disposal cell would have contamination levels equal to the 
most contaminated tailings. 

Because a pore water pH of 4.5 is highly unlikely, radium is expected to remain relatively 
immobile at the Burrell disposal cell. Historical information in the DOE seeps and monitor wells 
database, and the modeling runs with a pH close to current conditions, support this reasoning. For 
modeling runs with pH held constant at existing levels, changes in the Ksat of the CSL had little 
effect on 226Ra concentrations. Furthermore, contaminant concentrations in groundwater were 
substantially lower for modeling runs with plant data from the native woodlands at the analog 
site.  LTSM Program personnel concluded that regular denuding of the disposal cell with 
herbicides would reduce evapotranspiration and, in time, may actually increase drainage from the 
cover. This increase in drainage could lead to an increase in contaminants leaching into 
groundwater. 
 
5.2  Recommendations 
 
On the basis of the results of this study, we conclude that regular spraying of vegetation on the 
disposal cell is unwarranted and unjustified. DOE can safely eliminate this requirement from the 
Burrell long-term surveillance plan. Natural plant succession can be allowed to proceed with no 
increased risk to human health or the environment. In fact, continued spraying may interfere with 
the long-term performance of the disposal cell. Because of a much higher evapotranspiration rate, 
the development of a mature woodland plant community is expected to augment the performance 
of the disposal cell by limiting drainage through the cover and by reducing the likelihood of 
contaminant leaching into groundwater below the disposal cell.  
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Appendix A 
Burrell Disposal Cell Borehole Logs 

May 13 and May 14 and July 8 and 9, 1998 





































DOE Grand Junction Office  June 1999 
Plant Encroachment on the Burrell, Pennsylvania, Disposal Dell Page B–1 

 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B 
Leach Study Results for 

Burrell Phase I Screening-Level Risk Assessment 
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Figure B–1.  Manganese Concentration Results of Leach Study
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Figure B–2.  Selenium Concentration Results of Leach Study
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Figure B–3.  Ammonium Concentration Results of Leach Study
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Figure B–4.  Radium-226 Concentration Results of Leach Study
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Appendix C 
HELP Version 3.07 Output File  
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Appendix D 
Calculation of Groundwater Contamination 

Resulting From Tailings Leaching 
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