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Executive Summary
A large uranium reserve, estimated to be over 100 million pounds, was discovered at the Coles Hill site in
Pittsylvania County, Virginia about three decades ago (see Figure ES-1). This reserve could be large
enough to supply the fuel to all nuclear reactors in the United States for two years. There is interest in the
mining and milling of these reserves, which are located upstream of John H. Kerr Reservoir (Kerr
Reservoir) and Lake Gaston in southern Virginia. This report describes, and provides the results of, a
preliminary assessment that investigated the potential impacts of a uranium tailings release on
downstream water sources. Specifically, the assessment focused on the potential of a catastrophic failure
of a uranium-tailings containment structure and subsequent discharge of uranium tailings into the Banister
or Roanoke Rivers and the resulting radioactive contamination in downstream water bodies including the
Kerr Reservoir. The preliminary assessment aimed to address the following objectives:
•

Estimate the amount of uranium-contaminated sediment and water that might reach Kerr
Reservoir under normal and extreme precipitation events; and

•

Estimate the potential increase in radioactivity levels and other contaminants in Kerr Reservoir.

C oles Hill

Kerr Dam

Mouth of Kerr Reservoir

Figure ES-1. Location of Coles Hill Uranium Reserve in Virginia in Downstream Drinking Water Sources
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Background
Mined uranium ore is normally processed by first grinding it to a small, uniform particle size (this is
called the milling process) and then treating it with chemical solutions to extract the uranium. Because
uranium ore is mostly present at relatively low concentrations in the United States (0.05 to 0.3 percent),
uranium milling and extraction produces vast quantities of waste material known as tailings, which are
typically stored in impoundments formed behind containment structures such as dams.
These tailings retain about 85 percent of the original radioactivity for hundreds of thousands of years
because of other radioactive materials, such as radium and thorium, which are not extracted during the
uranium milling process. These radioactive materials can adversely affect public health if they are not
confined properly or are released to the environment. In addition, uranium tailings still contain uranium
and other potentially hazardous substances such as arsenic, which are toxic and can affect public health if
they leach into groundwater or surface water.
Historically, a number of tailings containment structures have failed in the United States and elsewhere,
resulting in the release of radioactive (such as uranium tailings) and non-radioactive (such as coal ash,
copper, iron, phosphate tailings) materials to downstream surface waters. Although there were a variety
of reasons for these failures, such as seepage, structural defects, earthquakes, and foundation settlement,
extreme precipitation events caused most of the failures world-wide, which, in many cases, led to loss of
life and caused severe contamination downstream.
Climatic and geologic conditions surrounding uranium ore deposits in Pittsylvania County make the area
prone to extreme rainfall events including tropical storms and hurricanes, some of which have generated
substantial flooding. Although presently uranium tailings are required to be stored in specially designed
waste disposal facilities called containment cells or structures in compliance with Nuclear Regulatory
Commission regulations, there is concern that a failure of the uranium tailings containment structures
could result in the contamination of the downstream drinking water supply sources along the Banister
River, Roanoke River, Kerr Reservoir and Lake Gaston.
Preliminary Assessment Approach
In an effort to address this concern, a preliminary assessment was conducted to investigate potential
impacts of uranium tailings discharged into Banister and Roanoke Rivers in case of catastrophic failure of
a containment structure.
The preliminary assessment was based on a one-dimensional (1-D) numerical modeling/simulation of the
Banister and Roanoke Rivers and the Kerr Reservoir using the CCHE1D model developed by the
University of Mississippi for the United States Department of Agriculture. CCHE1D is a software
package that can simulate one-dimensional unsteady flows, sediment transport and streambed
morphodynamics, and transport and fate of contaminants.
The framework employed for the preliminary assessment included simulation of the variation in
radioactivity concentrations along Roanoke and Banister rivers and the Kerr Reservoir in case of
catastrophic failure of a containment structure under sunny day and extreme flooding conditions
throughout a period of one year each. Because the exact location of the potential mine, milling facility
and the containment structures were not known at the time of this assessment, it was assumed that the
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containment structures could be located anywhere in the vicinity of Coles Hill and/or somewhere in the
proximity of the area where former uranium leases were issued (as shown in Figure ES-1), within either
the Banister River or Roanoke River watersheds.
Due to lack of site specific data associated with uranium milling, extraction, tailings properties and
containment structure (location, volume, etc.), data from literature were used for various parameters
needed for the simulations - such as the sediment concentration in tailings, particle size distribution, and
radioactivity concentrations for radium-226 and thorium-230.
A range of values reported in the literature were used along with variables such as the volume of tailings
and flood hydrographs to establish a range of possible scenarios that could potentially be implemented for
this project:
•

Volume of tailings – 0.8, 2.5, 5.0 and 8 million cubic meters (to account for storage
volumes that can be achieved with a dam height of 5 m, 15 m, 30 m, and 50 m,
respectively, and a surface area of 40 acres)

•

Sediment concentration by weight of tailings – 15- (CSW1), 32.5- (CSW2), 50- (CSW3),
and 70-percent (CSW4) as reported in literature

•

Flood hydrographs – 10-percent (HYD1), 1-percent (HYD2), and 0.2-percent-annualchance (HYD3) events (maximum discharges recorded by USGS gages in Banister and
Roanoke Rivers ranged between 58 and 94-percent of the 0.2-percent-annual-chance
hydrographs) and an average water year hydrograph for the rivers

•

Particle size distribution of tailings – two different particle size distributions reported in
literature were used - one represents a wider grain size range and has a higher percentage
of coarser sediments (GSC1) and the other has a narrower range of size classes and a
higher percentage of finer sediments (GSC2).

•

Radioactivity level and uranium content in tailings – minimum (RAD1) and maximum
level (RAD2) radioactivity content due to radium-226 and thorium-230, and uranium
content as reported in literature for the acid leaching process1 (for three components of
the tailings - sands, slimes and liquids)

The simulations were carried out to observe the movement of tailings and the variation of radionuclide
concentrations in Banister and Roanoke Rivers and Kerr Reservoir for a period of one to two years
depending on the scenario. Tailings containment failure under sunny day (assumed dam failure without
the effect of extreme floods) and extreme flooding (assumed dam failure as a result of an extreme rainfall
event) conditions were simulated. For tailings containment failure scenarios under extreme flooding,
percent annual chance hydrographs (which cause the dam failure) were appended by the average water
year hydrograph.

1

Radioactivity characteristics of uranium tailings exposed to alkaline leaching are less defined than acid leaching. Data reported
for liquid and slime components of tailings fall within the limits used for this assessment for acid leaching.
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Assessment Results
The preliminary assessment shows that radiological contaminants (radium-226 and thorium-230) in the
water column and sediments in Banister and Roanoke Rivers and the Kerr Reservoir could result in water
column concentrations exceeding the regulatory maximum contaminant level 2 (MCL) for combined
radium-226 and 228 in drinking water for an extended period of time. However, the radioactivity
concentrations in the water column subsided after a certain period of time and fell below the MCL for
combined radium by the end of simulations (which were run for approximately 364 days) as shown in
Figure ES-2 and Table ES-1.
Radioactivity Concentration in the Water Column from Radium-226 and Thorium-230
Banister + Dam 15m + CSW3 50% + HYD2 1% + GSC1 + RAD2
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Radioactivity Concentration in the Water Column from Radium-226 and Thorium-230
Roanoke + Dam 15m + CSW3 50% + HYD2 1% + GSC1 + RAD2
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Figure ES-2. Variation in Radioactivity Concentration (dissolved and particulate) from Radium-226 and
Thorium-230 in Banister and Roanoke Rivers for a Typical Scenario.

2

There is no MCL for thorium; however, MCL for alpha/photon emitters is 15 pCi/L.
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Table ES-1. Results Obtained for a Typical Scenario for Banister and Roanoke Rivers at Mouth of Kerr
Reservoir and at Kerr Dam.
Long-Term Simulation Results (365 days) - Banister River
CSW=50% - GSC1 - HYD2 (1%)

Location

At Mouth of Kerr
Reservoir

At Kerr Dam

Highest
Highest
Radioactivity
Radioactivity
Concentration
Concentration
Dam Height
Concentration
Concentration
Initial
Initial
of Radioactivity
of Radioactivity
(Represents
in Water
in Water
Radioactivity
Radioactivity
in Water
in Water
Tailings
Column at End
Column at End
Level of
Level of
Column During
Column During
Volume)
of Simulation
of Simulation
Tailings
Tailings
Simulation
Simulation
(meters)
(pCi/L)
(pCi/L)
(pCi/L )
(pCi/L )
15
30
15

RAD1 (Min)

30

39

0.1

81

0.2

12

0.3

24

0.5

RAD2 (Max)

171

0.4

383

0.6

47

0.8

101

1.6

Long-Term Simulation Results - Roanoke River
CSW=50% - GSC1 - HYD2 (1%)

Location

At Mouth of Kerr
Reservoir

At Kerr Dam

Highest
Highest
Radioactivity
Radioactivity
Concentration
Concentration
Dam Height
Concentration
Concentration
Initial
Initial
of Radioactivity
of Radioactivity
(Represents
in Water
in Water
Radioactivity
Radioactivity
in Water
in Water
Tailings
Column at End
Column at End
Level of
Level of
Column During
Column During
Volume)
of Simulation
of Simulation
Tailings
Tailings
Simulation
Simulation
(meters)
(pCi/L)
(pCi/L)
(pCi/L)
(pCi/L )
15
30
15

RAD1 (Min)

30

89

0.1

397

0.4

150

0.3

711

0.8

24

0.3

88

0.9

39

0.5

153

1.7

RAD2 (Max)

MCL for Combined Radium-226 and 228 = 5 pCi/L

It was also observed from the simulations that while the radioactivity concentrations in the water column
diminish over time as river flow flushes the radionuclides from the system to Lake Gaston and further
downstream, a significant amount of the radionuclides remain in the river/reservoir system adsorbed to
the sand and slime components of the tailings that settle at the river bottom and in the reservoir. Table
ES-2 shows how much of the initial radionuclides that entered each river as a result of tailings
containment failure remain in the system after a one year of simulation for the same scenario provided in
Table ES-1. As can be seen in Table ES-2, approximately 78 percent or more of the initial radioactivity
released into the river/reservoir system still remains in the system and mostly in the sediments at the
bottom of the river and in the reservoir after one year.
The radioactivity remaining in the sediments of bed layers will be prone to re-suspension multiple times
over the years as large flows and extreme flood events are experienced by the rivers. To validate this
phenomenon, a series of simulations were carried out in which a 1-percent annual chance hydrograph was
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imposed at the end of a sunny day failure scenario to evaluate the effect of an extreme flood on resuspension of contaminated sediments. The results showed that the re-suspension of contaminated
sediments from the river bed can cause radioactivity concentration levels to rise as shown in Figure ES-3.
For example, simulations for Roanoke River revealed that radioactivity concentrations could increase by
up to an order of magnitude that would be three times higher than the regulatory limit of 5 pCi/L.
Table ES-2. Radioactivity Remaining in the System for Banister and Roanoke Rivers for a Typical
Scenario
Banister
Units

DAM = 15m

Roanoke
DAM = 30m

DAM = 15m

DAM = 30m

RAD1

RAD2

RAD1

RAD2

RAD1

RAD2

RAD1

RAD2

Radioactivity Released from the Tailings Containment Failure

Ci

94

548

186

1086

91

533

183

1066

Radioactivity Out of the System at the end of Simulation

Ci

10

35

18

69

22

74

36

130

Radioactivity Remaining in the Water Column

Ci

0.3

0.8

0.5

1.5

0.3

1.9

0.5

1.7

Percent Radioactivity Remaining in the System

%

89

93

89

93

78

87

80

87

Figure ES-3. Variation in Radioactivity Concentration from Radium-226 and Thorium-230 as a Result of
Re-Suspension of Contaminated Sediments.

In addition to the radioactivity impacts of uranium tailings (due to radium and thorium) on the rivers and
Kerr Reservoir, the transport and fate of uranium was also simulated since uranium is a toxic substance
that can impact human health. The results show that uranium concentrations in the water may
temporarily reach or exceed the regulatory limit of 30 μg/L throughout the river/reservoir system
depending on its solubility as shown in Figure ES-4. Similar to radium and thorium, the majority of
uranium in tailings settle in the bed sediments. Therefore, uranium-contaminated sediments will also be
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prone to re-suspension multiple times over the years as discussed earlier in the case of radioactivitycontaminated sediments.
Uranium Concentration in the Water Column
Banister, Dam 15m, CSW3 50%, GSC1, RAD2, HYD2 1% + Average Water Year, Kd = 101 mL/g
1.0E+05
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Figure ES-4. Variation in Uranium Concentration in Banister River for a Typical Scenario Using Soluble
form of Uranium

Conclusions
Simulation results and conclusions derived as a result of the preliminary assessment were based on the
best available information. These conclusions could be impacted depending on the variation in key
parameters, such as the dam height for the uranium tailings containment structure, sediment concentration
in the tailings, radioactivity level, uranium content, solubility characteristics of radiological elements and
uranium, and the particle size distribution.

•

A catastrophic failure of a uranium tailings containment structure could significantly increase
radioactivity concentrations in the river/reservoir system and exceed the MCL established for
radiological contaminants for drinking water for an extended period of time.
– The MCL for gross alpha activity in Kerr Reservoir (water column) could be exceeded by
an order of magnitude.
– The gross alpha activity in Kerr Reservoir (water column) could remain above the MCL
for several months or more after the failure.

•

A significant amount of radioactivity remains in the river/reservoir system after a year following
a catastrophic tailings dam failure.
– The majority of radioactivity that enters the river/reservoir system as a result of a failure
remains in bed sediments a year after the failure while dissolved and suspended
radionuclides in the water column are flushed downstream.
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–

Subsequent floods could re-suspend sediments and increase radioactivity concentration in
the water column above the MCL established for radiological components for drinking
water.

•

Uranium concentrations in the water column may temporarily reach or exceed the MCL limit of
30 μg/L depending on its solubility.
– Solubility of uranium appears to significantly affect its presence in the river/reservoir
system. The more soluble the uranium, the faster it flushes out of the river/reservoir
system to downstream water bodies. If the uranium is less soluble, the majority remains
in the system deposited at the bottom of the river/reservoir system and can be resuspended by subsequent floods.

•

Reservoir operations (varying reservoir level to accommodate operational demands) may affect
the arrival and residency time of radioactivity in Kerr Reservoir.
– Length of radioactivity residence time in the reservoir depends on the inflows – higher
flows flush radionuclides faster and reduce residence time; lower flows, on the other
hand, increase residence time.
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1. Introduction
A large uranium reserve, estimated to be over 100 million pounds, was discovered in the Coles Hill site in
Pittsylvania County, Virginia about three decades ago. This reserve is large enough to supply the fuel to
all nuclear reactors in the United States for two years1. There is interest in the mining and milling of
these reserves, which are located upstream of John H. Kerr Reservoir and Lake Gaston in southern
Virginia.
Because uranium ore is mostly present at relatively low concentrations in the United States, uranium mining
and milling produces vast quantities of waste material known as tailings. These tailings retain about 85
percent of the original radioactivity for hundreds of thousands of years 2 because of other radioactive materials,
such as Radium and Thorium, which are not extracted during the uranium milling process. These radioactive
materials can adversely affect public health if they are not confined properly or are released to the
environment. In addition, uranium tailings still contain uranium and other potentially hazardous substances
such as arsenic, which are toxic and can affect public health if they leach into groundwater or surface water.
Historically, the confinement of tailings has failed at a number of mines in the United States and
elsewhere – some as a result of heavy rainfall – resulting in the release of radioactive (such as uranium
tailings) and non-radioactive (such as coal ash, copper, iron, phosphate tailings) materials to downstream
surface waters. Presently, uranium tailings are required to be stored in specially designed waste disposal
facilities called containment cells or structures, in compliance with Nuclear Regulatory Commission
regulations.
There is concern that mining operations and a failure of the uranium tailings confinement structure could
result in contamination of the downstream drinking water supply sources along the Banister River,
Roanoke River, Kerr Reservoir, and Lake Gaston. Figure 1-1 shows the location of Pittsylvania County
uranium ore deposits and properties with former uranium mining leases in relation to several downstream
source water intakes, including the Lake Gaston intake for the City of Virginia Beach, which conveys
water to the Southside Hampton Roads area.
This report provides the results of a preliminary assessment performed to evaluate the potential impact of
radioactive sediment (uranium tailings) that could be discharged into the Banister and Roanoke Rivers
under extreme flooding conditions on downstream source water intakes. As shown in Figure 1-1,
uranium reserves and future uranium recovery facilities may be located in close proximity to Banister and
Roanoke Rivers.

1

U.S. Energy Information Administration. Uranium Purchased by Owners and Operators of U.S. Civilian Nuclear Power
Reactors. http://www.eia.doe.gov/cneaf/nuclear/umar/summarytable1. html. Last accessed February 12, 2010.
2
Burns, Peter C. and Finch, Robert, Ed. (1999). Uranium: Mineralogy, Geochemistry, and the Environment. Reviews in
Mineralogy, Vol 38, 679 p.
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C oles Hill

Kerr Dam

Mouth of Kerr Reservoir

Figure 1-1. Drinking Water Sources Downstream from the Pittsylvania County Uranium Reserves
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2. Scope of the Study
This preliminary assessment is designed to address the following objectives:
•

Estimate the amount of uranium-contaminated sediment and water that might reach Kerr Reservoir
under normal and extreme precipitation events; and

•

Estimate the potential increase in radioactivity levels and uranium in Kerr Reservoir.

The assessment was based on a one-dimensional (1-D) numerical modeling of the Banister and Roanoke
Rivers and the Kerr Reservoir using the CCHE1D model developed by the National Center for
Computational Hydroscience and Engineering (NCCHE) at the University of Mississippi for United
States Department of Agriculture. CCHE1D is a software package that can simulate 1-D unsteady flows
and sediment transport in dendritic channel networks.
The model was run for a number of failure scenarios corresponding to combinations of several
parameters. These parameters were as follows:
•

The quantity of the tailings released into the stream. This was characterized by the dam height
(for a constant surface area not to exceed 40 acres as specified by Nuclear Regulatory
Commission in Regulatory Guide 3.11), which provided the release volume and peak discharge
of tailings. The duration of the hydrograph was determined by assuming a triangular hydrograph.
Dam heights selected for defining tailings volumes were 5m, 15m, 30m and 50m.

•

The concentration by weight of sediments (CSW) in the tailings was used to define the ratio
between water and sediment in the tailings that enter the rivers. Two different CSW values were
used: 50 percent and 70 percent.

•

Two different grain size distribution curves were used: As reported by Gee et al. (1980) and
Martin et al. (1980).

•

Three different hydrographs were used for the short term simulations: 0.2-percent, 1-percent and
10-percent-annual-chance. Three long term hydrographs were derived from these percent annual
chance hydrographs by appending an average water year hydrograph.

•

Two different levels of initial radioactivity were used for the tailings: low (RAD1) and high
(RAD2) level radioactivity content due to radium-226 and thorium-230, and uranium content as
reported in literature for the acid leaching process3 (for three components of the tailings - sands,
slimes and liquids).

The model simulated the downstream transport and fate of the mill tailings and estimated the amount of
contaminated sediment expected to enter Kerr Reservoir. Based on these results, a first-order estimation
of the potential increase in radioactivity concentration in Kerr Reservoir was performed.
These types of studies are subject to both natural (parameter) uncertainties and epistemological
(knowledge and model) uncertainties. The parameter uncertainties were addressed by carrying out a
sensitivity study for the selected worst-case scenario by varying a number of the important parameters
3

Radioactivity characteristics of uranium tailings exposed to alkaline leaching are less defined than acid leaching. Data reported
for liquid and slime components of tailings fall within the limits used for this assessment for acid leaching.
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within a reasonable range. The model uncertainty was also addressed by modeling the Banister and
Roanoke Rivers using the HEC-RAS model, which is a widely used and accepted model developed by the
U.S. Army Corps of Engineers (USACE) Hydrologic Engineering Center. The results from both models
(CCHE1D and HEC-RAS) were compared for hydrodynamics and sediment transport. Water quality was
only simulated with the CCHE1D model.

4
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3. Existing Data
To achieve the project objectives, available data and information necessary to perform the preliminary
assessment were identified and compiled. The data needs for this assessment were determined to be as
follows:
•

River cross sections;

•

Sediment data (suspended and bed load);

•

Gage data;

•

Hydrographs for major tributaries that flow into the relevant rivers;

•

Background radioactivity;

•

Tailings characteristics; and

•

Failure scenarios.

Several sources were contacted to collect existing data within the Roanoke and Banister River watersheds
associated with the project area. These sources included the USACE, Federal Emergency Management
Agency (FEMA), U.S. Geological Survey (USGS), Environmental Protection Agency (EPA), Natural
Resources Conservation Service (NRCS), Virginia Department of Transportation (VDOT), Virginia
Department of Environmental Quality (DEQ) and numerous documents published in literature. The
following sections summarize the data collected and used in this project.

3.1. Roanoke River
3.1.1 Cross Sections
Cross section data for the Roanoke River was obtained from three sources: VDOT (1986), the Report of
Sedimentation Resurvey of the Kerr Reservoir (1997) and the USGS 30-m Digital Elevation Model
(DEM) for the project area. VDOT provided a hydraulic model (USACE HEC-2 model) for the
Roanoke River that included stream channel cross sections and bridge data for the entire study reach, as
shown in Figure 3-1.
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Figure 3-1. Locations of Obtained Cross Sections for the Roanoke River

The HEC-2 model of the Roanoke River obtained from VDOT was originally developed by the USACE,
Wilmington District. The model run is dated December 1986, but the date of the channel survey is
unknown. The model’s cross sections included the Roanoke River from the upstream end of this study to
its confluence with the Dan River. Cross sections were surveyed between 3 to 8,200 meters (10 to 26,900
feet) apart, at an average distance of 1,044 meters (3,425 feet) apart. The HEC-2 model also included
data for all hydraulic structures within the area of study.
Cross sections obtained from the Kerr Reservoir Sedimentation Study were surveyed between March and
May 1997. They include the Kerr Reservoir and a small portion upstream along the Roanoke River,
overlapping a small section of the river included in the VDOT model. The purpose of these cross sections
was to model the reservoir as part of the riverine hydraulic model, not as a reservoir routing model. This
assumption is considered sufficient because during high flood events, the reservoir acts like a wide river.
These cross sections are located a maximum of 3,340 meters (10,960 feet) and a minimum of 760 meters
(2,490 feet) apart. The average distance between cross sections is 2,260 meters (7,430 feet).
It is assumed that the channel variations between these surveyed cross sections are minor. Channel cross
sections were interpolated between these surveyed cross sections. As a result, the average distance
between all modeled cross sections was reduced to 340 meters (1,110 feet).
6
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All cross sections (surveyed and interpolated) were extended into the overbanks using 30-meter DEM
data to capture the full inundation floodplain. Cross sections and DEM data are shown in Figure 3-2.

Figure 3-2. Roanoke River Cross Sections, Elevation DEM, and Locations of USGS Gages

3.1.2 Hydrology
The Roanoke River watershed, with a total drainage area of 8,358 square kilometers (3,227 square miles)
flows directly into Kerr Reservoir. Hydrographs were developed at selected locations along the Roanoke
River to use in hydrodynamic analyses.
Two USGS gaging stations are located on the Roanoke River within the area of study: Station 02062500,
Roanoke River at Brookneal, Virginia (Brookneal) and Station 02066000, Roanoke River at Randolph,
Virginia (Randolph). Flows at both stations have been regulated for Smith Mountain Lake and Leesville
Lake, located in the upper section of the watershed, since 1962. The full period of record for the gage at
Brookneal is 1923 to 2010, whereas the period of records from 1901 to 2010 are available for the gage at
Randolph.
A third USGS gage station is located upstream of the study: Station 02060500, Roanoke River at
Altavista, Virginia (Altavista). This gage is also regulated by Smith Mountain and Leesville Lakes. It
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has a period of record of 1930 to 2010. It is used to develop a flow-to-drainage-area ratio to estimate
peak discharges at other locations within the Roanoke River watershed.

Flood Frequency Analysis to Develop 10-, 1- and 0.2-Percent-Annual-Chance
Hydrographs
A Bulletin 17B (Interagency Advisory Committee on Water Data, 1982) analysis was performed to
determine peak frequency flows for the three gage locations for the regulated period (1962 to 2008). The
10-percent, 1-percent, and 0.2-percent-annual-chance events were selected for the flood frequency
analysis. The following summarizes the maximum observed discharges during the regulated period at
Altavista, Brookneal and Randolph stations in relation to the flood frequency estimates:
•

Altavista: Maximum recorded discharge was 62,100 cfs (1,758 m3/s) on September 8, 1987. This
is greater than the 1-percent-annual-chance event, but approximately 88 percent of the 0.2-percentannual-chance event.

•

Brookneal: Maximum recorded discharge was 85,800 cfs (2,430 m3/s), which occurred during a
storm on September 9, 1987. This is approximately 81 percent of the 1-percent-annual-chance
event and 58 percent of the 0.2-percent-annual-chance event.

•

Randolph: Maximum recorded discharge was 89,300 cfs (2,529 m3/s), on September 7, 1996. This
is approximately 88 percent of the 1-percent-annual-chance event and 62 percent of the 0.2percent-annual-chance event.

Three locations within the Roanoke River study reach were selected for analysis. Two of the locations
are the aforementioned USGS gage locations. A third location was selected just upstream of the Kerr
Reservoir. Each location represents an approximately 25 percent increase in drainage area, which is
approximately equal to a 15 percent increase in peak discharge. Although the Brookneal gage is located
downstream of Straightstone Creek (the upstream end of the study), there is only a 2 percent difference in
drainage area, thus making the hydrographs at Brookneal and at Straightstone Creek approximately equal.
Therefore, the peak discharges and resultant hydrographs developed at the Brookneal gage were
considered adequate for use at the upstream end of the study. Figure 3-3 shows the locations of the
USGS gage hydrographs, the location of the hydrograph just upstream of Kerr Reservoir, and the
upstream end of the study near Straightstone Creek.

8
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Smith Mountain Lake

At Brookneal, VA
(DA = 6,226 sq km)

Mason Creek

At Randolph, VA
(DA 7,682 sq km)

South Fork
Roanoke River

Legend

Leesville Lake

Straightstone
Creek

USGS Gage Location
Hydrographs Developed
Former Uranium Mining Leases

Kerr Reservoir

At Kerr Reservoir
(DA = 8,358 sq km)

Figure 3-3. Roanoke River Watershed – USGS Gage and Hydrograph Locations

Although the Brookneal gage is located upstream of the Randolph gage, the peak discharges are higher at
Brookneal. This is because the Roanoke River just upstream of the Brookneal gage is a braided channel
with significant storage. Additionally, the reach between the Brookneal and Randolph gages is highly
sinuous compared to the remainder of the Roanoke River. A sinuous stream, described as serpentine,
impacts streams by decreasing stream velocities due to the decrease in channel slope. Hydraulic routing
of the hydrographs revealed significant attenuation between Brookneal and Randolph, justifying the
frequency analysis.
To estimate the peak discharges just upstream of Kerr Reservoir, the frequency analyses from the gage
stations at Altavista and Randolph were used. Additionally, USGS gage 02067000, Roanoke River at
Clover, located just upstream of Kerr Reservoir, was used for comparison. (Note: this gage has a short
period of record, 1930-1952, and was discontinued prior to the construction of the Kerr Reservoir Dam.
Therefore, it is unsuitable for any detailed hydrologic analysis for this study.) As historical records
obtained from the USGS gages at Randolph and at Clover show, major flood events increase in a
downstream direction. Because of this, and because of the aforementioned storage effects on the peak
discharges in the Brookneal-to-Randolph reach, the frequency analyses performed at Altavista and
Randolph were used to estimate peak discharges just upstream of the Kerr Reservoir.
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Figure 3-4 shows the plotted 10-percent, 1-percent, and 0.2-percent-annual-chance flood peak discharges
for the USGS gaging stations at Altavista and Randolph versus their drainage areas on logarithmic scale.
A straight-line relation was defined to obtain the 10-percent, 1-percent, and 0.2-percent-annual-chance
flood peak discharges at the ungaged location located just upstream of Kerr Reservoir .

Peak Discharge, cfs

1,000,000

Q = 2.1314A1.3901

Q = 6.1247A1.2153

100,000

Q = 26.998A0.952
10,000

1,000
1000

Drainage area, square miles

10000

10-percent chance discharge

1-percent chance discharge

0.2-percent chance discharge

Power (10-percent chance discharge)

Power (1-percent chance discharge)

Power (0.2-percent chance discharge)

Figure 3-4. Peak Discharge-Drainage Area Relation for the Roanoke River in the Study Reach

The 10-percent, 1-percent, and 0.2-percent-annual-chance flood peak discharges were estimated upstream
of Kerr Reservoir using the equations in Figure 3-4. A ratio of these peak discharges to those at Randolph
were used to increase the ordinates of the Randolph hydrographs to be applicable upstream of Kerr
Reservoir. The widths of the hydrographs were not changed. A summary of the analysis is included in
Table 3-1.
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Table 3-1. Summary of Subbasin Characteristics for Roanoke River Watershed
Drainage Area

Location
At Altavista, VA Gage
At Brookneal, VA
Gage/Upstream End of
Study
At Randolph, VA Gage
Just Upstream Kerr
Reservoir

10-

Percent Annual Chance Peak Flows
10.2cms
cfs
cms
cfs
54,700
70,430
951
1,549

mi2
1,782

km2
4,615

cfs
33,580

2,404

6,226

55,320

1,566

105,400

2,985

149,100

4,222

2,966

7,682

54,540

1,544

101,600

2,877

143,000

4,049

3,227

8,358

59,116

1,674

112,546

3,187

160,785

4,553

cms
1,994

Several observed storm hydrographs were evaluated to find a representative storm to develop estimated
frequency hydrographs. For the USGS gaging station at Brookneal, the selected September 1996 storm
resulted in a peak discharge of 80,300 cfs (2,274 m3/s). This same storm was also representative at
Randolph, which showed a peak discharge of 89,300 cfs (2,529 m3/s). The ordinates from these observed
hydrographs were multiplied by a ratio to obtain estimated hydrographs for the 10-percent, 1-percent, and
0.2-percent-annual-chance events. The September 1996 flood was one of the few events that was actually
larger downstream at Randolph.
The frequency hydrographs located just upstream of Kerr Reservoir were determined using the equations
shown in Figure 3-4. A ratio of these peak discharges were used to increase the ordinates of the Randolph
hydrographs to be applicable at the location just upstream of Kerr Reservoir. The widths of these
hydrographs were not changed. The frequency storm hydrographs for the three locations are shown in
Figure 3-5, Figure 3-6, and Figure 3-7.
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Figure 3-5. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance Events for the Roanoke River at
Brookneal, Virginia USGS Gage
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Figure 3-6. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance Events for the Roanoke River at
Randolph, Virginia USGS Gage
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Figure 3-7. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance Events for the Roanoke River Just
Upstream of Kerr Reservoir

Long-Term (Average Water Year) Hydrograph Development
Sediment transport modeling analysis typically includes a regular water year with respect to flow in the
streams. The 1995 water year was selected as a typical year for the Roanoke watershed to evaluate
long-term data and to establish initial conditions prior to modeling extreme flood events. The actual
stream flow daily hydrographs for the 1995 water year (October 1994 to September 1995) were obtained
at the Brookneal and Randolph gage locations. The 1995 water year was selected as the annual mean
flow for each of these sites because it was closest to the long-term average as determined by USGS
12
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annual statistics. A comparison of the long-term average discharges for the entire period of record and
the 1995 water year average for the two gage locations is shown in Table 3-2. The “average” water year
hydrographs are shown in Figure 3-8 and Figure 3-9.
Table 3-2. Long Term Average and 1995 Water Year Average Discharges for Selected Gages in Roanoke

Gage Location
Brookneal, VA
Randolph, VA

Long Term Average Discharge
cfs
cms
2,316
65.6
2,854
80.6

1995 Water Year Average Discharge
cfs
cms
2,332
66.0
2,846
80.6
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Figure 3-8. Long Term Hydrograph for “Average” (1995) Water Year for Roanoke River Gage at
Brookneal, VA
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Figure 3-9. Long Term Hydrograph for “Average” (1995) Water Year for Roanoke River Gage at
Randolph, VA

3.1.3 Sediment Data
Soil classification within the Roanoke River watershed is characterized as residual material derived
through the weathering and decay of underlying rocks as well as transported material removed from its
general position and deposited on lower slopes or streams according to NRCS data. Upland soils consist
of red clay soils of the Cecil, Madison, Appling, and Enon series. Floodplains are composed of deep
alluvial soils of the Hiwassee, Tuberville, and Congaree series.
No known sediment survey has been conducted along the Roanoke River. A field visit was conducted in
May 2010 to collect bed load sediment samples at selected locations as shown in Figure 3-10. Note that
these samples were collected in the shallow areas of the stream, near the channel banks. Although they
were not taken from the main channel bed, they are considered the best available data and assumed to
represent the bed material in the vicinity of where the samples were collected. Further details on field
data collection are provided in Appendix A.
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Figure 3-10. Bed Load Sediment Sample Collection Locations

Gradation curves for the four locations are shown in Figure 3-11. The bed load materials are primarily
sands and silt. A bridge survey at Mount Laurel Road, adjacent to Location 3, has revealed deposition.
As a result, the grain size distribution is coarser than in the other sample locations.
Suspended sediment data from DEQ are available for small tributaries within the Roanoke River
watershed. These data were not selected for use, due to the large difference in drainage areas between the
tributaries and the Roanoke River.
Three sedimentation resurveys of the Kerr Reservoir have been completed since the construction of its
dam. The initial survey was completed in 1962, shortly after filling of Kerr Reservoir. Reports were
obtained for the first resurvey, completed in April 1961 by the USACE, Norfolk District and for the
most recent resurvey, completed in November 1997 by the USACE, Wilmington District. A resurvey
was also completed in September 1976. A survey conducted in 1959 found 7.16 x 107 cubic meters
(58,051 acre-feet) of sediment deposited in the reservoir, with 70 percent of it deposited in the bottom
third of the reservoir. This revealed an initial sedimentation rate of approximately 7.96 x 106 cubic
meters (6,450 acre-feet) per year. The approximate sedimentation rate, from the 1997 resurvey, was
determined to be 1.94 x 106 cubic meters (1,572 acre-feet) per year.
February 2011
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Figure 3-11. Bed Load Sediment Gradation Curves for Selected Sites along Roanoke River

The 1961 sedimentation resurvey found that deposited sediments consisted nearly entirely of clay or silt
just above the axis of the dam in Kerr Reservoir. Varying mixtures of silt and sands were found in the
deposited sediments upstream from the dam, until deposited sediments were found to be composed of
nearly all sand approximately 64 km (40 miles) above the axis of the dam. It is assumed that both the
suspended and deposited sediments are approximately equal to these values today, as the sediment
sources have not changed significantly since 1961. Based on all data collected during the 1961 resurvey,
it is estimated that the material entering Kerr Reservoir is 80 percent silt/clay, 15 percent fine sand, and
5 percent medium sand. The Roanoke River accounts for approximately 66 percent of the total sediment
accumulation in Kerr Reservoir.
Dry weight densities of the deposited sediments were also determined during the 1961 sedimentation
resurvey. These ranged from 301 kilograms per cubic meter (kg/m3) to 1,418 kg/m3 (18.8 lb/ft3 to
88.5 lb/ft3). The average dry weight density of the collected sediments is 522 kg/m3 (32.6 lb/ft3). The dry
weight sediment density increases moving upstream from the Kerr Reservoir dam axis.
Suspended sediment concentration and discharge data were also available from the USGS gage locations
at Altavista and Randolph although grain size data were not available. The two gage locations are shown
in Figure 3-12.
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Figure 3-12. USGS Gage Locations with Sediment Data for Roanoke River

The period of record is from 1953 to 1956 for the Altavista gage and from 1954 to 1981 for the Randolph
gage. Plots showing the sediment discharge and sediment concentrations versus the streamflow discharge
for the two stations are shown in Figure 3-13 through Figure 3-16. When plotted on logarithmic scale, a
linear relationship was obtained between the sediment discharge and water discharge, as shown in Figures
3-17 and 3-18.
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Figure 3-13. Suspended Sediment Concentration vs Streamflow Discharge for Roanoke River at Altavista,
VA, 1953 to 1956
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Figure 3-14. Suspended Sediment Discharge vs Streamflow Discharge for Roanoke River at Altavista, VA,
1953 to 1956
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Figure 3-15. Suspended Sediment Concentration vs Streamflow Discharge for Roanoke River at Randolph
Gage Station, 1954 to 1981
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Figure 3-16. Suspended Sediment Discharge vs Streamflow Discharge for Roanoke River at Randolph
Gage Station, 1954 to 1981

February 2011

19

Final Report

Sediment Discharge (tons/day)

1,000,000
100,000
10,000
1,000
100
10
1
1

10

100

1,000

10,000

Discharge (cms)
Figure 3-17. Suspended Sediment Discharge vs Streamflow Discharge for Roanoke River at Altavista, VA,
1953 to 1956
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Figure 3-18. Suspended Sediment Discharge vs Streamflow Discharge for Roanoke River at Randolph
Gage Station, 1954 to 1981
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Soil survey data for the floodplain overbanks is available from the NRCS. The soils in the floodplain
consist primarily of sandy and clay loam. Dividing the stream reach (not including the segment within
the Kerr Reservoir) into four segments as shown in Figure 3-19, one can determine an estimated sediment
gradation curve for the Roanoke River floodplain as shown in Figure 3-20.

Figure 3-19. Sediment Gradation Curve Reaches from NRCS for the Roanoke River Floodplain
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Figure 3-20. Sediment Gradation Curve for the Roanoke River Floodplain (Sections Listed from Upstream
to Downstream)

3.2. Banister and Dan Rivers
3.2.1. Cross Sections
The FEMA Flood Insurance Study (FIS) hydraulic model (USACE HEC-2 model) was obtained for
portions of the Banister River in Halifax and Pittsylvania Counties. It is unclear when the field survey
data for these models were obtained. However, the models developed for this stream were completed in
the 1970s. It is assumed that the stream geometry has not changed significantly since the development of
these models and that the data are suitable for use for this study.
The FEMA models for the Banister River entail 23.2 km (14.4 miles) of study in Pittsylvania County and
16.4 km (10.2 miles) of study in Halifax County. These data also include bridge geometries for
Markham Road, Riceville Road, Bethel Road, a railroad, the Banister Lake Dam, and Cowford Road.
As-built construction plans for Leda Road and Meadville Road were also obtained from VDOT. This
data included bridge geometries as well as a stream cross section in the immediate vicinity of the bridge.
No bridge geometry data was available for the James D. Hagood Highway or Wolf Trap Road.
The ranges of the surveyed cross sections that were obtained are shown in Figure 3-21. The FEMA
model cross sections in Pittsylvania County (from the upstream end of the study to 10,500 meters
downstream of Riceville Road) are located a maximum of 1,490 meters (4,880 feet) and a minimum of
10 meters (33 feet) apart. The average distance between cross sections is 420 meters (1,370 feet). The
22
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date of survey for these cross sections was not reported. However, the HEC-2 model where these cross
sections were obtained from is dated 1977.

Figure 3-21. Locations of Obtained Cross Sections for the Banister and Dan Rivers

The FEMA cross sections in Halifax County (from 10,390 meters upstream of Banister Lake Dam to just
downstream of Cowford Road) are located a maximum of 1,500 meters (4,910 feet) and a minimum of
13 meters (42 feet) apart. The average distance between surveyed cross sections is 630 meters
(2,060 feet). The survey date for these cross sections is unknown. The cross sections were obtained from
FEMA’s HEC-2 model dated 1975.
From the Kerr Reservoir Sedimentation Survey, cross sections were obtained for the Banister River from
approximately 1,314 meters (4,312 feet) downstream of Bethel Road to its confluence with the Dan River
as well as for the entire section of the Dan River included in the model. (Note: no known uranium
reserves are located within the Dan River watershed, so this stream was not studied in detail. This section
of Dan River is necessary for analysis as the Banister River flows into the Dan River prior to its
confluence with Kerr Reservoir.) The sedimentation survey was conducted between March and May
1997. The average distance between cross sections is 2,550 meters (8,360 feet).
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23

Final Report
It is assumed that the channel variations between these surveyed cross sections are minor. Channel cross
sections were interpolated between these surveyed cross sections. As a result, the average distance
between all cross sections was reduced to 340 meters (1,110 feet).
All cross sections (surveyed and interpolated) were extended into the overbanks using 30-meter DEM
data to capture the full inundation floodplain. The Banister River model cross sections and DEM data are
shown in Figure 3-22.

Figure 3-22. Banister River Model Cross Sections, Elevation DEM, and USGS Gage Location

3.2.2. Hydrology
The Banister River watershed, with a total drainage area of 1,546 square kilometers (597 square miles)
flows into the Dan River upstream of its confluence with the Kerr Reservoir. Hydrographs were
developed at selected locations along the Banister River and at the downstream end of the Dan River to
use in the hydrodynamic analyses.
Annual maximum peak flows and observed flood hydrograph data were obtained from the USGS
National Water Information System for the stream gage (USGS 02077000 Banister River at Halifax, VA)
located along the Banister River. The period of record is from 1929 to 2010. This gaging station is
920 meters downstream of a small hydropower dam. Although the small reservoir (Banister Lake)
upstream of the dam does not significantly impact the flood peaks (gage records do not indicate peak flow
regulation), it is assumed that the flood hydrographs and basin lag times at this station and locations
downstream are affected.
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Flood Frequency Analysis to Develop 10-, 1- and 0.2-Percent-Annual-Chance
Hydrographs
A Bulletin 17B flood frequency analysis (Interagency Advisory Committee on Water Data, 1982) was
performed using annual maximum peak flows at the USGS gage site (Halifax). Eighty years of annual
peak flow data (1929 to 2008) were utilized. Peak discharges were developed for the 10-percent,
1-percent, and 0.2-percent-annual-chance frequencies. The peak streamflow on record at the Halifax gage
is 50,000 cfs (1,416 m3/s), recorded on September 20, 1944. The frequency analysis reveals that this
event was greater than the 1-percent-annual-chance peak discharge and about 94 percent of the
0.2-percent-annual-chance peak discharge.
Additionally, three other locations were selected along the Banister River to estimate peak discharges.
These locations were selected to represent an approximately 25 percent increase in drainage area, which is
roughly equal to a 15 percent increase in peak discharge. Additionally, Coles Hill is located near
Whitehorn Creek; as a result, its confluence with the Banister River has been selected as the upstream end
of this study. The Banister River watershed and hydrograph locations are shown in Figure 3-23.
The peak discharges at the three ungaged locations were estimated using USGS regression equations for
the Southern Piedmont region from Bisese (1995). The regional regression equations are:
Q(10) = 335 A0.596
Q(1) = 849 A0.559
Q(0.2) = 1,418 A0.538
where Q(10), Q(1), and Q(0.2) are the peak discharges for the 10-percent, 1-percent, and
0.2-percent-annual-chance frequency events, respectively, and A is the drainage area in square miles.
The peak discharges for the four locations in the Banister River watershed are summarized in Table 3-3.
Several observed hydrographs from storms were obtained from the USGS Instantaneous Data Archive file
and evaluated. A January 2007 storm was selected as a representative storm. The event has a peak
discharge of 396 cubic meters per second (cms)(14,000 cfs), approximately a 10-percent-annual-chance
event. To develop an estimate frequency storm hydrograph at Halifax, the ordinates of this observed
storm were multiplied by a ratio to match peak flow discharges as determined from the Bulletin 17B
frequency analysis (Table 3-3).
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Figure 3-23. Banister River Watershed – USGS Gage and Hydrograph Locations
Table 3-3. Summary of Banister River Watershed Characteristics
Location
At Whitehorn Creek
At Allen Creek
At Sandy Creek
At Halifax, VA Gage

Drainage Area
mi2
281
364
471
547

km2
728
943
1,220
1,416

cfs
9,600
10,800
13,000
15,000

10-

cms
272
306
368
425

Percent Annual Chance Peak Flows
10.2cfs
cms
cfs
19,800
561
29,400
22,500
637
33,900
27,600
782
42,600
33,300
943
53,000

cms
833
960
1,206
1,501

To determine frequency storm hydrographs at the three ungaged locations, a dimensionless hydrograph
was estimated using the USGS National Streamflow Statistics (NSS) Program. This program utilizes
published regression equations to estimate the magnitude and frequency of floods for every State, the
Commonwealth of Puerto Rico, and several metropolitan areas within the United States. Program
capabilities include (but are not limited to):
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•

Estimation of various stream flow statistics for sites in rural (non-regulated) and urban ungaged
basins;

•
•

Creation of flood hydrographs for estimated floods for sites in rural or urban basins; and
Computation of flood-frequency estimates for gaging stations by weighting estimates obtained
from systematic flood records with estimates obtained from regression equations.
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The USGS dimensionless hydrograph was developed by Inman (1987) and has been verified in several
states, including Maryland (Dillow, 1998). The ordinates of the dimensionless hydrograph are expressed
as a fraction of the peak discharge, and the abscissa are expressed as a fraction of the basin lag time. This
dimensionless hydrograph can then be converted to a frequency hydrograph by multiplying the ordinates
by the frequency peak discharge and the abscissa by the basin lag time.
The flood hydrographs were estimated using the USGS NSS program for locations upstream of Halifax
because the USGS gaging station at Halifax is located downstream of a small hydropower reservoir that
has some impact on the flood hydrographs.
No published equations are available to estimate basin lag time for Virginia streams. As a result, data
compiled from Dillow (1998) for selected Maryland streams in the Piedmont Region were used. These
streams were selected because they have channel slopes similar to those of streams in this study and they
included a range of drainage areas that are inclusive of the Banister River ungaged locations, where lag
time estimates were needed. Using these data, a relationship between lag time and drainage area was
estimated as:
LT = 1.0321 A0.5299
where LT is lag time in hours and A is drainage area in square miles.
The storm frequency hydrographs are shown in Figure 3-24, Figure 3-25, Figure 3-26, and Figure 3-27.
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Figure 3-24. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance for the Banister River at
Whitehorn Creek (Upstream End of Study)
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Figure 3-25. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance for the Banister River at Allen
Creek
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Figure 3-26. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance for the Banister River at Sandy
Creek

28

February 2011

Potential Downstream Impacts of Uranium Mining
1800
1600
1400

Discharge (cms)

1200
1000
800
600
400
200
0
0

20

40

60

80

100

120

Time (hours)
Figure 3-27. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance Events for the Banister River at
Halifax, Virginia USGS Gage

The 1-percent-annual-chance peak discharge of the Dan River is approximately twice the peak discharge
of the Banister River for the same frequency at their confluence point upstream of the Kerr Reservoir.
Although uranium reserves are not located within the Dan River watershed, inflow from the Dan River
will dilute the amount of contaminants carried by Banister River. The Dan River watershed is shown in
Figure 3-28. The Dan River has a drainage area of 7,153 square kilometers (2,762 square miles) at its
outlet, just upstream of Kerr Reservoir.
USGS Gage 02075500, Dan River at Paces, Virginia (Paces) is the streamflow gage farthest downstream
on the Dan River. The drainage area at this gage station is 6,700 square kilometers (2,587 square miles).
Information from this gage station can be translated downstream, since the drainage area at the confluence
with Banister River is not significantly different. A flood frequency analysis was completed for Paces.
Based on a ratio of drainage areas (7,514/6,700), the peak discharges determined at Paces were raised to a
power (from Bisese, 1995) to estimate peak discharges on the Dan River just before its confluence with
the Banister River. A summary of the peak discharges is shown in Table 3-4.
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Figure 3-28. Dan River Watershed

Table 3-4. Summary of Dan River Watershed Characteristics
Location
At Paces, VA
At Dan River Mouth

Drainage Area
mi2
2,587
2,762

km2
6,700
7,514

cfs
41,840
43,500

10-

Percent Annual Chance Peak Flows
10.2cms
cfs
cms
cfs
1,185
61,800
1,750
75,130
1,232
64,100
1,815
77,800

cms
2,127
2,203

Observed hydrograph data from a March 2003 storm was selected to develop a representative frequency
hydrograph. The peak discharge for this event was 1,214 cms (42,900 cfs), approximately a 10-percentannual-chance event. Consistent with the methodologies described above, the hydrograph ordinates were
multiplied by a ratio to obtain estimated hydrographs for the 10-percent, 1-percent, and
0.2-percent-annual-chance events.
These hydrographs were then translated downstream to the Dan River’s confluence with the
Banister River. The ordinates of the hydrographs were multiplied by a ratio of drainage areas raised to a
power (from Bisese, 1995), such that the hydrograph volumes would be more applicable. Because the
drainage area at the mouth is not significantly higher than the drainage area at the gaging station
(6.8-percent increase), the hydrographs’ widths were not revised. Based on an analysis of observed
hydrographs, it appears that the Dan River at the mouth will peak about 22 hours after the Banister River.
This implies the Dan River hydrographs at the mouth should be lagged 22 hours before adding to the
Banister River hydrographs. The frequency hydrographs for the Dan River just before its confluence with
the Banister River are shown in Figure 3-29.
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Figure 3-29. Hydrographs for 10-, 1-, and 0.2-Percent Annual Chance Events for the Dan River at Mouth

Long-Term (Average Water Year) Hydrograph Development
The 1995 water year was selected as a typical year for the Banister and Dan River watersheds for use in
sediment transport analysis. The actual stream flow daily hydrographs for the 1995 water year (October
1994 to September 1995) were obtained at the Halifax and Paces gage locations. The 1995 water year
was selected as the annual mean flow for each of these sites, because it was closest to the long-term
average at both locations as determined by USGS annual statistics. A comparison of the long term
average and the 1995 water year average discharges for the two gage locations is shown in Table 3-5.
The 1995 water year hydrographs for these locations, which will be used in this study to evaluate longterm effects, are shown in Figure 3-30 and Figure 3-31.
Table 3-5. Long Term Average and 1995 Water Year Average Discharges for Selected Gages in Banister
and Dan Rivers Watersheds

Gage Location
Halifax, VA
Paces, VA
February 2011

Long Term Average Discharge
cfs
cms
500
14.2
2,708
76.7

1995 Water Year Average Discharge
cfs
cms
447
12.6
2,406
68.1
31
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Figure 3-30. Long Term Hydrograph for “Average” (1995) Water Year for Banister River Gage at Halifax,
VA
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Figure 3-31. Long Term Hydrograph for “Average” (1995) Water Year for Dan River Gage at Paces

As for the frequency hydrographs, the ordinates of the long term hydrographs were multiplied by a ratio
to estimate long term hydrographs at the Whitehorn Creek, Allen Creek, Sandy Creek, and Dan River
Mouth locations.

3.2.3. Sediment Data
The NRCS classifies soil within the Banister River watershed as characterized by residual material
derived through the weathering and decay of underlying rocks, as well as transported material removed
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from its general position and deposited on lower slopes or streams. Upland soils consist of red clay soils
of the Cecil, Madison, Appling, and Enon series. In addition, the floodplains are composed of deep
alluvial soils of the Hiwassee, Tuberville, and Congaree series.
No known sediment survey has been conducted within the Banister River watershed to develop gradation
curves. A field visit was conducted in May 2010 to collect bed load sediment samples at selected
locations, as shown in Figure 3-32.

Figure 3-32. Bed Load Sediment Sample Collection Locations Along Banister River

The bed load sediment varies widely in the Banister River, as shown in Figure 3-33. Most sites along the
river had a significant amount of gravel in the bed load, in addition to sand and silts. The sample
collected at Location 2, near Meadville Road, was significantly finer than the sediment collected at other
locations along the Banister River. No survey of this area is available, other than at the roadway itself
(from VDOT as-built data), to explain why this occurs. The sediment samples were collected near the
channel banks in shallower waters and therefore may differ from the bed material distribution in the
channel. However, it is considered the best available data and assumed to represent the bed material in
Banister River. Further details on sediment data collected from Banister and Roanoke Rivers are
provided in Appendix A.
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Figure 3-33. Bed Load Sediment Gradation Curves for Selected Sites along Banister River

Additional data was obtained from the Kerr Reservoir Sedimentation Resurveys. Suspended sediment
was surveyed near the Paces USGS gage station. The 1961 sedimentation resurvey found a range in
suspended sediment grain sizes ranging from 0.004 mm to 3.25 mm, with 17 to 100 percent of the
samples classified as silt. The rest of the samples were classified as fine or medium sands.
The Dan River contributes approximately 23 percent of the total sediment volume in Kerr Reservoir.
The USGS has maintained a record of suspended sediment concentration and discharge for the gaging
station at Paces, as shown in Figure 3-34. The data is plotted in Figure 3-35 and Figure 3-36. The period
of record is 1954 to 1956. No sediment data along the Banister River are available from the USGS.
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Figure 3-34. USGS Gage Locations with Sediment Data for Dan River
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Figure 3-35. Suspended Sediment Concentration vs Streamflow Discharge for Dan River at Paces, VA,
1954 to 1956
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Figure 3-36. Suspended Sediment Discharge vs Streamflow Discharge for Dan River at Paces, VA, 1954 to
1956

Soil survey data for the floodplain overbanks are available from the NRCS. The soils in the floodplain
consist primarily of sandy and clay loam. Dividing the stream reach into six segments as shown in Figure
36
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3-37, one can determine estimated sediment gradation curves for the Banister River floodplain, shown in
Figure 3-38.

Figure 3-37. Sediment Gradation Curve Reaches from NRCS for the Roanoke River Floodplain
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Figure 3-38. Sediment Gradation Curve for the Banister River Floodplain (Sections Listed from Upstream
to Downstream)
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3.2.4. Properties of Uranium Mine Tailings
Because the properties of the uranium mine tailings that could potentially be generated from the Virginia
reserves are not yet known, data from existing mine tailings were obtained and used for this project. This
section provides a review of the existing literature and describes the typical grain-size distribution and
radionuclide and contaminant content of uranium tailings.
Uranium ore obtained from an open pit or underground mine is first crushed or ground to a specific size
distribution and sent to a mill. At the mill, the uranium is extracted from the ore by direct contact with a
solvent, which is usually a strong acid or alkaline solution. In the U.S., sulfuric acid, H2SO4, is the most
common acid-leach reagent. Since the leaching process extracts other constituents from the ore, such as
molybdenum, vanadium, selenium, iron, lead, arsenic, further treatment is necessary to separate the uranium
and produce the final product, U3O8, commonly called “yellow cake,” which is packed and shipped in casks.
The amount of sludge produced by a mill is almost the same as the quantity of the ore milled. For example,
after the milling of grade 0.1 percent uranium, 99.9 percent of the material needs to be disposed of as sludge.
Since only uranium is extracted, all other members of the uranium decay chain (see Figure 3-40) remain in the
tailings at their original amounts. Small residual amounts of uranium (5 to 10 percent) are also left in the
tailings, depending on the efficiency of the extraction process used. Since long-lived decay products,
Thorium-230 and Radium-226, are not extracted by the milling process, the tailings contain approximately
85 percent of the initial radioactivity of the ore.

Tailings Size Distribution and Sediment Characteristics
Figure 3-39 shows typical grain-size distribution curves for uranium mine tailings [Vick (1983)]. As can
be seen from the figure, the grain size varies from coarse silt (0.002mm) to medium sand (1-2 mm).
Based on the information given by Vick (1983), the uranium tailings are usually nonplastic due to the
important sand content. However, the plasticity of the slimes may vary from low to high, depending on
the clay content and the mineralogy of the ore. According to Johnson (1980), uranium tailings have a
specific gravity of 2.6-2.7. For this project, a specific gravity of 2.65 was assumed.
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Figure 3-39. Typical Grain-Size Distribution for Uranium Tailings [Vick(1983)].

Tailings from the thickener are transported in slurry form to the tailings containment cells, or
impoundments. The pulp density, which is defined as the weight of solid particles per unit-weight of
slurry, may range from 15 to 50 percent. In acid leaching, the solution from the dewatering process
cannot be recycled for milling. As a result, important quantities of water are discharged into the tailings
impoundment. This significantly influences the way the storage cells and/or tailings dams are designed
and operated. The large quantities of water discharged into the tailings must either be evaporated or
collected for treatment using lime neutralization and/or barium-chloride precipitation before it can be
released downstream.
For this project, it is assumed that the deposited and settled tailings will have a sediment concentration by
weight, also called sediment content, between 50-percent and 70-percent. This is in conformity with the
water content value of 32-percent given by Stuckert (1982), with reference to Robinski (1978), for
thickened discharge method.
Properties of tailings for various sediment concentrations by weight are provided in Table 3-6, where,

csw is the sediment concentration by weight (also called sediment content)
csv is the sediment concentration by volume
ρm is density of tailings (sediment-water mixture)
γm is the specific weight of the tailings (sediment-water mixture)
csm is the mass density (or concentration) of sediments
cww is the water content in water-sediment mixture
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The methodology used to compute the values in Table 3-6 is provided in Appendix B.
Table 3-6. Computation of the important properties of the tailings.
Explanation

Symbol

SI Units

Sediment concentration by weight

csw

-

Sediment concentration by volume

csv

-

Values
0.150

0.325

0.500

0.700

0.062

0.154

0.274

0.468

3

Density of tailings

ρm

kg/m

1103

1254

1452

1773

Specific weight of tailings

γm

N/m

3

10821

12299

14245

17389

Mass density of sediments

csm

kg/m

165.5

407.5

726.0

1240.8

Water content

cww

-

0.850

0.675

0.500

0.300

3

Tailings Radionuclide and Contaminant Content
The mineralogical and geochemical characteristics of uranium mill tailings are highly dependent on the
mineralogical characteristics of the original ore, and the extraction process. Currently, no detailed data is
available for the proposed uranium milling operations in the Coles Hill Region. However, some general
information is available in the literature. The last column of Table 3-7, taken from EPA (2008b), gives
the typical ranges of the radioactivity characteristics of mine tailings produced by both acid and alkaline
leaching processes. In this study, acid-leaching is assumed 4. According to Table 3-7, the combined
solids (sand and slime) may have radioactivity level of 126-500 pCi/g (6.5-18.5 Bq/gr) Ra-226 and 140600 pCi/g (5.2-22.2) Th-230. The liquid part of the tailings may contain 20-7,500 pCi/l (0.74-277.5 Bq/l)
Ra-226 and 2,000-22,000 pCi/l (74-814 Bq/l) Th-230. Hockley et al. (2000) report that Ra-226 activity in
tailings pore-water can reach 200 Bq/l, which is close to the higher end of the range given in Table 3-7.
Table 3-7. Chemical and Radiological Properties for Three Classifications of Uranium Mill Tailings [EPA
(2008b)]
T ailings
C omponent
Sands

Slimes

P artic le
S ize (μm)

C hemic al C ompos ition

R adioac tivity C harac teris tic s

75 to 500

SiO2 with <1 wt% complex silicates of Al,
Fe, Mg, Ca, Na, K, Se, Mn, Ni, Mo, Zn, U,
and V; also metallic oxides

0.004 to 0.01 wt % U3O8
226
Acid Leaching: 26-100 pCi Ra/g;
230
70 to 600 pCi Th/g

45 to 75

Small amounts of SiO2, but mostly very
complex clay-like silicates of Na, Ca, Mn,
Mg, Al, and Fe; also metallic oxides

U3O8 and Ra are almost twice the
concentration present in the sands
b
Acid leaching: 150 to 400 pCi
226
230
Ra/g; 70 to 600 pCi Th/g

+

Liquids
a

N/A

c

+

Acid leaching: pH 1.2 to 2.0; Na ,NH4 ,
2
3
SO4 , Cl, and PO4 ; dissolved solids up to
1 wt % Alkaline leaching: pH 10 to 10.5;
2
CO3 and HCO3; dissolved solids 10 wt %

a

226

Acid leaching: 0.001 to 0.01% U; 20
226
to 7,500 pCi Ra/L; 2,000 to 22,000
230
pCi; Th/L Alkaline leaching: 200
226
230
pCi Ra/L; essentially no Th
(insoluble)

U3O8 content is higher for acid leaching than for alkaline leaching

b

Separate analyses of sands and slimes from alkaline leaching process are not available. However, total 226Ra and 230Th contents
of up to 600 pCi/g (of each) have been reported for the combined sands and slimes.

c

Particle size does not apply. Up to 70 % vol. of the liquid may be recycled. Recycle potential is greater in the alkaline process.

4

Radioactivity characteristics of uranium tailings exposed to alkaline leaching are less defined than acid leaching.
Data reported for liquid and slime components of tailings fall within the limits used for this assessment for acid
leaching.
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Figure 3-40. The U-238 decay chain (Abdelouas, 2006)

Radium-226, with a half-life of 1,620 years, is mostly concentrated in the slimes fraction of the tailings
[Borrowman and Brooks (1975)]. The sand portion contains relatively small quantities. This is important,
because if tailings enter a stream due to a failure of the containment structure, the fine materials that
contain the highest levels of radionuclides will be transported farthest downstream.
Landa and Gray (1995) studied the samples of tailings discharged to the waste pond (of an operating
acid-leach uranium mill) by subjecting them to a five-stage leaching process: 1) water soluble; 2) ion
exchangeable; 3) carbonate and readily acid soluble forms; 4) iron and manganese hydrous oxides;
5) alkaline earth surface (e.g. BaSO4, SrSO4) and/or organic matter. Their findings are listed in Table 3-8.
Their analysis showed that the total of water-soluble and ion exchange of Ra-226 in tailings (17.5percent) is about 3.6 times of that in the ore (4.8-percent). Iron and manganese oxides and alkaline earth
sulfate /organic matter appear to be important hosts of Ra-226. Only chelation by alkaline DTPA gives a
Th-230 removal rate greater than 5-percent. This last point is somewhat surprising. The acid-extraction
of Th-230 can be as efficient as 90-percent, yet the concentrations of Th-230 found in the tailings are
higher than what would result from this extraction efficiency rate. Landa and Gray (1995) attribute this to
re-association of Th-230 with the solids as the tailings age.
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Table 3-8. Extraction of Ra-226, Th-230, and Uranium from Ore and Tailings Sampled at an Operating
Acid-Leach Uranium Mill (Landa and Gray, 1995).
P erc entage of Originally P res ent R adionuc lide Inventory E xtrac ted
R a-226
Sequence

Extractant

Ore

1

Distilled Water

2

0.1 M NaCl

T h-230

U

Tailings

Ore

Tailings

Ore

Tailings

0.70

4.50

0.02

3.10

0.30

22.00

4.10

13.00

0.05

0.02

0.30

0.40
28.00

3

1M acetic acid

1.30

4.30

1.10

1.10

50.00

4

Hydroxylamine HCL

39.00

26.00

4.10

4.10

17.00

14.00

5

Alkaline DTPA

8.40

14.00

23.00

23.00

1.40

<0.60

Abdelouas (2006) reports 4-60 Bq/g of Ra-226 in French uranium mine tailings. It is important to note
that this range is significantly larger than the range reported in Table 3-7. Abdelouas (2006) also reports
that ferric hydroxides formed as a result of neutralization of leachates from uranium mill tailings may
have 25.1 Bq/g Th-230.
According to Table 3-7 (EPA, 2008b), the uranium concentrations in the mine tailings are 0.004-0.01percent, by weight, of U3O8 in the sands, twice as much in the slimes, and 0.001 to 0.01-percent in the
liquids. Abdelouas (2006) gives information on the complex geochemistry of uranium in mine tailings.
He cites typical uranium concentrations in pore waters of tailings varying from less than 0.1 mg/L (under
reducing conditions) to a few mg/L under oxidizing conditions. He also mentions that the acidification of
tailings pore waters due to oxidation of sulfide minerals initially present in the ore may lead to increased
dissolved uranium levels due to desorption of uranyl (UO2+2) from the solids.
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4. Description of the Simulation Model
CCHE1D
The numerical model CCHE1D, developed by the National Center for Computational Hydroscience and
Engineering at the University of Mississippi, was used to perform a preliminary assessment of the
potential impact of uranium tailings on Kerr Reservoir, in the case of a confinement failure under extreme
flooding conditions. CCHE1D is a software package for the simulation of one-dimensional unsteady
flows and sediment transport in dendritic channel networks. CCHE1D also includes a water quality
module, which can be used to simulate the transport and fate of radionuclides in addition to other
constituents.
The CCHE1D software package includes interfacing with AnnAGNPS model and has been designed to
carry out the coupled modeling of watershed and channel processes. An ArcView Geographic
Information System (GIS) graphical interface facilitates the data management and the integration of the
channel model with watershed models and other tools. It also includes a landscape analysis module that
delineates the drainage network and corresponding subcatchments based on digital elevation data.
A more detailed description of various modules of CCHE1D and the theoretical background for
computational methods are briefly explained in Appendix C.

Hydrodynamic Module
CCHE1D’s hydrodynamic model solves full dynamic Saint-Venant equations. The model includes
special procedures for the computation of flow across hydraulic structures like culverts, low- and highdrop structures, bridge crossings, and measuring flumes.
To solve the set of flow equations (for subcritical flows), external boundary conditions have to be
imposed at the upstream inlets and at the downstream outlet of the channel network. Internal boundary
conditions are also needed at channel confluences.
At the upstream end of each channel, discharge hydrographs must be specified. These hydrographs are
either measured flow discharge series, or are hypothetical or derived from a hydrologic method.
At the node at the downstream end of the channel network, water stages must be specified. They are
usually computed from a stage-discharge curve or given as a time series of recorded stage. When such
data are not available, CCHE1D provides a method to automatically derive varying water stages based on
the current flow discharges, assuming the existence of uniform flow in the neighborhood of the
downstream boundary.
At channel confluences, CCHE1D assumes that the water surface elevations of all three branches are
equal, and the flow discharge of downstream branch is equal to the sum of the discharges of two upstream
branches.
Inflow into the channels can also be specified as “Lateral Inflows.” This approach is convenient when
accounting for the inflow of small tributaries and longitudinally distributed inflows.
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Sediment Transport Module
Sediment transport module calculates one-dimensional unsteady, non-equilibrium, non-uniform sediment
transport using a specified number of grain-size classes. The bed is represented in three layers. The grainsize variations in the water column and in all three bed layers are computed as a function of time. The
results produced by this module can be used to visualize the time variation of sediment transport
discharges in the water column for each size class, changes in the bed elevation and area due to erosion
and deposition, and changes in the grain-size distribution of the three bed layers due to erosion and
deposition of the sediments. Naturally, one can also visualize the spatial variation of any of the above
mentioned variables along the channel at a given time.

Water Quality Module
The CCHE1D pollutant transport and water quality module simulates the transport and fate of nutrients
and other pollutants, including radionuclides, in channel networks, including the biogeochemical
reactions that take place in the streams.
The pollutant transport module considers pollutant-sediment interaction using the linear partition method.
Both two-phase partition and three-phase partition are available. The following kinetic processes are
included: chemical transformation or degradation, hydrolysis, photolysis, volatilization, microbial
degradation, and biotic degradation.
All the processes considered by CCHE1D for simulating radionuclide transport and fate are shown in
Figure 4-1. The bed material is represented in three layers. The topmost layer in contact with the water
column is the mixing layer that exchanges sediments directly with the water column through erosion and
deposition. Underneath the mixing layer, there are two other layers. As the bed level changes due to
erosion and deposition, the heights of the layers are adjusted and the appropriate amounts of sediments
and thus particulate radionuclide are vertically transported in the bed. The dissolved radionuclides are
exchanged between the water column and the mixing layer as well as the other bed material layers by
means of diffusion process. In the water column, the particulate and dissolved radionuclides are
transported by the processes of advection and turbulent diffusion/dispersion. In the subsequent sections
these processes are described in detail.
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Figure 4-1. Schematic representation of processes taken into consideration when simulating
radionuclide transport and fate with CCHE1D.

HEC-RAS
The USACE’s Hydrologic Engineering Center River Analysis System (HEC-RAS) is a widely used
hydraulic model capable of performing one-dimensional steady flow, unsteady flow, and sediment
transport calculations. The steady flow water surface profile component of the modeling system is
intended for calculating water surface profiles for steady gradually varied flow. The system can handle a
full network of channels (known as a dendritic system) or a single river reach. Calculations can be
performed using subcritical, supercritical, or mixed flow regimes.
Computations are based on the one-dimensional energy equation. Losses are considered through friction
(the Manning’s equation) and through changes in velocity head. The momentum equations are used
where the water surface profile is rapidly varied. These situations include mixed flow regime
calculations, bridge hydraulics, and at stream confluences.
Unsteady flow modeling in HEC-RAS is similar except for the consideration of a full storm hydrograph,
where the flows are changing through the simulation, rather than a constant flow as in steady-state
modeling.
The sediment transport module in HEC-RAS is intended for the simulation of one-dimensional sediment
transport or moveable boundary conditions resulting from scour or deposition over moderate time periods.
The sediment transport potential is computed by grain size fraction, which allows for simulation of
hydraulic sorting and armoring. Several different sediment transport functions are available to be utilized
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in HEC-RAS. The system can be used to estimate maximum possible scour during large flood events,
evaluate sedimentation in fixed channels, and other similar capabilities.
Further information on HEC-RAS is available in HEC-RAS Hydraulic Reference Manual and can be
downloaded from USACE’s web site at http://www.hec.usace.army.mil/software/hec-ras/ documents/
hydref/.
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5. Simulation Model Set-up and Calibration
5.1. Roanoke River
5.1.1

Roanoke River Model Set-up and Calibration

Two models, CCHE1D and HEC-RAS, were set-up and calibrated for Roanoke River. The purpose of
using HEC-RAS was to validate the simulation of sediment transport by the CCHE1D model.
The one-dimensional (1-D) model of the Roanoke River begins just upstream of the area called Long
Island and Goat Island and ends at John H. Kerr Dam (Kerr Dam). The John H. Kerr Reservoir (Kerr
Reservoir) was modeled in CCHE1D as an extension of the Roanoke River.
The cross section data were compiled from various sources, as described in Section 3.1.1. Based on the
reach lengths between the cross sections of the model, the total river length modeled was 145,526 meters
(90 miles). There are eight bridges represented in the model. From upstream to downstream, these are
the Long Island Bridge, Jeb Stuart Highway Bridge, Kings Highway Bridge, Memorial Highway Bridge,
N&W Railroad Bridge, Clarkton Bridge, and Randolph/Scaffleton Road Bridge. The profile of Roanoke
River with bridge crossings and the boundary conditions at Kerr Dam are shown in Figure 5-1.
Dam crest (101.194m)
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Spillway design f lood elev. (99.365m)
Lower limit of uncontrolled f lood storage. (97.536m)
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Figure 5-1. Profile of Roanoke River and Downstream Boundary Conditions
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There are three stream gaging stations used in this assessment, as described in Section 3.1.2: Roanoke
River at Altavista, Roanoke River at Brookneal, and Roanoke River at Randolph. The locations of the
three gaging stations and the beginning and end of the model are shown in Figure 5-2. Roanoke River at
Altavista is located 28,600 meters upstream of the beginning of the model. The other two stations are
within the study reach.

Upstream Boundary Condition
At the upstream boundary, a discharge hydrograph is imposed. For steady-state calibration runs, the
hydrograph is a discharge constant in time. For unsteady-state, the discharge varies with time.

Downstream Boundary Condition
The last cross section of the 1-D model represents the Kerr Dam. The characteristics of the Kerr Dam are
available from USACE (1997). The characteristic elevations and corresponding storage volumes and
surface areas are summarized in Table 5-1. The downstream boundary condition at the dam is a fixed
water elevation, which is the mean elevation of uncontrolled storage level in Kerr Reservoir.
Channel and floodplain roughness coefficients (commonly known as Manning’s n-values) were estimated
from the field visit and aerial photography, and compared against values obtained from the VDOT HEC-2
model. These values are empirically derived and are part of the computational equations for open channel
flow.
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Figure 5-2. Google Earth Satellite Imagery Showing the Model Limits and the Locations of the Three
USGS Gages Used
Table 5-1. Characteristics of Kerr Dam

Characteristic Elevations

Top of dam
Spillway design flood elevation
(Maximum surcharge elevation)
Top of crest gates
Reservoir upper clearing limit
Spillway crest
Reservoir lower clearing limit
Top of power intakes
Maximum historic reservoir elevation at dam (4/29/87)
Minimum historic reservoir elevation at dam (2/3/56)

50

ft, mean sea level

332.00

m, mean sea level

101.19

326.00

99.36

320.00
302.00
288.00
267.00
265.00
319.61
280.23

97.53
92.05
87.78
81.38
80.77
97.41
85.41
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Table 5-1. Characteristics of Kerr Dam (continued)

Characteristic Volumes

@ Spillway design flood, elev. 326 ft (elev. 99.4 m)
Uncontrolled flood storage
Elev. 326 ft - elev. 320 ft (elev. 99.4 m – elev. 97.5 m)
Controlled flood storage
Elev. 320 ft - elev. 300 ft (elev. 97.5 m – elev. 91.4 m)
@ Power drawdown elevation
Elev. 300 ft - elev. 268 ft (elev. 91.4m – elev. 81.7 m)
@ Design minimum power pool
Elev. 268 ft (elev. 81.7 m)

Characteristic surfaces

@ maximum flood-control pool elevation, 320 ft (97.5 m)
@ maximum power pool elevation, 300 ft (91.4 m)
@ minimum power pool elevation, 268 ft (81.7)
@ Design minimum power pool
Elev. 268 ft (elev. 81.7 m)

5.1.2

Acre-feet

Acres

3,402,9

Cubic Meters

4.19 × 109

594,5

7.33 x 108

1,278,4

1.57× 109

1,045,9

1.29 × 109

484,1

5.97 x 108

83,2
48,9
19,7
484,1

Square Meters

3.37 x 108
1.98 x 108
7.97 x 107

5.97 x 108

Roanoke River Hydrodynamic Model

As stated previously, the downstream boundary of the model is the Kerr Reservoir Dam. This dam was
constructed by the USACE, Norfolk District, and is now operated by the USACE, Wilmington District.
Records of the monthly maximum and minimum pool elevations have been kept since 1953, shortly after
the dam was constructed. The average monthly maximum pool elevation is 91.70 meters (300.8 feet) and
the average monthly minimum pool elevation is 90.46 meters (296.8 feet) over the entire period of record.
A review of the records revealed that in general, the pool elevation remains around an elevation of
91.44 meters (300 feet). However, this is reflective of controlled storage. During very large flood events,
the water level in the reservoir rises to an uncontrolled storage zone. The maximum pool elevation since
construction (as of 1996) was 97.41 meters (319.6 feet). The top-of-dam elevation is 101.2 meters
(332.0 feet). The approximate mean elevation of an uncontrolled storage level is approximately
95.0 meters (311.7 feet). Therefore, this elevation was selected as the downstream boundary condition
for the Roanoke River hydrodynamic model.
Hydrodynamic modeling routes inflow hydrographs. Thus, intervening hydrographs needed to be
developed and compared to the cumulative hydrographs at Randolph and just upstream of Kerr Reservoir.
Inflow hydrographs were input into the model via an upstream boundary condition and several lateral
inflows. The development of inflow hydrographs at selected locations along the Roanoke River are
described in Section 3.1.2. The Roanoke River model was initially run in a steady-state, using a range of
discharges to develop a stage-discharge rating curve. These curves were then compared to USGS shift
adjusted stage-discharge rating data at the Brookneal and Randolph gage locations. To calibrate the
models, adjustments were made in the channel roughness (Manning’s n-values). The resultant stagedischarge curves for both the CCHE1D and HEC-RAS models and their comparison to the USGS rating
curves and peak streamflow data (for the regulated period) are shown in Figures 5-3 and 5-4. As can be
seen from these figures, the modeled stage-discharge curves correlate well with the USGS data.
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Figure 5-3. Comparison of Stage-Discharge Curves at Brookneal
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Figure 5-4. Comparison of Stage-Discharge Curves at Randolph

The upstream boundary condition hydrograph at Brookneal was initially routed in the hydrodynamic
model to evaluate its translation, attenuation, and deformation. The result was compared to the
cumulative hydrograph at Randolph. The difference in peak discharge and volumes are due to the inflow
from the tributaries between Brookneal and Randolph as well as surface runoff from the watershed. This
is the intervening flow hydrograph. Therefore, it is necessary to impose this intervening hydrograph at
one or more locations in the reach between Brookneal and Randolph to be routed in the hydrodynamic
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model. Multiple inflow locations were selected for better model accuracy and stability. These locations
represent tributary inflows.

Discharge (cms)

A similar method to determine intervening inflow hydrographs was used for the reach from Randolph to
just upstream of Kerr Reservoir. This methodology was repeated for all frequencies and the long-term
hydrograph for “Average” water year. A comparison of the modeled versus computed hydrographs
(described earlier in Section 3) is shown in Figures 5-5 through Figure 5-10 to verify correct use of
intervening hydrographs. Note that the upstream boundary conditions from the Brookneal hydrographs
were entered as is directly and therefore not shown.
1800
1600
1400
1200
1000
800
600
400
200
0
0

20

40

60

80

100

120

140

Time (hours
Computed

CCHE1D

HEC-RAS

Figure 5-5. Comparison of Hydrographs for 10-Percent-Annual-Chance Storm at Randolph
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Figure 5-6. Comparison of Hydrographs for 1-Percent-Annual-Chance Storm at Randolph
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Figure 5-7. Comparison of Hydrographs for 0.2-Percent-Annual-Chance Storm at Randolph
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Figure 5-8. Comparison of Hydrographs for 10-Percent-Annual-Chance Storm at Kerr Reservoir (Mouth of
Roanoke River)
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Figure 5-9. Comparison of Hydrographs for 1-Percent-Annual-Chance Storm at Kerr Reservoir (Mouth of
Roanoke River)
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Figure 5-10. Comparison of Hydrographs for 0.2-Percent-Annual-Chance Storm at Kerr Reservoir (Mouth
of Roanoke River)

Although the timing may differ, the key comparison factors are volume (computed by the area under the
hydrograph) and the peak discharge. A tolerance of ten percent was deemed acceptable to validate the
intervening hydrograph methodology. Table 5-2 presents this comparison with the percent differences
shown.
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Table 5-2. Comparison of Volume and Peak Discharges for Selected Locations along Roanoke River
Location

Randolph

Kerr
Reservoir

Storm

Computed
3

CCHE1D
Volume (m3)
Peak (cms)
(% Diff)
(% Diff)

Volume (m )

Peak (cms)

10% Chance

108,058

1,566

108,394 (0%)

1,660 (6%)

1% Chance

199,037

2,985

191,204 (4%)

3,172 (6%)

0.2% Chance

280,276

4,222

353,581
(26%)

4,409 (4%)

10% Chance

131,449

1,674

131,595 (0%)

1,901 (14%)

1% Chance

255,905

3,187

239,807 (6%)

3,510 (10%)

0.2% Chance

382,677

4,553

390,521 (2%)

4,660 (2%)

HEC-RAS
Volume (m3)
Peak (cms)
(% Diff)
(% Diff)
103,276
1,523 (3%)
(4%)
191,883
3,045 (2%)
(4%)
274,212
4,366 (3%)
(2%)
129,194
1,558 (7%)
(2%)
241,068
3,166 (1%)
(6%)
361,495
4,743 (4%)
(6%)

Initial conditions were determined by assuming a steady-state condition based on base flow data from the
“average” water year. A backwater calculation was performed to determine initial water surface
elevations and channel velocities.

5.1.3

Roanoke River Sediment Transport Model

Prior to introducing any containment cell failure, a baseline sediment transport model must be established.
It is assumed that the Roanoke River is presently in equilibrium.
Rating curves for suspended sediment discharge versus streamflow discharge were determined at
Straightstone Creek (the upstream end of the hydrodynamic model), Randolph, and the Roanoke River
mouth at Kerr Reservoir as shown in Figure 5-10 (see Appendix D for calculations).
Sediment transport boundary conditions were determined using a combination of field sediment data,
grain-size distribution curves from the Kerr Reservoir Sedimentation Resurvey reports, and watershed
soil grain size distribution for the floodplain overbanks from NRCS. The sediment data obtained in the
field and from NRCS only included bed load data. However, during a flood, suspended sediments are
quite important, particularly because radioactive contaminants are expected to attach to fine sediments.
As a result, some fine sediments had to be added to the collected data to compensate for the suspended
load.
The grain-size distribution curve at Randolph from the 1961 Kerr Reservoir Sedimentation Resurvey was
used as an initial approximation for the suspended sediment load as shown in Table 5-3. Using this data
combined with the rating curves shown in Figure 5-11 for Straightstone Creek and Randolph, a suspended
sediment rating curve could be determined for each grain size. (See Appendix D for details on
determination of rating curves.)
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Figure 5-11. Suspended Sediment Discharge Rating Curves at Selected Locations along Roanoke River
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Table 5-3. Suspended Sediment Characteristics from Straightstone Creek (upstream end of
hydrodynamic model) to USGS Gage at Randolph, VA

Representative
Diameter (mm)

Specific
Gravity
2.65

Grain Size
Distribution
0.22

0.004 - 0.062

0.016

2.65

0.33

Fine sand

0.062 - 0.25

0.124

2.65

0.29

4

Medium sand

0.25 - 0.5

0.354

2.65

0.11

5

Coarse sand

0.5 - 2.0

1.00

2.65

0.05

6

Fine and Medium gravel

2.0 - 16.0

5.66

2.65

0.00

7

Coarse gravel

16.0 - 32.0

22.63

2.65

0.00

Class

Particle

Size (mm)

1

Silt/Clay

0.001 - 0.004

2

Silt/Clay

3

0.002

To calibrate the CCHE1D model, the model was initially run using a series of steady-state discharges. It
is important to note that no bed load input is specified at the upstream boundary during the model
calibration phase. Therefore, a slow erosion of the bed is to be expected. It is assumed that local erosion
is negligible. As a result, the model can run in a quasi-equilibrium state until sediment transport is
reached for the specified discharge. Subsequently, the quasi-equilibrium bed load transport rates obtained
for the various steady-state discharges can then be used as a bed load rating curve at the upstream
boundary.
Three parameters were considered to calibrate the CCHE1D model: adaptation length of the bed load,
the coefficient for calculating the adaptation length of bed load, and the thickness of the mixing layer.
Differing combinations of parameters were considered to compare the modeled sediment discharges with
the sediment discharge rating curve at Randolph. Model runs were run for a total of ten days, which is
considered significantly long enough to reach equilibrium sediment transport for all range of discharges.
(The longest time required to reach equilibrium downstream outlet of Roanoke River, at Kerr Reservoir,
was 6.4 days in trial model runs.)
Several sediment transport functions have been developed by various scholars. These functions were
developed using different sets of field and laboratory data. Four different sediment transport functions are
available in the CCHE1D module. It was determined that the sediment transport function called the
SEDTRA Module (developed by Laursen, Yang, Meyer-Peter, and Muller) produced model results that
best matched observed data. The adaptation length of bed load used was 500 meters and the coefficient
for calculating adaptation length was 0.25. The thickness of mixing layer used was 0.05 meters. The
calibrated model results compared to the rating curves from Figure 5-10 at Randolph and Kerr Reservoir
are shown in Figures 5-12 and 5-13. (The rating curves were developed as described in Appendix D.)

58

February 2011

Suspended Sediment Discharge (tons/day)

Potential Downstream Impacts of Uranium Mining
250,000
200,000
150,000
100,000
50,000
0
0

200

400

600

800

1,000

1,200

1,400

1,600

1,800

2,000

Streamflow Discharge (cubic meters/sec)
Rating Curve

CCHE1D Model Results

Power (HEC-RAS Model Results)

Suspended Sediment Discharge (tons/day)

Figure 5-12. Calibrated Sediment Transport Model Results and Observed Data Rating Curve at Randolph
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Figure 5-13. Calibrated Sediment Transport Model Results and Observed Data Rating Curve at Kerr
Reservoir

Sediment loading was introduced into the model at selected locations as shown in Figure 5-14 to establish
baseline conditions in the hydrodynamic model.
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Figure 5-14. Suspended Sediment Discharge Hydrograph Input Locations Roanoke River

Sediment gradation curves were developed using the described data and adjusted based on calibration.
The suspended sediment gradation curves are as shown in Figure 5-15. The blue line represents the
gradation curve for Locations 1, 2, and 3 and the red line is the gradation curve for Location 4.
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Figure 5-15. Suspended Sediment Gradation Curves for Roanoke River

The suspended sediment loading was entered via hydrographs at the four selected locations as shown in
Figures 5-16 though 5-19.
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Figure 5-16. Suspended Sediment Discharge Curve at Location 1 – Roanoke River
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Figure 5-17. Suspended Sediment Discharge Curve at Location 2 – Roanoke River
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Figure 5-18. Suspended Sediment Discharge Curve at Location 3 – Roanoke River
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Figure 5-19. Suspended Sediment Discharge Curve at Location 4 – Roanoke River

The upstream boundary condition was set to use the equilibrium load option in HEC-RAS. This method
is reasonable and comparable to the method used in CCHE1D.
At the Kerr Reservoir Dam, model computational analysis revealed the following results (Table 5-4) for
sediment transport (no tailings dam failure) at the end of the simulations.
Table 5-4. Sediment Transport Results at Roanoke River Mouth (just Upstream of Kerr Reservoir) at
Simulation End

Frequency Event
10% Chance
1% Chance
0.2% Chance

Sediment Concentration by Mass
kg/m3 (x 10-1)
lb/ft3 (x 10-2)
2.05
1.28
2.99
1.87
3.84
2.40

Upland Sediment Yield
m3 (x 105)
ft3 (x 107)
1.12
0.40
3.74
1.32
7.35
2.60

To set up the model for long-term analysis, the model was initially validated using measured sediment
and discharge data obtained from the Altavista and Randolph gage stations for the available period of
record, 1954 to 1956. Because no sediment data was available for the gage station at Brookneal to
impose at the upstream boundary, the data from Altavista was used instead. The long term analysis
model results were compared to the observed data at Randolph.
Using the data from Altavista resulted in modeled streamflow discharges lower than the measured data at
Randolph. This is because no intervening hydrographs were introduced in these initial long term
simulations. Additionally, as mentioned earlier, there is significant storage capacity between the
upstream end of the model and Randolph as well as a sinuous channel. As a result, upstream streamflow
boundary condition was increased by a magnitude equal to the difference between the modeled
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streamflow hydrograph and observed streamflow hydrograph at Randolph. Use of the sediment rating
curve as described above did not yield good results as it did for the frequency storms. Therefore, it was
determined run the model using the same sediment data as observed at Altavista.
The streamflow discharge and sediment discharge hydrographs, compared modeled versus observed data
at Randolph are shown in Figures 5-20 and 5-21.

Figure 5-20. Comparison of Observed and Modeled Streamflow Hydrographs at Randolph

Figure 5-21. Comparison of Observed and Modeled Sediment Hydrographs at Randolph
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Overall, the general trend between the observed and modeled results at Randolph compare well, even if
there is a discrepancy between lower and higher sediment discharges. In general, the percent difference
between the observed and modeled sediment data for this long term simulation is no more than 10
percent.
This calibrated model was deemed suitable for use in long term simulations based on an average water
year, defined in the hydrology section (Section 3) as observed data from October 1994 to September
1995.

5.1.4

Roanoke River Contaminant Transport and Fate Model

For the CCHE1D model set-up, it is assumed that the tailings dam is located upstream of Straightstone
Creek, which is the starting point of the simulation models (Node 1). Figure 5-22 shows the river thalweg
lines and locations of some of the cross sections of the Roanoke River model.
Tailings discharge hydrograph as
a result of dam failure is added at
Node 20
A side discharge and
1
sediment load is added for
calibration
10-, 1-, and 0.2-percent
chance hydrographs are
entered at node 1

A side discharge and
sediment load is added for
calibration

Coles Hill

Properties with Former
Uranium Mining Leases

260

Kerr Dam

Figure 5-22. Model Set-Up Showing Some of the Cross Sections and Key Locations.
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The water surface at John H. Kerr Dam is maintained at a constant elevation of 95 meters (NVGD 29).
The simulations are carried out with a time step of 3 minutes. The simulation scenarios were constructed
as follows:
1. Tailings Volume (Characterized by height of tailings dam, H (m)):
This parameter controls the total volume of the tailings impounded. Using the empirical equations
provided by Rico et al (2008) based on the past failures, outflow volume, run-out distance, and peak
(max) discharge of the outflow (mixture of water and sediments) can be calculated (discussed in
Section 6). Assuming a triangular shape, the base of the sediment hydrograph can then be determined
considering that the area under the hydrograph should be equal to the total outflow volume.
For this project, volumes corresponding to four dam heights were used: 5 meters, 15 meters, 30
meters, and 50 meters. The model requires input of a dam height, and these theoretical heights
correspond to outflow tailings volumes of 286x106 m3, 867x106 m3, 1,746x106 m3 and 2,925x106 m3,
respectively.
2. Tailings Concentration by Weight (pulp density), CSW:
The sediment concentration by weight controls how much sediment is contained in the tailings.
Sediment concentration by weight was used to determine the mass density of sediments, Csm (kg/m3),
which represents how much sediment mass is contained per cubic meter of mixture. The CCHE1D
program receives this parameter as input.
For this project, four different sediment concentrations by weight were considered: 15%, 32.5%,
50%, and 70%. These are called options CSW1, CSW2, CSW3, and CSW4, respectively.
CSW1 and CSW2 correspond to sludge that has been just pumped into the reservoir. These options
have high water content. Options CSW3 and CSW4 correspond to thickened tailings deposits and
were selected for use in the simulations.
3. Tailings Particle Size Distribution:
This parameter is needed as input for the sediment transport module of the CCHE1D model. It is also
needed for determining the radionuclide concentration of the outflow tailings entering the river
system.
For this project, two different grain-size distribution curves were used:
•
•

Gee et al (1980) / Wyoming
Martin et al (1980) / Colorado, Utah – Average

These grain-size distribution curves are described in Section 6 and reproduced in Figure 5-23. The
first one represents a wide grain size range and has a higher percentage of coarser sediments. The
second has a narrower range of size classes and a higher percentage of finer sediments. These two
options are called GSC1 and GSC2, respectively.
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Figure 5-23. Selected Grain-Size Distribution Curves of Uranium Mine Tailings.

4. Radioactivity level and uranium content of the impounded tailings:
This parameter controls the concentration of the radionuclides and uranium in the impounded tailings
deposits. The range of radioactivity levels in uranium mill tailings are described in Section 3 and
Table 3-7.
Two options were used for this project. The first option represents the lower limit of the range of
radioactivity levels, and the second represents the upper limit. These options are called RAD1 and
RAD2, respectively.
Table 3-7 shows that the sands and slimes are separated by the grain size of 0.075mm. In order to
determine the final concentration levels, the grain-size distribution curves must be obtained so that the
percentages of slimes and sands can be determined. This is based on the two grain-size distribution
curves in Figure 5-23.
5. Flood hydrograph in the stream:
Three hydrographs with different occurrence probabilities (0.2-percent, 1-percent, and 10-percentannual-chance) were used in the simulations. The options corresponding to 0.2-percent, 1-percent,
and 10-percent-annual-chance hydrographs are called HYD1, HYD2, and HYD3, respectively.
The five parameters discussed above result in four dam height options, four sediment concentrations by
weight options (CSW1, CSW2, CSW3, and CSW4), two tailings grain-size distribution options (GSC1
and GSC2), two radioactivity level options (RAD1 and RAD2), and three hydrographs (HYD1, HYD2,
and HYD3). This gives a total of 4x4x2x2x3=192 possible scenarios. Figure 5-24 shows typical
simulation scenarios considered for a containment volume and sediment concentration by weight for this
project. To keep the figure legible, only one dam height and CSW1 branch of the tree is completely
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developed. The branching details under other dam heights (and CSW1, CSW2, and CSW4) are similar to
the one under dam height H=15m.
Simulations

DAM1
H = 5m

DAM2
H = 15m

CSW1
csw = 0.150

CSW2
csw = 0.325

DAM3
H = 30m
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csw = 0.500

GSC1
Gee et al
(1980)

RAD1
Min
Values

HYD1
0.2%
chance

HYD2
1%
chance

HYD1
0.2%
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CSW4
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Martin et
al (1980)

RAD2
Max
Values
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Figure 5-24. Simulation Scenarios Considered for a Tailings Volume and Sediment Concentration by
Weight

5.2. Banister River
5.2.1. Banister River Model Set-up
The Banister River model was set up utilizing the cross sections obtained during data collection. Based
on the reach lengths between the cross sections of the model, the total river length modeled is 136,699 m
(84.9 miles). At a distance of 75,848 m (47.1 miles) downstream of the 1st cross section Banister River
joins the Dan River. The confluence point will be called Confluence with Dan River. Dan River enters the
Kerr Reservoir at 89,639 m (55 miles). The length of the Dan River reach modeled is thus 13,790 m (8.5
miles). The last reach of the model having a length of 47,060 m (29.2 miles) represents Kerr Reservoir.
The profile of Banister River with bridge crossings and the boundary conditions at Kerr Dam are shown
in Figure 5-25.
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Figure 5-25. Profile of Roanoke River and Downstream Boundary Conditions

Channel and floodplain roughness coefficients (commonly known as Manning’s n-values) were estimated
from the field visit and aerial photography, and compared against values obtained from the FEMA
models. These values are empirically derived and are part of the computational equations for open
channel flow. The model limits and gage locations superimposed over aerial photography from Google
Earth is shown in Figure 5-26. (Note that although the Banister River flows into the Dan River prior to its
confluence with the Kerr Reservoir, for simplicity in nomenclature, the model is referred simply as
Banister River.)

February 2011

69

Final Report

Figure 5-26. Google Earth Satellite Imagery Showing the Model Limits and the Locations of the
USGS Gages Used

The Banister River model was initially run in a steady state, using a range of discharges to develop a
stage-discharge rating curve. These were compared to USGS shift-adjusted stage-discharge rating tables
at the Brookneal and Randolph gage locations. To calibrate the models, adjustments were made in the
n-values. These were adjusted to a range of 0.025 to 0.070 for the channels and 0.077 to 0.16 for the
floodplain overbanks. These values are consistent with typical values this type of watershed. The
resultant stage-discharge curves for the two models compared to the USGS rating curves and peak
streamflow data are shown in Figure 5-27.
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Figure 5-27. Comparison of Stage-Discharge Curves at Halifax

5.2.2. Banister River Hydrodynamic Model
The downstream boundary of the model is the Kerr Reservoir. As described for the Roanoke River, the
approximate mean uncontrolled storage elevation was used as the downstream boundary condition of the
Banister River model. This elevation is 95 meters (311.7 feet).
As described for the Roanoke River, inflow hydrographs were input into the model via an upstream
boundary condition and several lateral inflows utilizing the hydrographs developed during the data
collection stage. Hydrodynamic modeling routes inflow hydrographs. Intervening hydrographs were
developed and compared to the cumulative hydrographs at Allen Creek, Sandy Creek, and Halifax. The
inflow hydrograph for the Dan River was added in its entirety, as is.
The upstream boundary condition hydrograph at Whitehorn Creek was initially routed in the
hydrodynamic model to evaluate its translation, attenuation, and deformation. The result was compared
to the cumulative hydrograph at Allen Creek. The difference in peak discharge and volumes are due to
the inflow from the tributaries between Whitehorn and Allen Creeks as well as surface runoff from the
watershed. This is the intervening flow hydrograph. Therefore, it is necessary to impose this intervening
hydrograph at one or more locations in the reach between Whitehorn and Allen Creeks to be routed in the
hydrodynamic model. Multiple inflow locations were selected for better model accuracy and stability.
These locations represent tributary inflows.
A similar method to determine intervening inflow hydrographs was used for the reaches from Allen Creek
to Sandy Creek and from Sandy Creek to Halifax. This methodology was repeated for all frequencies.
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The computed hydrograph from Dan River already behaves as an intervening hydrograph and was added
in its entirety as originally computed, adjusting only the time-to-peak. Comparisons of the modeled
versus computed hydrographs (from Section 3) for selected locations are shown in Figure 5-28 through
Figure 5-36 to validate correct input of intervening hydrographs. (Note that the upstream boundary
hydrograph was entered into the model as computed and is therefore not shown).
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Figure 5-28. Comparison of Hydrographs for 10% Annual Chance Storm at Allen Creek
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Figure 5-29. Comparison of Hydrographs for 1% Annual Chance Storm at Allen Creek
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Figure 5-30. Comparison of Hydrographs for 0.2% Annual Chance Storm at Allen Creek
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Figure 5-31. Comparison of Hydrographs for 10% Annual Chance Storm at Sandy Creek
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Figure 5-32. Comparison of Hydrographs for 1% Annual Chance Storm at Sandy Creek
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Figure 5-33. Comparison of Hydrographs for 0.2 % Annual Chance Storm at Sandy Creek
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Figure 5-34. Comparison of Hydrographs for 10% Annual Chance Storm at Halifax
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Figure 5-35. Comparison of Hydrographs for 1% Annual Chance Storm at Halifax
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Figure 5-36. Comparison of Hydrographs for 0.2% Annual Chance Storm at Halifax
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Note that although the timing may differ between the hydrographs, the key comparison factors are volume
and peak discharge. A tolerance within ten percent was deemed acceptable. Table 5-5 compares the
volumes and peak discharges at the locations with the percent difference between the modeled and
computed hydrographs shown.
Table 5-5. Comparison of Volumes and Peak Discharges at Selected Locations along Banister River
Computed
Location

Allen Creek

Sandy Creek

Halifax

Storm

CCHE1D
3

HEC-RAS
3

Volume (m )

Peak (cms)

Volume (m )
(% Diff)

Peak (cms)
(% Diff)

Volume (m )
(% Diff)

Peak (cms)
(% Diff)

10% Chance

8,931

306

8,448 (5%)

301 (2%)

8,811 (1%)

286 (6%)

1% Chance

17,321

637

16,922 (2%)

645 (1%)

17,443 (1%)

619 (3%)

0.2% Chance

25,505

960

25,910 (2%)

967 (1%)

25,749 (1%)

932 (3%)

10% Chance

12,100

368

11,337 (6%)

366 (1%)

11,861 (2%)

351 (5%)

1% Chance

24,150

782

23,511 (3%)

786 (1%)

23,939 (1%)

768 (2%)

0.2% Chance

36,504

1,206

36,505 (0%)

1,199 (1%)

36,417 (0%)

1,182 (2%)

10% Chance

22,555

425

22,104 (2%)

433 (2%)

22,282 (1%)

444 (4%)

1% Chance

49,030

943

48,962 (0%)

945 (0%)

48,757 (1%)

1,007 (7%)

0.2% Chance

77,997

1,501

77,983 (0%)

1,492 (1%)

77,697 (0%)

1,570 (5%)

3

Initial conditions were determined by assuming a steady-state condition based on base flow data from the
“average” water year. A backwater calculation is performed to determine initial water surface elevations
and channel velocities.

5.2.3. Banister River Sediment Transport Model
The sediment transport process was next developed in the hydrodynamic model to establish baseline
conditions. Utilizing information from the various sediment data sources, an average suspended sediment
gradation curve was developed for the Banister and Dan Rivers as described in Appendix D. These rating
curves are shown in Figure 5-37.
As for the Roanoke River, sediment transport boundary conditions were determined using a combination
of field sediment data, grain-size distribution curves from the Kerr Reservoir Sedimentation Resurvey
reports, and watershed soil grain-size distribution for the floodplain overbanks from NRCS. The
sediment data obtained in the field and from NRCS only included bed load data. However, during a
flood, suspended sediments are quite important, particularly because any contaminants are expected to
attach to fine sediments. As a result, some fine sediments had to be added to the collected data to
compensate for the suspended load.
The grain-size distribution curve at Paces from the 1961 Kerr Reservoir Sedimentation Resurvey was
used as an initial approximation for the suspended sediment load as shown in Figure 5-6. Using this data
combined with the rating curve, a suspended sediment rating curve can be determined for each grain size.
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Figure 5-37. Suspended Sediment Rating Curves for Banister and Dan Rivers

Table 5-6. Suspended Sediment Characteristics for Dan River

Class
1
2
3
4
5
6
7
8
9

Particle

Size (mm)

Representative
Diameter (mm)

Specific
Gravity

Grain Size
Distribution

Silt/Clay
Silt/Clay
Fine sand
Medium sand
Coarse sand
Fine gravel
Medium gravel
Coarse gravel
Coarse gravel

0.001 - 0.004
0.004 - 0.062
0.062 - 0.25
0.25 - 0.5
0.5 - 2.0
2.0 – 8.0
8.0 – 16.0
16.0 – 32.0
32.0 – 90.0

0.002
0.016
0.124
0.354
1.00
4.00
11.31
22.63
53.67

2.65
2.65
2.65
2.65
2.65
2.65
2.65
2.65
2.65

0.32
0.30
0.22
0.08
0.08
0.00
0.00
0.00
0.00

Because no data was available for the Banister River, it is assumed that this average grain-size
distribution curve is valid for both the Banister and Dan Rivers.
Additionally, the suspended sediment gradation curve was obtained from the Roanoke River model which
includes silts/clays and sands. These are shown in Figure 5-38. Suspended sediment was introduced into
the hydrodynamic model at six locations as shown in Figure 5-39. The suspended sediment discharge
hydrographs for each of the frequency storms are shown in Figure 5-40 through Figure 5-45.
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Figure 5-38. Suspended Sediment Gradation Curves
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Figure 5-39. Suspended Sediment Discharge Hydrograph Input Locations Banister-Dan Rivers
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Figure 5-40. Suspended Sediment Discharge Curve at Location 1 – Banister River
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Figure 5-41. Suspended Sediment Discharge Curve at Location 2 – Banister River
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Figure 5-42. Suspended Sediment Discharge Curve at Location 3 – Banister River
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Figure 5-43. Suspended Sediment Discharge Curve at Location 4 – Banister River (USGS Gage at Halifax,
VA)
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Figure 5-44. Suspended Sediment Discharge Curve at Location 5 – Banister River (Confluence with Dan
River)
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Figure 5-45. Suspended Sediment Discharge Curve at Location 6 – Dan River (Confluence with Roanoke
River)

To evaluate sediment transport over a long-term average water year, the sediment rating curve developed
from the data at Paces along the Dan River was used in combination with the long term hydrographs
described earlier.
The “average” water year hydrograph, obtained from actual data from October 1994 to September 1995,
is only available for the gage stations at Halifax on the Banister River and at Paces on the Dan River.
Because the Halifax gage is 57 kilometers downstream of the upstream boundary of the hydrodynamic
model, an iterative approach was necessary to determine a long-term hydrograph for an average water
year at the upstream boundary condition. Initially, the Halifax long term hydrograph was input at the
upstream boundary condition and steady state lateral inflows were introduced into the model at tributary
locations. However, this did not result in good agreement between the modeled hydrograph and the
observed hydrograph at Halifax. As a result, a hydrograph based on the differences between the modeled
and observed hydrographs was imposed at the upstream boundary. To compensate for the phase
difference, this new hydrograph was shifted backward two days. A comparison of the modeled versus
observed hydrographs at Halifax is shown in Figure 5-46.
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Figure 5-46. Average Year Hydrograph at Halifax Comparing Modeled versus Observed Data

5.2.4. Banister River Contaminant Transport and Fate Model
For the model set-up, it is assumed that the tailings dam is located upstream of Whitehorn Creek which is
the starting point of the simulation models (Node 1). Figure 5-47 shows the river thalweg lines and
important cross sections of the Banister River model.
The water surface at John H. Kerr Dam is maintained at the constant elevation of 95 m (NVGD 29). The
simulations are carried out with a time step of 3 minutes. The same simulation scenarios as the Roanoke
River were constructed and run for the Banister River as described in Section 5.1.4.
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Uranium Mining Leases
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hydrograph as a result of
dam failure is added at
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Figure 5-47. Model set up showing some of the cross sections and key locations.
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6. Estimation of Tailings Amount
Currently, information is not available on the type and size of the containment cells that will be
constructed. According to NRC’s Regulatory Guide 3.11 (November 2008), the surface area of uranium
containment cells cannot exceed 40 acres (~161,875m2), with a maximum of two active cells at any given
time. Therefore, a surface area of 161,875m2 was used in estimating the volume of tailings stored in each
cell.
In addition, four different dam heights were assumed for the containment structure: H=5m, H=15m,
H=30m, and H=50m. Although NRC’s Regulatory Guide 3.11 (November 2008) suggests the
containment of mill tailings below grade, it is not a requirement, particularly in areas where the
groundwater level is close to the surface. Therefore, for the purposes of this project, a horizontal bottom
which provides uniform depth over the entire reservoir is assumed to obtain the maximum volume
impounded by the dams with different heights. Accordingly, the following volumes are calculated to be
stored in containment cells corresponding to different dam heights:
H = 5m

Storage Volume = 0.8×106 m3

H = 15m

Storage Volume = 2.5×106 m3

H = 30m

Storage Volume = 5.0×106 m3

H = 50m

Storage Volume = 8.0×106 m3

Outflow Volume, Run-Out Distance and Peak Discharge for Tailings Dams Failures
Currently, the location, type, size and other characteristics of the tailings dams planned to be constructed
at the project area are not known. Therefore, for this project, empirical methods were used to estimate the
hydrograph of radionuclide contaminated tailings entering the Roanoke and Banister Rivers. The
empirical method adopted here is the one provided by Rico et al. (2008), based on a fairly large number
of past failures of tailings dams and water impounding dams.
Rico et al. (2008) have provided a series of functional relationships that are summarized in Figure 6-1.
These relationships were used to estimate the outflow volume, run-out distance and hydrograph of the
tailings flow entering into the river system (Roanoke or Banister). Computations for the four dam heights
are provided in Table 6-1. The methodology used in the computations is provided in Appendix E.
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Figure 6-1. Empirical relationships to estimate the outflow volume, run-out distance, and the maximum
discharge for tailings dam failures [Rico et al. (2008)].
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As it can be seen from Table 6-1, the run-out distances for the 5m, 15m, 30m, and 50m dam heights are
estimated as 2km, 9km, 22km and 43km, respectively, using the relationships based on the dam factor.
Naturally, these values do not take into account shape of the downstream valley or any obstacles that may
be present. Run-out distances estimated based on the outflow volume yield slightly shorter distances
(1.4km, 13km, 22km and 33km, respectively). The shortest run-out distances (0.5km, 2km, 6km and
12km, respectively) are obtained if the computations are based on the dam height.
The maximum discharges computed using the dam factor are 378m3/s, 955m3/s, 1,714m3/s and 2,638m3/s,
respectively. Estimation of maximum discharge based on dam height yields considerably larger values
for dam heights greater than 5m (213 m3/s, 1661m3/s, 6,073m3/s and 15,785m3/s). Although it is difficult
to have a precise computation without knowing exact characteristics of the tailings and the downstream
topography, the latter values appear to be too high for dam heights greater than 5m, therefore, maximum
discharges based on the dam factor were used in the simulations.

Outflow Hydrograph As a Result of a Tailings Dam Failure
The outflow hydrograph was developed using the estimated peak discharge (Qmax) and outflow volume
(VF). The rise and fall time for the hydrograph was assumed to be one-third and two-thirds of the total
base time, as shown in Figure 6-2. The values used for Qmax and VF for the three dam heights are
provided in Table 6-1. Because the area under the triangular hydrograph must be equal to VF
(i.e., VF = Qmax*TT/2), the base time of the hydrograph can be calculated from:

TT =

2 VF
Qmax

Table 6-1. Estimation of outflow volume, run-out distance, and maximum discharge for three selected
dam heights.
Row Step No
1
1
2
2
3
4

3

Quantity to determine
Select a dam height
Assume reservoir surface area
Compute volume of tailings reservoir
Compute outflow volume in 1×106 m3

6

Outflow volume

4

8
9
10
11
12
13
14
15
16
17

5
6
7
8
9
10

Value
5.00

eq. 1
eq. 2

Value
15.00

Value
30.00

Value
50.00

161,871

161,871

161,871

161,871

VT = A H

m2
m3

809,355

2,428,065

4,856,130

8,093,550

V T' = V T / 106

1×106 m3

0.809

2.428

4.856

8.094

V F' = 0.354 (V T') 1.01

1×106 m3

0.286

0.867

1.746

2.926

VF

m3

285,906

867,194

1,746,451

2,925,659

Envelop value for outflow volume

eq. 3

V fmax' = V T'

1×106 m3

0.809

2.428

4.856

8.094

Envelop value for outflow volume

eq. 3

V Fmax = V T

m3

809,355

2,428,065

4,856,130

8,093,550

Compute the dam factor of Rico et al (2008)

eq. 4

DF = H (V F / 1×106)

m4

1.43

13.01

52.39

146.28

km

2.04

8.75

21.96

43.24

15.77

67.75

169.92

334.62
2,637.94

0.66

Compute maximum run-out distance from DF

eq. 5

Dmax = 1.61 DF

Envelop value for maximum run-out distance

eq. 6

Dmax = 12.46 DF0.79

km

Compute the peak (max) discharge based on DF

eq. 7

Qmax = 325 DF0.42

m3/s

377.63

954.66

1,713.88

Compute maximum run-out distance from V F'

eq. 8

Dmax = 14.45 (V F / 1×106) 0.76

km

5.58

12.97

22.08

32.67

Envelop value for maximum run-out distance from V F '

eq. 9

Dmax = 112.61 (V F / 1×106) 0.81 km

40.84

100.33

176.90

268.67

Compute maximum run-out distance from H

eq. 10 Dmax = 0.05 (H)1.41

km

0.48

2.28

6.05

12.43

Envelop value for maximum run-out distance from H

eq. 11 Dmax = 0.01 (H)3.23

km

1.81

62.92

590.34

3,073.78

Compute the peak (max) discharge based on H

eq. 12 Qmax = 10.5 (H)1.87

m3/s

213

1,661

6,073

15,786

eq. 13 TT = 2 V F / Qmax

s

1,514

1,817

2,038

2,218

TR = TT/3

s

505

606

679

739

TF = 2 (TT/3)

s

1,009

1,211

1,359

1,479

18 outflow Base time of assumed triangular hydrograph
19 hydro- Rise time of the breach hydrograph
20 graph Fall time of the breach hydrograph
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Figure 6-2. Assumed Triangular Shape for the Outflow Hydrograph as a Result of a Tailings Dam Failure
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7. Analysis of Results
7.1. Analysis Framework
As described previously, simulations were carried out for tailings volumes associated with four dam
heights. These volumes were simultaneously coupled with a number of other parameters shown in
Figure 7-1 to define possible scenarios and simulate the transport and fate of radionuclides for those
scenarios. These simulations provided a significant amount of results regarding sediment transport and
radionuclide concentration levels along the Roanoke River and in the Kerr Reservoir. This section
provides results obtained for short- and long-term simulations for the scenarios run as shown in Figure 72.
As explained in Section 5.1.4, radionuclide transport and fate simulations were carried out for a large
number of scenarios by varying:
•
•
•
•
•

Dam height: H=5m, H=15m, H=30m, and H=50m
Initial sediment concentration by weight of the tailings 5: CSW3 (50%) and CSW4 (70%)
Grain-size distribution curve of the tailings: GSC1 (Gee et al., 1980 / Wyoming) and GSC2 (Martin et
al., 1980 / Colorado-Utah average)
Annual-percent-chance hydrograph: HYD1 (0.2-percent), HYD2 (1-percent), and HYD3 (10-percent)
Initial radioactivity level of the tailings: RAD1(minimum reported level) and RAD2 (maximum
reported level)

Simulations were carried out for the following tailings containment failure conditions:
•

•

Failure under extreme flooding
o Short-term simulations, which lasted approximately 8 days following the failure of the
dam
o Long-term simulations, which lasted approximately 365 days after the failure of the dam.
For long term simulations, the percent annual chance hydrographs were appended by the
average year hydrograph.
Sunny day failure
o Without extreme flooding
o Followed after a certain period by extreme flooding (to investigate the effect of
resuspension of sediments in the river bed)

For each failure scenario, a corresponding simulation without the tailings dam failure was carried out in
order to compare the sediment transport and erosion deposition patterns.
CCHE1D simulates one radionuclide species at a time. Thus, all transport and fate simulations were
repeated twice, one for Ra-226 and another for Th-230. In addition, simulations were run separately for
Uranium-238.
The transport and fate computations consist of running three computational modules simultaneously:
5

CSW1 (15%) and CSW2 (32.5%) correspond to the form of sludge that is pumped to the containment pond which
contain low sediment content. CSW3 (50%) and CSW4 (70%) correspond to thickened tailings deposited in the
pond, therefore, these values were used in simulations.
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1. Hydrodynamic module calculates one-dimensional (1-D) unsteady flow hydrodynamics as a function
of time and outputs results at selected stations. The results produced by this module can be visualized
as flow hydrographs at the selected stations or as spatial variation of flow parameters (discharge,
velocity, flow depth, etc.) along the river/reservoir system at a given time.
2. Sediment transport module calculates one-dimensional unsteady, non-equilibrium, non-uniform
sediment transport using a specified number of grain-size classes. The bed is represented in three
layers. The grain-size variations in the water column and in all three bed layers are computed as a
function of time. The results produced by this module can be used to visualize the time variation of
sediment transport discharges in the water column for each size class, changes in the bed elevation
and area due to erosion and deposition, and changes in the grain-size distribution of the three bed
layers due to erosion and deposition of the sediments. Naturally, one can also visualize the spatial
variation of any of the above mentioned variables along the channel at a given time.
3. Contaminant transport and fate module calculates unsteady 1-D transport and fate of the dissolved
and particulate forms (i.e. adsorbed by sediment particles) of radionuclides in the water column and in
three bed layers as a function of time. The program takes into account the transport of sediment and
erosion and deposition of different size classes in these computations. The results produced by this
module can be used to visualize time variation of dissolved and particulate forms of radioactivity
concentration in the water column and in three bed layers as a function of time. Naturally, one can
also visualize the spatial variation of any of the above mentioned variables along the channel at a
given time.
The results of each 1-D CCHE1D model simulation runs have produced significant amount of multidimensional data, therefore, these results were condensed in a number of output files to include:
•
•
•
•

Time variation of flow discharge at selected number of nodes
Time variation of thalweg elevation and cross-section bed-area changes at selected number of nodes
Time variation of sediment transport discharges by size classes and the total sediment yield at
selected number of nodes
Time variation of radioactivity levels in the water column in dissolved and particulate form and of
radioactivity levels in three bed layers as total dissolved and particulate forms

It was thought that there are basically two variables of importance that can summarize the fate and
contaminant results adequately not only for each individual scenario but also across a group of scenarios,
which may be as inclusive as all scenarios (all parameter combinations concerned) for a given
river/reservoir system.
The first variable of importance is the final radioactive concentration level due to Ra-226and Th-230.
Final radioactive concentration means the radioactive concentration level computed at the last time step of
the simulation. For short-term (about eight days) simulations, it is the value at the end of the eighth day.
For long-term (one year) simulations it is the value at the end of one year.
The second variable of importance is the maximum computed radioactive concentration level reached at
each station along the river/reservoir system during the entire duration of the simulation, which is about
eight days for short-term simulations and one year for long-term simulations.
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Scenario
Number
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

Parameter 1

Parameter 2

Parameter 3

Parameter 4 Parameter 5
HYD1 (0.2%)

RAD1 (Min) HYD2 (1%)
HYD3 (10%)

GSC1 (Gee et al, 1980)

HYD1 (0.2%)

RAD2 (Max) HYD2 (1%)

CSW3 (Csw=50%)

HYD3 (10%)
HYD1 (0.2%)

RAD1 (Min) HYD2 (1%)
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Figure 7-1. List of Possible Scenarios for Simulations
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Figure 7-1. List of Possible Scenarios for Simulations (continued)
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7.2. Failure Under Extreme Flooding Conditions
7.2.1. Analysis of Short-Term Simulation Results
As stated in the preceding section, short-term simulations were conducted for a number of scenarios to
determine how radioactivity concentrations would be impacted for a period of approximately a week, if
uranium tailings were to enter the river/reservoir system as a result of a containment structure failure. For
this purpose, the following scenarios were run:
River Name

Roanoke

Dam Height (m)
HYD1 (0.2%)

5

15

30

50

5

15

30

50

X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X
X

X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

RAD1 (Min) HYD2 (1%)
GSC1 (Gee et al, 1980)

HYD3 (10%)
HYD1 (0.2%)

X

RAD2 (Max) HYD2 (1%)

CSW3 (Csw=50%)

Banister

HYD3 (10%)
HYD1 (0.2%)

X

RAD1 (Min) HYD2 (1%)
GSC2 (Martin et al, 1980)

HYD3 (10%)

X

HYD1 (0.2%)

RAD2 (Max) HYD2 (1%)
HYD3 (10%)

X
X
X
X
X
X

HYD1 (0.2%)

RAD1 (Min) HYD2 (1%)
GSC1 (Gee et al, 1980)

HYD3 (10%)
HYD1 (0.2%)

RAD2 (Max) HYD2 (1%)

CSW4 (Csw=70%)

HYD3 (10%)
HYD1 (0.2%)

X

X

X

X

RAD1 (Min) HYD2 (1%)
GSC2 (Martin et al, 1980)

HYD3 (10%)
HYD1 (0.2%)

X

RAD2 (Max) HYD2 (1%)
HYD3 (10%)

Figure 7-2. Scenarios Run for Short-Term Analyses

7.2.1.1 Upper and L ower B ounds of R adioactivity C oncentr ations - R oanoke R iver
Figure 7-3 shows the model set-up for Roanoke River which provides locations of key nodes used in the
simulation and other modeling inputs. Figure 7-3 can be used as a reference to the figures in this section
which summarize the upper and lower bounds of radioactivity concentrations both at the end of and
during the short-term simulations.

94

February 2011

Potential Downstream Impacts of Uranium Mining
Tailings discharge hydrograph as
a result of dam failure is added at
Node 20
A side discharge and
1
sediment load is added for
calibration
10-, 1-, and 0.2-percent
chance hydrographs are
entered at node 1

A side discharge and
sediment load is added for
calibration

Coles Hill

Properties with Former
Uranium Mining Leases

260

Kerr Dam

Figure 7-3. Model Set-up for Roanoke River

Figure 7-4 shows the highest and lowest levels of radioactivity concentrations calculated in the water
column, for minimum level of radioactivity (RAD1) in tailings, at the end of short-term simulations in
Roanoke River.
•
•

Upper bound of final radioactive concentration values in the water column, vary between 1.0×10-8
Ci/m3 (10 pCi/L) at node 25 and 1.8×10-7 Ci/m3 (180 pCi/L) at node 360.
Lower bound of final radioactive concentration values in the water column, vary between 2.0×10-9 Ci/m3
(2 pCi/L) at node 25 and 1.85×10-8 Ci/m3 (18 pCi/L) at node 150.

For short-term simulations, values of final concentrations must be interpreted with care. They only
correspond to the values one would expect eight days after the failure of the tailings dam. Concentrations
may still be evolving along the river/reservoir system as a function of flow and sediment transport (see
Section 7.2.2 for long-term simulation results).
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Highest Level of Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Figure 7-4. Highest and Lowest Levels of Radioactivity Concentrations in the Water Column Obtained for
RAD1 at the End of Short-Term Simulations in Roanoke River

Figure 7-5 shows the highest and lowest levels of radioactivity concentrations calculated in the water
column, for maximum level of radioactivity (RAD2) in tailings, at the end of short-term simulations in
Roanoke River.
•
•

Upper bound of final radioactive concentration values in the water column, vary between 1.0×10-7
Ci/m3 (100 pCi/L) at node 25 and 9.0×10-7 Ci/m3 (900 pCi/L) at node 360.
Lower bound of final radioactive concentration values in the water column, vary between 1.0×10-8 Ci/m3
(10 pCi/L) at node 25 and 6.0×10-8 Ci/m3 (60 pCi/L) at node 150.

Radioactivity concentrations obtained for RAD2 are about one order of magnitude larger than those for
RAD1. As discussed earlier, for short-term simulation, values of final concentrations must be interpreted
with care. They only correspond to the values one would expect eight days after the failure of the tailings
dam. Concentrations may still be evolving along the river/reservoir system as a function of flow and
sediment transport.
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Highest Level of Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days) - Roanoke River
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
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Figure 7-5. Highest and Lowest Levels of Radioactivity Concentrations in the Water Column Obtained for
RAD2 at the End of Short-Term Simulations in Roanoke River

Figure 7-6 shows the highest and lowest levels of maximum radioactivity concentrations calculated in the
water column, for minimum level of radioactivity (RAD1) in tailings, during short-term simulations in
Roanoke River.
•
•

Upper bound of maximum radioactive concentration values in the water column, reach 5.5×10-5 Ci/m3
(55,000 pCi/L) at node 25, which is immediately downstream of the failure location, and decrease to
much lower values in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, reach 8.5×10-6
Ci/m3 (8,500 pCi/L) at node 25, which is immediately downstream of the failure location, and
decrease to much lower values in the downstream direction.
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Highest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Short-Term (8 days) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Lowest Level of Maximum Radioactivity Concentration in the Water Column
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Figure 7-6. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
Obtained for RAD1 During Short-Term Simulations in Roanoke River

Figure 7-7 shows the highest and lowest levels of maximum radioactivity concentrations calculated in the
water column, for maximum level of radioactivity (RAD2) in tailings during, during short-term
simulations in Roanoke River.
•
•
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Upper bound of maximum radioactive concentration values in the water column, reach 3.0×10-4 Ci/m3
(300,000 pCi/L) at node 25, which is immediately downstream of the failure location, and decrease to
much lower values in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, reach 4.5×10-5
Ci/m3 (45,000 pCi/L) at node 25, which is immediately downstream of the failure location, and
decrease to much lower values in the downstream direction.
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Highest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Short-Term (8 days) - Roanoke River
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
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Figure 7-7. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
Obtained for RAD2 During Short-Term Simulations in Roanoke River

Figure 7-8 shows the highest and lowest levels of radioactivity concentrations calculated in three bed
layers, for minimum level of radioactivity (RAD1) in tailings, at the end of short-term simulations in
Roanoke River.
•
•

Upper bound of final radioactive concentration values in the bed have a maximum of 8.0×10-5 Ci/m3
(80,000 pCi/L) at node 25 immediately downstream of the failure location and decrease in the
downstream direction.
Lower bound of final radioactive concentration values in the bed have a maximum of 2.5×10-5 Ci/m3
(25,000 pCi/L) at node 25 immediately downstream of the failure location and decrease in the
downstream direction.
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Highest Level of Radioactivity Concentration in the Bed Layer
At the end of Simulation Time: Short-Term (8 days) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Lowest Level of Radioactivity Concentration in the Bed Layer
At the end of Simulation Time: Short-Term (8 days) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Figure 7-8. Highest and Lowest Levels of Radioactivity Concentrations in the Bed Layers for RAD1 at the
End of Short-Term Simulations in Roanoke River

Figure 7-9 shows the highest and lowest levels of radioactivity concentrations calculated in three bed
layers, for maximum level of radioactivity (RAD2) in tailings, at the end of short-term simulations in
Roanoke River.
•
•
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Upper bound of final radioactive concentration values in the bed have a maximum of 5.5×10-4 Ci/m3
(550,000 pCi/L) at node 25 immediately downstream of the failure location and decrease in the
downstream direction.
Lower bound of final radioactive concentration values in the bed have a maximum of 1.5×10-4 Ci/m3
(150000 pCi/L) at node 25 immediately downstream of the failure location and decrease in the
downstream direction.
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Lowest Level of Radioactivity Concentration in the Bed Layer
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Figure 7-9. Highest and Lowest Levels of Radioactivity Concentrations in the Bed Layers for RAD2 at the
End of Short-Term Simulations in Roanoke River

Figure 7-10 shows the highest and lowest levels of maximum radioactivity concentrations calculated in
three bed layers, for minimum level of radioactivity (RAD1) in tailings, during short-term simulations in
Roanoke River.
•
•

Upper bound of maximum radioactive concentration values in the bed have a maximum of 9.5×10-4
Ci/m3 (950,000 pCi/L) at node 25 immediately downstream of the failure location and decrease in the
downstream direction.
Lower bound of maximum radioactive concentration values in the bed have a maximum of 2.9×10-4
Ci/m3 (290,000 pCi/L) at node 25 immediately downstream of the failure location and decrease in the
downstream direction.
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Highest Level of Maximum Radioactivity Concentration in the Bed Layer
During Simulation Time: Short-Term (8 days) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Figure 7-10. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Bed Layers for
RAD1 During Short-Term Simulations in Roanoke River

Figure 7-11 shows the highest and lowest levels of maximum radioactivity concentrations calculated in
three bed layers, for maximum level of radioactivity (RAD2) in tailings, during short-term simulations in
Roanoke River.
•
•
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Upper bound of maximum radioactive concentration values in the bed have a maximum of 6.0×10-3
Ci/m3 (6,000,000 pCi/L) at node 25 immediately downstream of the failure location and decrease in
the downstream direction.
Lower bound of maximum radioactive concentration values in the bed have a maximum of 1.7×10-3
Ci/m3 (1,700,000 pCi/L) at node 25 immediately downstream of the failure location and decrease in
the downstream direction.
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Figure 7-11. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Bed Layers for
RAD2 During Short-Term Simulations in Roanoke River

7.2.1.2 Upper and L ower B ounds of R adioactivity C oncentr ations – B anister R iver
Figure 7-12 shows the model set-up for Banister River which provides locations of key nodes used in the
simulation and other modeling inputs. Figure 7-12 can be used as a reference to the figures in this section
which summarize the upper and lower bounds of radioactivity concentrations both at the end of and
during the short-term simulations.
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Whitehorn Creek

Coles Hill

A side discharge and
sediment load is added
A side discharge and
sediment load is added
A side discharge and sediment
load is added to represent
contribution of Roanoke River

10-, 1-, and 0.2-percent
chance hydrographs are
entered at node 1

Kerr Dam
A side discharge and
sediment load is added to
represent contribution of
Dan River

Figure 7-12. Model Set-up for Banister River

Figure 7-13 shows the highest and lowest levels of radioactivity concentrations calculated in the water
column, for minimum level of radioactivity (RAD1) in tailings, at the end of short-term simulations in
Banister River.
•
•

Upper bound of final radioactive concentration values in the water column are all lower than 6.0×10-8
Ci/m3 (60 pCi/L).
Lower bound of final radioactive concentration values in the water column are all lower than 1.6×10-8
Ci/m3 (16 pCi/L).

For short term simulations, final concentrations must be interpreted with care. Concentrations may still be
evolving in time along the river/reservoir system as a function of flow and sediment transport.
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Highest Level of Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days) - Banister River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Lowest Level of Radioactivity Concentration in the Water Column
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Figure 7-13. Highest and Lowest Levels of Radioactivity Concentrations in the Water Column for RAD1 at
the End of Short-Term Simulations in Banister River

Figure 7-14 shows the highest and lowest levels of radioactivity concentrations calculated in the water
column, for maximum level of radioactivity (RAD2) in tailings, at the end of short-term simulations in
Banister River.
•
•

Upper bound of final radioactive concentration values in the water column are all lower than 3.4×10-7
Ci/m3 (340 pCi/L).
Lower bound of final radioactive concentration values in the water column are all lower than 4.0×10-8
Ci/m3 (40 pCi/L).
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Highest Level of Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days) - Banister River
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
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Lowest Level of Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days) - Banister River
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Figure 7-14. Highest and Lowest Levels of Radioactivity Concentrations in the Water Column for RAD2 at
the End of Short-Term Simulations in Banister River

Figure 7-15 shows the highest and lowest levels of the maximum radioactivity concentrations calculated
in the water column, for minimum level of radioactivity (RAD1) in tailings, during short-term simulations
in Banister River.
•
•

106

Upper bound of maximum radioactive concentration values in the water column, reach 1.6×10-4 Ci/m3
(160,000 pCi/L) at node 50, which is immediately downstream of the failure location, and decrease to
much lower values in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, reach 5.0×10-5
Ci/m3 (50,000 pCi/L) at node 50, which is immediately downstream of the failure location, and
decrease to much lower values in the downstream direction.
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Highest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Short-Term (8 days) - Banister River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Lowest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Short-Term (8 days) - Banister River
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Figure 7-15. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
for RAD1 Short-Term Simulations in Banister River

Figure 7-16 shows the highest and lowest levels of the maximum radioactivity concentrations calculated
in the water column, for maximum level of radioactivity (RAD2) in tailings, during short-term
simulations in Banister River.
•
•

Upper bound of maximum radioactive concentration values in the water column, reach 9.3×10-4 Ci/m3
(930,000 pCi/L) at node 50, which is immediately downstream of the failure location, and decrease to
much lower values in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, reach 4.2×10-5
Ci/m3 (42,000 pCi/L) at node 50, which is immediately downstream of the failure location, and
decrease to much lower values in the downstream direction.
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Highest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Short-Term (8 days) - Banister River
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
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Lowest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Short-Term (8 days) - Banister River
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Figure 7-16. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
for RAD2 Short-Term Simulations in Banister River

Figure 7-17 shows the highest and lowest levels of radioactivity concentrations calculated in three bed
layers, for minimum level of radioactivity (RAD1) in tailings, at the end of short-term simulations in
Banister River.
•
•
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Upper bound of final radioactive concentration values in the bed have a maximum of 2.5×10-4 Ci/m3
(250,000 pCi/L) at node 50 immediately downstream of the failure location and decrease towards
downstream.
Lower bound of final radioactive concentration values in the bed have a maximum of 4.0×10-5 Ci/m3
(40,000 pCi/L) at node 60 immediately downstream of the failure location and decrease towards
downstream.
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Highest Level of Radioactivity Concentration in the Bed Layer
At the end of Simulation Time: Short-Term (8 days) - Banister River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Lowest Level of Radioactivity Concentration in the Bed Layer
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Figure 7-17. Highest and Lowest Levels of Radioactivity Concentrations in the Bed Layers for RAD1 at
the End of Short-Term Simulations in Banister River

Figure 7-18 shows the highest and lowest levels of radioactivity concentrations calculated in three bed
layers, for maximum level of radioactivity (RAD2) in tailings, at the end of short-term simulations in
Banister River.
•
•

Upper bound of final radioactive concentration values in the bed have a maximum of 1.6×10-3 Ci/m3
(1,600,000 pCi/L) at node 50 immediately downstream of the failure location and decrease towards
downstream.
Lower bound of final radioactive concentration values in the bed have a maximum of about 8.0×10-4
Ci/m3 (800,000 pCi/L) at nodes 50 to 70 immediately downstream of the failure location.
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Highest Level of Radioactivity Concentration in the Bed Layer
At the end of Simulation Time: Short-Term (8 days) - Banister River
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
Radioactivity Con. (Ci/m3)

1.8E-03
1.6E-03
Th bed 3 - last max

1.4E-03

Th bed 2 - last max

1.2E-03

Th bed 1 - last max

1.0E-03

Ra bed 3 - last max

8.0E-04

Ra bed 2 - last max

6.0E-04

Ra bed 1 - last max

4.0E-04
2.0E-04
0.0E+00
50

60

70

80

90

100

142

166

191

253

286

397

Node Numbers

Lowest Level of Radioactivity Concentration in the Bed Layer
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Figure 7-18. Highest and Lowest Levels of Radioactivity Concentrations in the Bed Layers for RAD2 at
the End of Short-Term Simulations in Banister River

Figure 7-19 shows the highest and lowest levels of maximum radioactivity concentrations calculated in
three bed layers, for minimum level of radioactivity (RAD1) in tailings, during short-term simulations in
Banister River.
•
•
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Upper bound of maximum radioactive concentration values in the bed have a maximum of 2.0×10-3
Ci/m3 (2,000,000 pCi/L) at node 60 immediately downstream of the failure location and decrease
towards downstream.
Lower bound of maximum radioactive concentration values in the bed have a maximum of 4.0×10-4
Ci/m3 (400,000 pCi/L) at node 60 downstream of the failure location.
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Lowest Level of Maximum Radioactivity Concentration in the Bed Layer
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Figure 7-19. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Bed Layers for
RAD1 Short-Term Simulations in Banister River

Figure 7-20 shows the highest and lowest levels of the maximum radioactivity concentrations calculated
in three bed layers, for maximum level of radioactivity (RAD2) in tailings, during short-term simulations
in Banister River.
•
•

Upper bound of maximum radioactive concentration values in the bed have a maximum of
Ci/m3 (12,000,000 pCi/L) at node 60 downstream of the failure location and decrease
downstream.
Lower bound of maximum radioactive concentration values in the bed have a maximum of
Ci/m3 (900,000 pCi/L) at node 60 downstream of the failure location and decrease
downstream.
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Highest Level of Maximum Radioactivity Concentration in the Bed Layer
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Figure 7-20. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Bed Layers for
RAD2 Short-Term Simulations in Banister River

7.2.1.3 Shor t T er m R adioactivity C oncentr ation L evels in K er r R eser voir due to a

T ailings Dam F ailur e on R oanoke R iver

To evaluate the radioactivity concentration levels in Kerr Reservoir and to compare the values computed
for different short-term simulation scenarios one against the other, a series of stacked histograms were
prepared for a selected station in Kerr Reservoir for the case of tailings dam failure along Roanoke River.
This station is the node 311 which is located about 8.8km downstream of the confluence with Banister
River. The river distance from node 311 to the dam is 43.890km. The location of the node 311 in
Roanoke River model is approximately the same as the location of the node 286 in Banister River model,
which will be considered later for evaluating the impact of the tailings dam failures along the Banister
River on the quality of the water in Kerr Reservoir.
The computed results of all short term simulations for the node 311 are summarized in Tables 7-1 and
7-2.
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•

•

Table 7-1 presents the results for the option with low level of initial radioactivity in the tailings (RAD1). A
total of 16 simulations are represented for three dam heights (6 scenarios for H= 15m, 4 scenarios for H =
30m, and 6 scenarios for H= 50m). The detailed information about the parameter combinations can be
found in Figure 7-1.
Table 7-2 presents the results for the option with high level of initial radioactivity in the tailings (RAD2).
A total of 16 simulations are represented for three dam heights (6 scenarios for H= 15m, 4 scenarios for H
= 30m, and 6 scenarios for H= 50m). The detailed information about the parameter combinations can be
found in Figure 7-1.

The data presented in Tables 7-1 and 7-2 are plotted in 8 separate stacked bar charts. Figures 7-21
through 7-24 concern the option RAD1 and Figures 7-25 through 7-28 are for the option RAD2.
1. Figure 7-21 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 311 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD1.
Except for three scenarios, 75, 79, and 91, the final concentrations for all scenarios are below 3.0×10-8
Ci/m3 (30pCi/L). Scenario 79 (DAM2 and HYD1) gives the highest value of 4.1×10-8 Ci/m3 (41pCi/L). An
important observation is that the greater portion of the total dissolved radioactivity concentration in the
water is due to dissolved Ra-226. Particulate Ra-226 and Th-230 also play a role. Except for the scenario 79,
contribution of dissolved Th-230 to the total final radioactive concentration in the water column is low. In
scenario 79, contribution of dissolved Th-230 is as high as 1.7310-8 Ci/m3 (17.3pCi/L). As expected, as a
general tendency, the radioactivity concentration levels in the water column increase with increasing dam
height, i.e. increasing volume of the tailings released into the Roanoke River.
Figure 7-23 shows the maximum radioactivity concentration (dissolved and particulate) levels computed
in the water column at Node 311 (Kerr Reservoir) during the short-term simulation (8 days) with option
RAD1. All scenarios yield a maximum concentration higher than 3.0×10-8 Ci/m3 (30pCi/L). The highest
maximum concentration is 4.0×10-7 Ci/m3 (400pCi/L). It is observed for the scenario 75. If needed, the
duration during which a given threshold level is exceeded can be obtained from time series of the
radioactivity concentrations computed at this node. An important observation is that the greater portion of
the total dissolved radioactivity concentration in the water is due to dissolved and particulate Ra-226 and
particulate Th-230. Except for the scenario 79, the contribution of dissolved Th-230 to the maximum
radioactivity concentration in the water column remains very low. As expected, as a general tendency, the
radioactivity concentration levels in the water column increase with increasing dam height, i.e. increasing
volume of the tailings released into the Roanoke River.
2. Figure 7-22 shows the final total radioactivity concentration levels (from Ra-226 and Th-230) in the bed at
Node 311 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD1. Even the
scenario 121 with 15m dam height gives a total final concentration of 3.0×10-6 Ci/m3 (3,000pCi/L) in the
bed layer 1 (surface layer). Final bed surface layer concentrations for other cases are even higher. In the
bed layer, radioactivity due to Th-230 also plays a significant role. Despite the relatively short simulation
time of eight days, final radioactivity concentrations levels in bed layers 2 are important. The final
radioactivity concentration levels in bed layer 3, which depend on the vertical diffusion, are low and
relatively insignificant. As expected, as a general tendency, the radioactivity concentration levels in the
bed increase with increasing dam height, i.e. increasing volume of the tailings released into the Roanoke
River.
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Figure 7-24 shows the total maximum radioactivity concentration levels in the bed at Node 311 (Kerr
Reservoir) during short-term simulation (8 days) with option RAD1. In fact, since only a short time has
elapsed since the failure of the tailings dam (8 days) and the processes are much slower in the bed, the
maximum concentration levels are only slightly higher than the final concentration levels presented in
Figure 7-22; thus the same comments are valid. In the surface layer both Ra-226 and Th-230 play a
significant role in the total maximum radioactive concentration. Despite the short duration of the
simulation, Ra-226 and Th-230 has already significantly diffused into the bed layer 2 and their signature is
visible in the chart. The maximum concentration levels in bed layer 3 are insignificant comparatively. As
expected, as a general tendency, the radioactivity concentration levels in the bed increase with increasing
dam height, i.e. increasing volume of the tailings released into the Roanoke River.
3. Figure 7-25 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 311 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD2.
Except for scenario 124 (H= 15m), all final concentrations are higher than 3.0×10-8 Ci/m3 (30pCi/L). Bulk
of the scenarios produce final water-column radioactivity concentration values between 40pCi/L and
100pCi/L. The scenario 82, produces a final radioactivity concentration level of 210pCi/L, which is the
maximum of all scenarios. The greater portion of the total dissolved radioactivity concentration in the
water is due to dissolved Ra-226. Radioactivity concentrations due to dissolved Th-230 and particulate
Ra-226 are relatively low except for the scenario 82; for which, the contribution of Th-230 is particularly
high. The dissolved Th-230 produces the lowest contribution to the final water-column radioactivity
concentration As expected, as a general tendency, the radioactivity concentration levels in the water
column increase with increasing dam height, i.e. increasing volume of the tailings released into the
Roanoke River.
Figure 7-27 shows the maximum radioactivity concentration (dissolved and particulate) levels computed
in the water column at Node 311 (Kerr Reservoir) during the short-term simulation (8 days) with option
RAD2. All scenarios yield a maximum concentrations much higher than 3.0×10-8 Ci/m3 (30pCi/L). If
needed, the duration during which this threshold level was exceeded can be obtained from time series of
the radioactivity concentrations computed at this node. When compared with Figure 7-23, it is seen that
the radioactivity concentration is almost an order of magnitude higher than that for the option RAD1.
Again the greater portion of the total dissolved radioactivity concentration in the water is due to dissolved
and particulate Ra-226 and particulate Th-230. Contribution of dissolved Th-230 to the total maximum
concentration in the water column is low, except for the scenario 82. As expected, as a general tendency,
the radioactivity concentration levels in the water column increase with increasing dam height, i.e.
increasing volume of the tailings released into the Roanoke River.
4. Figure 7-26 shows the total radioactivity concentration levels (from Ra-226 and Th-230) in the bed at
Node 311 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD2. It is important
to note that, for the option RAD2, the final radioactivity concentration levels in the bed are about an order
of magnitude higher than those computed for RAD1 (Figure 7-22). Even the scenario 121 with 15m dam
height gives a total final concentration close to 3.0×10-5 Ci/m3 (30,000 pCi/L) in the bed layer 1 (surface
layer). Final bed surface layer concentrations for other cases are even higher. In the bed layer, radioactivity
due to Th-230 also plays a significant role. Despite the relatively short simulation time of eight days, final
radioactivity concentration levels in bed layer 2 are also important. The final radioactivity concentration
levels in bed layer 3, which depend on the vertical diffusion, are low and relatively insignificant. As
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expected, as a general tendency, the radioactivity concentration levels in the bed increase with increasing
dam height, i.e. increasing volume of the tailings released into the Roanoke River.
Figure 7-28 shows the total radioactivity concentration levels in the bed at Node 311 (Kerr Reservoir)
during short-term simulation (8 days) with option RAD2. Again, since only a short time has elapsed since
the failure of the tailings dam (8 days) and the processes are much slower in the bed, the maximum
concentration levels are very close to or slightly higher than the final concentration levels presented in
Figure 7-26; thus the same comments are valid. In the surface layer both Ra-226 and Th-230 play a
significant role in the total radioactive concentration. It is important to note that the radioactivity
concentration levels are about an order of magnitude higher than those computed for RAD1 (Figure 7-24).
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Table 7-1. Summary of short term simulation values at the Node 311 for the option RAD1 (lower level)

Table 7-2. Summary of short term simulation values at the Node 311 for the option RAD2 (higher level)
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H=50m
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Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days)
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Figure 7-21. Radioactivity Concentration Levels at Node 311: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Figure 7-22. Radioactivity Concentration Levels at Node 311: Particulate Radioactivity Concentrations
in the Bed at the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Figure 7-23. Radioactivity Concentration Levels at Node 311: Maximum Radioactivity Concentrations in
the Water Column during the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings:
RAD1 (Lower Level)
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Figure 7-24. Radioactivity Concentration levels at Node 311: Maximum Radioactivity Concentrations in
the Bed during the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)

120

February 2011

Potential Downstream Impacts of Uranium Mining
H=50m
H=30m
H=15m

Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days)
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
Ra-wc-diss

Th-wc-diss

Ra-wc-part

Th-wc-part

94
82
88
78
77
76
40
30
29
28
138
137
136
126
125
124
0.00E+00

5.00E-08

1.00E-07

1.50E-07

2.00E-07

2.50E-07

Radioactivity Concentration (Ci/m3)
Figure 7-25. Radioactivity Concentration levels at Node 311: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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Figure 7-26. Radioactivity Concentration Levels at Node 311: Radioactivity Concentrations in the Bed at
the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD2 (Higher
Level)
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Figure 7-27. Radioactivity Concentration Levels at Node 311: Maximum Radioactivity Concentrations in
the Water Column During the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings:
RAD2 (Higher Level)
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Figure 7-28. Radioactivity Concentration Levels at Node 311: Maximum Radioactivity Concentrations in
the Bed During the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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7.2.1.4 Shor t T er m R adioactivity C oncentr ation L evels in K er r R eser voir due to a

T ailings Dam F ailur e on B anister R iver

To evaluate the radioactivity concentration levels in Kerr Reservoir and to compare the values computed
for different short term simulation scenarios one against the other, a series of stacked histograms were
prepared for a selected station in Kerr Reservoir for the case of tailings dam failure along Banister River.
The selected station is the node 286 which is located about 8.8km downstream of the confluence with
Roanoke River. The distance from node 286 to the dam is 44.290km. The location of the node 286 in
Banister River model is approximately the same as the location of the node 311 in Roanoke River model.
The computed results of all short term simulations for the node 286 are summarized in Tables 7-3 and
7-4.
•

•

Table 7-3 presents the results for the option with low level of initial radioactivity in the tailings
(RAD1). A total of 18 simulations are represented for three dam heights. For each dam height there
are six scenarios computed. The detailed information about the parameter combinations can be found
in Figure 7-1.
Table 7-4 presents the results for the option with high level of initial radioactivity in the tailings
(RAD2). A total of 18 simulations are represented for three dam heights. For each dam height there
are six scenarios computed. The detailed information about the parameter combinations can be found
in Figure 7-1.

The data presented in Tables 7-3 and 7-4 are plotted in 8 separate stacked bar charts. Figures 7-29 through
7-32 concern the option RAD1 and Figures 7-33 through 7-36 are for the options RAD2.
1. Figure 7-29 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 286 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD1.
The concentrations for all scenarios are below 1.2×10-9 Ci/m3 (1.2pCi/L). An important observation is
that the greater portion of the total dissolved radioactivity concentration in the water is due to
dissolved Ra-226. Dissolved Th-230 and particulate Ra-226 and Th-230 levels are very low and
insignificant. As expected, as a general tendency, the radioactivity concentration levels in the water
column increase with increasing dam height, i.e. increasing volume of the tailings released into the
Banister River.
Figure 7-31 shows the maximum radioactivity concentration (dissolved and particulate) levels
computed in the water column at Node 286 (Kerr Reservoir) during the short-term simulation (8 days)
with option RAD1. All scenarios yield a maximum concentration higher than 3.0×10-8 Ci/m3
(30pCi/L). If needed, the duration during which this threshold level was exceeded can be obtained
from time series of the radioactivity concentrations computed at this node. An important observation
is that the greater portion of the total dissolved radioactivity concentration in the water is due to
dissolved and particulate Ra-226 and particulate Th-230. Radioactivity concentration due to dissolved
Th-230 is very low and insignificant. As expected, as a general tendency, the radioactivity
concentration levels in the water column increase with increasing dam height, i.e. increasing volume
of the tailings released into the Banister River.
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2. Figure 7-30 shows the total radioactivity concentration levels (from Ra-226 and Th-230) in the bed at
Node 286 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD1. Even the
scenario 121 with 15m dam height gives a total concentration of 2.0×10-8 Ci/m3 (20pCi/L) in the bed
layer 1 (surface layer). All other bed surface layer concentrations are equal to or greater than 3.0×10-8
Ci/m3 (30pCi/L). In the bed layer, radioactivity due to Th-230 also plays a significant role. Given that
only eight days have passed since the hypothetical failure of the tailings dam on Banister River,
radioactivity concentrations levels in bed layers 2 and 3, which depend on the erosion/deposition
patterns and vertical diffusion, are low and relatively insignificant. As expected, as a general
tendency, the radioactivity concentration levels in the bed increase with increasing dam height, i.e.
increasing volume of the tailings released into the Banister River.
Figure 7-32 shows the maximum radioactivity concentration levels in the bed at Node 286 (Kerr
Reservoir) during the short-term simulation (8 days) with option RAD1. In fact, since only a short
time has elapsed since the failure of the tailings dam (8 days) and the processes are much slower in
the bed, the maximum concentration levels are very close to or slightly higher than the final
concentration levels presented in Figure 7-30; thus the same comments are valid. In the surface layer
both Ra-226 and Th-230 play a significant role in the total radioactive concentration. Given that only
eight days have passed since the hypothetical failure of the tailings dam on Banister River,
radioactivity concentrations levels in bed layers 2 and 3, which depend on the erosion/deposition
patterns and vertical diffusion, are low and relatively insignificant. As expected, as a general
tendency, the radioactivity concentration levels in the bed increase with increasing dam height, i.e.
increasing volume of the tailings released into the Banister River.
3. Figure 7-33 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 286 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD2.
The concentrations for all scenarios are below 3.5×10-9 Ci/m3 (3.5pCi/L). Again the greater portion of
the total dissolved radioactivity concentration in the water is due to dissolved Ra-226. Radioactivity
concentrations due to dissolved Th-230 and particulate Ra-226 are very low and insignificant.
Although it is slightly more important the latter two, particulate Th-230 has also a very low
contribution to the total radioactivity. As expected, as a general tendency, the radioactivity
concentration levels in the water column increase with increasing dam height, i.e. increasing volume
of the tailings released into the Banister River.
Figure 7-35 shows the maximum radioactivity concentration (dissolved and particulate) levels
computed in the water column at Node 286 (Kerr Reservoir) during the short-term simulation (8 days)
with option RAD2. All scenarios yield a maximum concentration higher than 3.0×10-8 Ci/m3
(30pCi/L). If needed, the duration during which this threshold level was exceeded can be obtained
from time series of the radioactivity concentrations computed at this node. When compared with
Figure 7-31, it is seen that the radioactivity concentration is almost an order of magnitude higher than
that for the option RAD1. Again the greater portion of the total dissolved radioactivity concentration
in the water is due to dissolved and particulate Ra-226 and particulate Th-230. Radioactivity
concentration due to dissolved Th-230 is very low and insignificant.
4. Figure 7-34 shows the total radioactivity concentration levels (from Ra-226 and Th-230) in the bed at
Node 286 (Kerr Reservoir) at the end of short-term simulation (8 days) with option RAD2. It is
interesting to note that the radioactivity concentration levels are only slightly higher than those
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computed for RAD1 (Figure 7-30). This is due to the fact that a large portion of the contaminated
sediments are deposited in the upstream river and has not yet reached the Kerr Reservoir during the
eight-day short simulation. The remarks presented for Figure 7-30 remains valid.
Figure 7-36 shows the maximum radioactivity concentration levels in the bed at Node 286 (Kerr
Reservoir) during the short-term simulation (8 days) with option RAD2. Again, since only a short
time has elapsed since the failure of the tailings dam (8 days) and the processes are much slower in
the bed, the maximum concentration levels are very close to or slightly higher than the final
concentration levels presented in Figure 7-34; thus the same comments are valid. In the surface layer
both Ra-226 and Th-230 play a significant role in the total radioactive concentration. It is important to
note that the radioactivity concentration levels are only slightly higher than those computed for RAD1
(Figure 7-32). This is probably due to the fact that a large portion of the contaminated sediments are
deposited in the upstream river and has not yet reached the Kerr Reservoir during the eight-day short
simulation.
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Table 7-3. Summary of short term simulation values at the Node 286 (Banister Model) for the option RAD1 (lower level)

Table 7-4. Summary of short term simulation values at the Node 286 (Banister Model) for the option RAD2 (higher level)
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Figure 7-29. Radioactivity Concentration Levels at Node 286: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Figure 7-30. Radioactivity Concentration Levels at Node 286: Radioactivity Concentration in the Bed at
the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD1 (Lower
Level)
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Figure 7-31. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Water Column During the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings:
RAD1 (Lower Level)
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Figure 7-32. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Bed during the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Radioactivity Concentration in the Water Column
At the end of Simulation Time: Short-Term (8 days)
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
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Figure 7-33. Radioactivity Concentration Levels at Node 286: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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Figure 7-34. Radioactivity Concentration Levels at Node 286: Radioactivity Concentrations in the Bed at
the End of Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD2 (Higher
Level)
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Figure 7-35. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Water Column During the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings:
RAD2 (Higher Level)
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Figure 7-36. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Bed During the Simulation Time: Short-Term (8 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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7.2.2. Analysis of Long-Term Simulation Results
Long term simulations were run for approximately 365 days after the failure of the dam. For long term
simulations, the percent annual chance hydrographs were appended by the average year hydrograph.

7.2.2.1 Upper and L ower B ounds of R adioactivity C oncentr ations - R oanoke R iver
Figure 7-37 shows the highest and lowest levels of radioactivity concentration in the water column for
RAD1 at the end of long-term simulations in Roanoke River.
•
•

Upper bound of final radioactive concentration values in the water column are all lower than 4.0×10-9
Ci/m3 (4 pCi/L).
Lower bound of final radioactive concentration values in the water column, are all lower than 8.0×1010
Ci/m3 (0.8 pCi/L).
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Figure 7-37. Highest and Lowest Levels of the Radioactivity Concentrations in the Water Column at the
End of RAD1 Long-Term Simulations in Roanoke River
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Figure 7-38 shows the highest and lowest levels of radioactivity concentration in the water column for
RAD2 at the end of long-term simulations in Roanoke River.
Upper bound of final radioactive concentration values in the water column are all lower than 2.3×10-8
Ci/m3 (23 pCi/L).
Lower bound of final radioactive concentration values in the water column, are all lower than 5.0×109
Ci/m3 (5 pCi/L).

•
•
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Figure 7-38. Highest and Lowest Levels of the Radioactivity Concentrations in the Water Column at the
End of RAD2 Long-Term Simulations in Roanoke River
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Figure 7-39 shows the highest and lowest levels of the maximum radioactivity concentration in the water
column for RAD1 during long-term simulations in Roanoke River.
•
•

Upper bound of maximum radioactive concentration values in the water column, rise to 2.0×10-5
Ci/m3 (20,000 pCi/L) at node 30, then decrease in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, rise to 3.1×10-6
Ci/m3 (3,100 pCi/L) at node 40, then decrease in the downstream direction.

Highest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Long-Term (One Year) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)

Radioactivity Con. (Ci/m3)

2.5E-05

2.0E-05
Th wc part - max max
1.5E-05

Th wc diss - max max
Ra wc part - max max

1.0E-05

Ra wc diss - max max

5.0E-06

0.0E+00
25

30

40

50

60

74

83

90

150

204

221

311

330

340

360

420

Node Numbers

Lowest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Long-Term (One Year) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)

Radioactivity Con. (Ci/m3)

3.5E-06
3.0E-06
2.5E-06

Th wc part - max min
Th wc diss - max min

2.0E-06

Ra wc part - max min

1.5E-06

Ra wc diss - max min

1.0E-06
5.0E-07
0.0E+00
25

30

40

50

60

74

83

90

150

204

221

311

330

340

360

420

Node Numbers

Figure 7-39. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
for RAD1 Long-Term Simulations in Roanoke River
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Figure 7-40 shows the highest and lowest levels of the maximum radioactivity concentration in the water
column during RAD2 long-term simulations in Roanoke River.
Upper bound of maximum radioactive concentration values in the water column, rise to 1.15×10-4
Ci/m3 (115,000 pCi/L) at node 30, then decrease in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, rise to 1.7×10-5
Ci/m3 (17,000 pCi/L) at node 40, then decrease in the downstream direction.

•
•
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Lowest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Long-Term (One Year) - Roanoke River
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Figure 7-40. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
for RAD1 Long-Term Simulations in Roanoke River
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Figure 7-41 shows the highest and lowest levels of the radioactivity concentration in three bed layers for
RAD1 at the end of long-term simulations in Roanoke River.
•
•

Upper bound of final radioactive concentration values in the bed have a maximum of 5.5×10-5 Ci/m3
(55,000 pCi/L) at nodes 25 and 30 immediately downstream of the failure location and decrease
towards downstream.
Lower bound of final radioactive concentration values in the bed have a maximum of 2.3×10-5 Ci/m3
(23,000 pCi/L) at node 25 immediately downstream of the failure location. All other stations have
much lower values.
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Lowest Level of Radioactivity Concentration in the Bed Layer
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Figure 7-41. Highest and Lowest Levels of Radioactivity Concentrations in the Bed Layers at the End of
RAD1 Long-Term Simulations in Roanoke River

Figure 7-42 shows the highest and lowest levels of the radioactivity concentration in three bed layers for
RAD2 at the end of long-term simulations in Roanoke River.
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Upper bound of radioactive concentration values in the bed have a maximum of 3.3×10-4 Ci/m3
(330,000 pCi/L) at nodes 25 and 30 immediately downstream of the failure location and decrease
towards downstream.
Lower bound of radioactive concentration values in the bed have a maximum of 1.3×10-4 Ci/m3
(130,000 pCi/L) at node 25 immediately downstream of the failure location and decrease towards
downstream.

•
•
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Figure 7-42. Highest and Lowest Levels of Radioactivity Concentrations in the Bed Layers at the End of
RAD2 Long-Term Simulations in Roanoke River

Figure 7-43 shows the highest and lowest levels of the maximum values radioactivity concentration in
three bed layers for RAD1 during long-term simulations in Roanoke River.
•
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Upper bound of maximum radioactive concentration values in the bed have a maximum of 4.5×10-4
Ci/m3 (450,000 pCi/L) at node 25 immediately downstream of the failure location and decrease
towards downstream.
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•

Lower bound of maximum radioactive concentration values in the bed have a maximum of 2.25×10-4
Ci/m3 (225,000 pCi/L) at node 25 immediately downstream of the failure location and decrease
towards downstream.
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Lowest Level of Maximum Radioactivity Concentration in the Bed Layer
During Simulation Time: Long-Term (One Year) - Roanoke River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)

Radioactivity Con. (Ci/m3)

2.5E-04

2.0E-04

Th bed 3 - max min
Th bed 2 - max min

1.5E-04

Th bed 1 - max min
Ra bed 3 - max min

1.0E-04

Ra bed 2 - max min
Ra bed 1 - max min

5.0E-05

0.0E+00
25

30

40

50

60

74

83

90

150

204

221

311

330

340

360

420

Node Numbers

Figure 7-43. Highest and Lowest Levels of the Maximum Radioactivity Concentrations in the Bed Layers
for RAD1 Long-Term Simulations in Roanoke River

Figure 7-44 shows the lowest and highest levels of the maximum values radioactivity concentration in
three bed layers for RAD2 during long-term simulations in Roanoke River.
•
•

Upper bound of maximum radioactive concentration values in the bed have a maximum of 2.8×10-3
Ci/m3 (2,800,000 pCi/L) at node 25 immediately downstream of the failure location and decrease
towards downstream.
Lower bound of maximum radioactive concentration values in the bed have a maximum of 1.3×10-3
Ci/m3 (1,300,000 pCi/L) at node 25 immediately downstream of the failure location and decrease
towards downstream.

February 2011

143

Final Report
Highest Level of Maximum Radioactivity Concentration in the Bed Layer
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Figure 7-44. Highest and Lowest Levels of the Maximum Radioactivity Concentrations in the Bed Layers
for RAD2 Long-Term Simulations in Roanoke River

7.2.2.2 Upper and L ower B ounds of R adioactivity C oncentr ations – B anister R iver
Figure 7-45 shows the highest and lowest levels of the radioactivity concentration in the water column for
RAD1 at the end of long-term simulations in Banister River.
•
•
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Upper bound of radioactive concentration values in the water column are all lower than 3.5×10-9
Ci/m3 (3.5 pCi/L).
Lower bound of radioactive concentration values in the water column, are all lower than 6.0×10-10
Ci/m3 (0.60 pCi/L).
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Figure 7-45. Highest and Lowest Levels of the Radioactivity Concentrations in the Water Column at the
End of RAD1 Long-Term Simulations in Banister River

Figure 7-46 shows the highest and lowest levels of the radioactivity concentration in the water column for
RAD2 at the end of long-term simulations in Banister River.
•
•

Upper bound of radioactive concentration values in the water column rise to 1.9×10-8 Ci/m3 (19
pCi/L) at node 70, then decrease in the downstream direction.
Lower bound of radioactive concentration values in the water column rise to
3.0×10-9 Ci/m3 (3 pCi/L) at node 60 and 70, then decrease in the downstream direction.
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Highest Level of Radioactivity Concentration in the Water Column
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Figure 7-46. Highest and Lowest Levels of the Radioactivity Concentrations in the Water Column at the
End of RAD2 Long-Term Simulations in Banister River

Figure 7-47 shows the highest and lowest levels of the maximum radioactivity concentration in the water
column for RAD1 during long-term simulations in Banister River.
•
•
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Upper bound of maximum radioactive concentration values in the water column, rise to 9.2×10-5
Ci/m3 (92,000 pCi/L) at node 50, then decrease in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, rise to 3.1.0×10-5
Ci/m3 (31,000 pCi/L) at node 50, then decrease in the downstream direction.

February 2011

Potential Downstream Impacts of Uranium Mining
Highest Level of Maximum Radioactivity Concentration in the Water Column
During Simulation Time: Long-Term (One Year) - Banister River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)

Radioactivity Con. (Ci/m3)

1.0E-04
9.0E-05
8.0E-05
7.0E-05

Th wc part - max max

6.0E-05

Th wc diss - max max

5.0E-05

Ra wc part - max max

4.0E-05

Ra wc diss - max max

3.0E-05
2.0E-05
1.0E-05
0.0E+00
50

60

70

80

90

100

142

166

191

253

286

397

Node Numbers
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During Simulation Time: Long-Term (One Year) - Banister River
With Initial Radioactivity in Tailings: RAD1 (Lower Level)

Radioactivity Con. (Ci/m3)

3.5E-05
3.0E-05
2.5E-05

Th wc part - max min
Th wc diss - max min

2.0E-05

Ra wc part - max min

1.5E-05

Ra wc diss - max min

1.0E-05
5.0E-06
0.0E+00
50

60

70

80

90

100

142

166

191

253

286

397

Node Numbers

Figure 7-47. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
for RAD1 Long-Term Simulations in Banister River

Figure 7-48 shows the highest and lowest levels of the maximum radioactivity concentration in the water
column for RAD1 during long-term simulations in Banister River.
•
•

Upper bound of maximum radioactive concentration values in the water column, rise to 5.5×10-4
Ci/m3 (550,000 pCi/L) at node 50, then decrease in the downstream direction.
Lower bound of maximum radioactive concentration values in the water column, rise to 1.8×10-4
Ci/m3 (180,000 pCi/L) at node 50, then decrease in the downstream direction.
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Figure 7-48. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Water Column
for RAD2 Long-Term Simulations in Banister River

Figure 7-49 shows the highest and lowest levels of the radioactivity concentration in three bed layers for
RAD1 at the end of RAD1 long-term simulations in Banister River.
•
•
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Upper bound of final radioactive concentration values in the bed have a maximum of 1.6×10-4 Ci/m3
(160,000 pCi/L) at node 50 immediately downstream of the failure location and decrease towards
downstream.
Lower bound of final radioactive concentration values in the bed have a maximum of 4.9×10-5 Ci/m3
(490,000 pCi/L) at node 50 immediately downstream of the failure location and decrease towards
downstream.
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Figure 7-49. Highest and Lowest Levels of the Radioactivity Concentrations in the Bed Layers at the End
of RAD1 Long-Term Simulations in Banister River

Figure 7-50 shows the highest and lowest levels of the radioactivity concentration in three bed layers for
RAD2 at the end of long-term simulations in Banister River.
•
•

Upper bound of final radioactive concentration values in the bed have a maximum of 1.0×10-3 Ci/m3
(1,000,000 pCi/L) at node 50 downstream of the failure location and decrease towards downstream.
Lower bound of final radioactive concentration values in the bed have a maximum of 2.8×10-4 Ci/m3
(280,000 pCi/L) at node 50 immediately downstream of the failure location and decrease towards
downstream.
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Figure 7-50. Highest and Lowest Levels of the Radioactivity Concentrations in the Bed Layers at the End
of RAD2 Long-Term Simulations in Banister River

Figure 7-51 shows the highest and lowest levels of the maximum values radioactivity concentration in
three bed layers for RAD1 during long-term simulations in Banister River.
•
•
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Upper bound of maximum radioactive concentration values in the bed have a maximum of
Ci/m3 (550,000 pCi/L) at node 50 downstream of the failure location and decrease
downstream.
Lower bound of maximum radioactive concentration values in the bed have a maximum of
Ci/m3 (360,000 pCi/L) at node 60 downstream of the failure location and decrease
downstream.
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Figure 7-51. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Bed Layers for
RAD1 Long-Term Simulations in Banister River

Figure 7-52 shows the highest and lowest levels of the maximum values radioactivity concentration in
three bed layers for RAD2 during long-term simulations in Banister River.
•
•

Upper bound of maximum radioactive concentration values in the bed have a maximum of 3.5×10-3
Ci/m3 (3,500,000 pCi/L) at node 50 downstream of the failure location and decrease towards
downstream.
Lower bound of maximum radioactive concentration values in the bed have a maximum of 2.0×10-3
Ci/m3 (2,000,000 pCi/L) at node 60 downstream of the failure location and decrease rapidly towards
downstream.
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Lowest Level of Maximum Radioactivity Concentration in the Bed Layer
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Figure 7-52. Highest and Lowest Levels of Maximum Radioactivity Concentrations in the Bed Layers for
RAD2 Long-Term Simulations in Banister River
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To evaluate the radioactivity concentration levels in Kerr Reservoir and to compare the values computed
for different long-term simulation scenarios one against the other, a series of stacked histograms were
prepared for a selected station in Kerr Reservoir for the case of tailings dam failure along Roanoke River.
This station is the node 311 which is located about 8.8 km downstream of the confluence with Banister
River. The river distance from node 311 to the dam is 44 km. The location of the node 311 in Roanoke
River model is approximately the same as the location of the node 286 in Banister River model, which
will be considered later for evaluating the impact of the tailings dam failures along the Banister River on
the quality of the water in Kerr Reservoir.
The computed results of all long-term simulations for the node 311 are summarized in Tables 7-5 and 7-6
•
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Table 7-5 presents the results for the option with low level of initial radioactivity in the tailings
(RAD1). A total of 10 simulations are represented for three dam heights. For each dam height there
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•

are three scenarios computed. The detailed information about the parameter combinations can be
found in Figure 7-1.
Table 7-6 presents the results for the option with high level of initial radioactivity in the tailings
(RAD2). A total of 10 simulations are represented for three dam heights. For each dam height there
are three scenarios computed. The detailed information about the parameter combinations can be
found in Figure 7-1.

The data presented in Tables 7-5 and 7-6 are plotted in 8 separate stacked bar charts. Figures 7-53 through
7-56 concern the option RAD1 and Figures 7-57 through 7-60 are for the options RAD2.
1. Figure 7-53 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 311 (Kerr Reservoir) at the end of long-term simulations (365 days) with option
RAD1. The concentrations for all scenarios are below 5.8×10-10 Ci/m3 (0.58 pCi/L). An important
observation is that the greater portion of the total dissolved radioactivity concentration in the water is
due to dissolved Ra-226. Dissolved Th-230 and particulate Ra-226 and Th-230 levels are very low
and insignificant. As expected, as a general tendency, the final radioactivity concentration levels in
the water column increase with increasing dam height, i.e. increasing volume of the tailings released
into the Banister River.
Figure 7-55 shows the maximum radioactivity concentration (dissolved and particulate) levels
computed in the water column at Node 311 (Kerr Reservoir) during long-term simulations (365 days)
with option RAD1. For each dam height, maximum radioactivity in the water column varies with the
percent annual chance hydrograph used. However, there is no clear tendency with increasing dam
height, i.e. released volume. The lowest value of the maximum radioactivity in water column is
computed for the scenario 121 as 8.0×10-8 Ci/m3 (80 pCi/L). The highest values of the maximum
radioactivity in water column are computed for scenarios 75 and 85 as 3.8×10-7 Ci/m3 (380 pCi/L).
All other scenarios produce values in the range from 7.5×10-8 Ci/m3 (75 pCi/L) to 1.3×10-7 Ci/m3
(130 pCi/L), which are fairly close to one another. For all cases maximum radioactivity levels have
contributions from dissolved and particulate Ra-226 and particulate Th-230. Contribution of
particulate Ra-226 is negligible.
2. Figure 7-54 shows the total final radioactivity concentration levels in the bed at Node 311 (Kerr
Reservoir) at the end of long-term simulation (365 days) with option RAD1. In the bed layer 1, final
radioactivity due to Th-230 plays a significant role although Ra-226 contributes a significant amount.
As it can be seen, the radioactivity concentration levels in the second and third layers have increased
due to longer simulation time. All radioactivity concentrations are close to or larger than 3.0×10-6
Ci/m3 (3,000 pCi/L). Scenario 85 produces the largest value of 6.3×10-6 Ci/m3 (6,300 pCi/L). As a
general tendency, the final radioactivity concentration levels in the bed increase with increasing dam
height, i.e. increasing volume of the tailings released into the Roanoke River.
Figure 7-56 shows the total maximum radioactivity concentration levels in the bed at Node 311 (Kerr
Reservoir) at the end of long-term simulation (365 days) with option RAD1. The maximum
radioactivity concentration values in the bed are slightly larger than the final bed radioactivity
concentration values presented in Figure 7-54. The largest value of 3.7×10-5 Ci/m3 (37,000 pCi/L) is
produced by the scenario 85. Scenarios 123 produces the smallest radioactive concentration value,
which is close to 7.5×10-6 Ci/m3 (7,500 pCi/L).
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3. Figure 7-57 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 311 (Kerr Reservoir) at the end of long-term simulation (365 days) with option
RAD2. The concentrations for all scenarios are below 1.8×10-9 Ci/m3 (1.8 pCi/L) but they are
generally higher than those obtained for the option RAD1 (Figure 7-53). Again the greater portion of
the total dissolved radioactivity concentration in the water is due to dissolved Ra-226. Radioactivity
concentrations due to dissolved Th-230 are relatively small. The radioactive concentrations due
particulate Ra-226 and Th-230 are low and insignificant. As expected, as a general tendency, the final
radioactivity concentration levels in the water column increase with increasing dam height, i.e.
increasing volume of the tailings released into the Banister River.
Figure 7-59 shows the maximum radioactivity concentration (dissolved and particulate) levels
computed in the water column at Node 311 (Kerr Reservoir) during the long-term simulation (365
days) with option RAD2. In the water column all scenarios yield a maximum radioactivity
concentration higher than 4.0×10-7 Ci/m3 (4,000 pCi/L). Scenario 88 yields the largest value of
1.8×10-6 Ci/m3 (1,800 pCi/L). When compared with Figure 7-55, it is seen that the radioactivity
concentration is almost an order of magnitude higher than that for the option RAD1. Again the greater
portion of the total dissolved radioactivity concentration in the water is due to dissolved and
particulate Ra-226 and particulate Th-230. Radioactivity concentration due to dissolved Th-230 is
very low and insignificant.
4. Figure 7-58 shows the total final radioactivity concentration levels in the bed at Node 311 (Kerr
Reservoir) at the end of long-term simulation (365 days) with option RAD2. It is interesting to note
that the radioactivity concentration levels are now close to one order of magnitude higher than those
computed for RAD1 (Figure 7-54). In bed layer 1, Th-230 contributes to the radioactivity
concentration only slightly more than Ra-226. The longer simulation time has allowed the Ra-226
and Th-230 to diffuse into second layer. In the second layer, however, Th-230 contributes to the total
radioactivity concentration considerably more than Ra-226. The Ra-226 has even reached the third
layer due to diffusion. The general tendency of increasing final radioactivity concentration in the bed
with increasing dam height, i.e. increasing volume of the tailings released into the Banister River, can
be clearly observed.
Figure 7-60 shows the maximum radioactivity concentration levels in the bed at Node 311 (Kerr
Reservoir) during the long-term simulation (365 days) with option RAD2. When compared with the
results of option RAD1 (Figure 7-56), one sees that the maximum radioactivity concentration levels
for RAD2 are about an order of magnitude larger. In the surface layer both Ra-226 and Th-230 play a
significant role in the total radioactivity concentration. During one year simulation Ra-226 diffused
into second and third layers. The general tendency of increasing maximum radioactivity concentration
in the bed with increasing dam height, i.e. increasing volume of the tailings released into the Banister
River, is still observed. Comparison of Figure 7-60 with 7-58 shows that the maximum radioactivity
concentration values in the bed are about one order magnitude higher than the corresponding final
radioactivity concentration levels.
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Table 7-5. Summary of long-term simulation values at the Node 311 for the option RAD1 (lower level)

Table 7-6. Summary of long-term simulation values at the Node 311 for the option RAD2 (higher level)
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Radioactivity Concentration in the Water Column
At the end of Simulation Time: Long-Term (365 days)
With Initial Radioactivity in Tailings: RAD1 (Lower Level)

H=50m
H=30m
H=15m

Ra-wc-diss

Th-wc-diss

Ra-wc-part

Th-wc-part

2.00E-10

3.00E-10

4.00E-10

5.00E-10

85
75
74
73
27
26
25
123
122
121
0.00E+00

1.00E-10

6.00E-10

7.00E-10

Radioactivity Concentration (Ci/m3)
Figure 7-53. Radioactivity Concentration Levels at Node 311: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Radioactivity Concentration in the Bed
At the end of Simulation Time: Long-Term (365 days)
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Figure 7-54. Radioactivity Concentration Levels at Node 311: Radioactivity Concentrations in the Bed at
the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD1 (Lower
Level)
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Figure 7-55. Radioactivity Concentration Levels at Node 311: Maximum Radioactivity Concentrations in
the Water Column during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in
Tailings: RAD1 (Lower Level)
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During the Simulation Time: Long-Term (365 days)
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Figure 7-56. Radioactivity Concentration Levels at Node 311: Maximum Radioactivity Concentrations in
the Bed during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Figure 7-57. Radioactivity Concentration Levels at Node 311: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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At the end of Simulation Time: Long-Term (365 days)
With Initial Radioactivity in Tailings: RAD2 (Higher Level)
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Figure 7-58. Radioactivity Concentration Levels at Node 311: Radioactivity Concentrations in the Bed at
the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD2 (Higher
Level)
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Figure 7-59. Radioactivity Concentration Levels at Node 311: Maximum Radioactivity Concentrations in
the Water Column during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in
Tailings: RAD2 (Higher Level)
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Figure 7-60. Radioactivity Concentration Levels at Node 311: Maximum Radioactivity Concentrations in
the Bed during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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To evaluate the radioactivity concentration levels in Kerr Reservoir and to compare the values computed
for different long-term simulation scenarios one against the other, a series of stacked histograms were
prepared for a selected station in Kerr Reservoir for the case of tailings dam failure along Banister River.
The selected station is the node 286 which is located about 8.8 km downstream of the confluence with
Roanoke River. The distance from node 286 to the dam is 44 km. The location of the node 286 in
Banister River model is approximately the same as the location of the node 311 in Roanoke River model.
The computed results of all long-term simulations for the node 286 are summarized in Tables 7-7 and 7-8.
•

•

Table 7-7 presents the results for the option with low level of initial radioactivity in the tailings
(RAD1). A total of 9 simulations are represented for three dam heights. For each dam height there are
three scenarios computed. The detailed information about the parameter combinations can be found in
Figure 7-1.
Table 7-8 presents the results for the option with high level of initial radioactivity in the tailings
(RAD2). A total of nine simulations are represented for three dam heights. For each dam height there
are three scenarios computed. The detailed information about the parameter combinations can be
found in Figure 7-1.

The data presented in Tables 7-7 and 7-8 are plotted in 8 separate stacked bar charts. Figures 7-61 through
7-64 concern the option RAD1 and Figures 7-65 through 7-68 are for the options RAD2.
1. Figure 7-61 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 286 (Kerr Reservoir) at the end of long-term simulations (365 days) with option
RAD1. The concentrations for all scenarios are below 3.7×10-10 Ci/m3 (0.37 pCi/L). An important
observation is that the greater portion of the total dissolved radioactivity concentration in the water is
due to dissolved Ra-226. Dissolved Th-230 and particulate Ra-226 and Th-230 levels are very low
and insignificant. As expected, as a general tendency, the final radioactivity concentration levels in
the water column increase with increasing dam height, i.e. increasing volume of the tailings released
into the Banister River.
Figure 7-63 shows the maximum radioactivity concentration (dissolved and particulate) levels
computed in the water column at Node 286 (Kerr Reservoir) during long-term simulations (365 days)
with option RAD1. As expected, there is a general tendency for maximum radioactivity concentration
levels in the water column to increase with increasing dam height, i.e. increasing volume of the
tailings released into the Banister River. Scenario 73 produces the largest value, which is 1.7×10-7
Ci/m3 (170 pCi/L).
2. Figure 7-62 shows the total radioactivity concentration levels (from Ra-226 and Th-230) in the bed at
Node 286 (Kerr Reservoir) at the end of long-term simulation (365 days) with option RAD1.
Scenario 75 yields the highest value of 1.8×10-7 Ci/m3 (180 pCi/L). In the bed layer 1, both Ra-226
and Th-230 play a significant role in the radioactivity concentration. As it can be seen, the
radioactivity concentration levels in the second and third layers have increased due to longer
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simulation time. Especially Ra-226 has diffused further into the second and third layers. As expected,
as a general tendency, the final radioactivity concentration levels in the bed increase with increasing
dam height, i.e. increasing volume of the tailings released into the Banister River.
Figure 7-64 shows the maximum radioactivity concentration levels in the bed at Node 286 (Kerr
Reservoir) during the long-term simulation (365 days) with option RAD1. The maximum
radioactivity concentration values in the bed are now about one order of magnitude greater than the
final ones presented in Figure 7-62. The largest value of 3×10-7 Ci/m3 (300 pCi/L) is produced by the
scenario 75. Scenario 121 produces the smallest radioactive concentration value, which is close to
7×10-8 Ci/m3 (70 pCi/L).
3. Figure 7-65 shows the final radioactivity concentration (dissolved and particulate) levels in the water
column at Node 286 (Kerr Reservoir) at the end of long-term simulation (365 days) with option
RAD2. The concentrations for all scenarios are below 1.2×10-9 Ci/m3 (1.2 pCi/L) but they are
generally about an order of magnitude higher than those obtained for the option RAD1 (Figure 7-61).
Again the greater portion of the total dissolved radioactivity concentration in the water is due to
dissolved Ra-226. Radioactivity concentrations due to dissolved Th-230 are relatively small. The
radioactive concentrations due particulate Ra-226 and Th-230 are low and insignificant. As expected,
as a general tendency, the final radioactivity concentration levels in the water column increase with
increasing dam height, i.e. increasing volume of the tailings released into the Banister River.
Figure 7-67 shows the maximum radioactivity concentration (dissolved and particulate) levels
computed in the water column at Node 286 (Kerr Reservoir) during the long-term simulation (365
days) with option RAD2. All scenarios yield a maximum radioactivity concentration higher than
1.8×10-7 Ci/m3 (180 pCi/L). Scenario 76 yields the largest value of 8.1×10-7 Ci/m3 (810 pCi/L).
When compared with Figure 7-63, it is seen that the radioactivity concentration is almost five times
higher than that for the option RAD1. Again the greater portion of the total dissolved radioactivity
concentration in the water is due to dissolved and particulate Ra-226 and particulate Th-230.
Radioactivity concentration due to dissolved Th-230 is very low and insignificant.
4. Figure 7-66 shows the total final radioactivity concentration levels in the bed at Node 286 (Kerr
Reservoir) at the end of long-term simulation (365 days) with option RAD2. It is interesting to note
that the radioactivity concentration levels are now about one order of magnitude higher than those
computed for RAD1 (Figure 7-62). This is probably due to the fact that some of the contaminated
sediments deposited in the upstream river as a result of the tailings dam failure have reached the Kerr
Reservoir during the longer simulation time of one year. The fact that in RAD2 scenarios the tailings
have a higher radioactivity also play a role. Note that the largest contribution to the total radioactivity
concentration in bed layer 1 is due to Th-230. The contribution of Ra-226 is smaller. The longer
simulation time has allowed the Ra-226 to diffuse into second and third layers. The general tendency
of increasing final radioactivity concentration in the bed with increasing dam height, i.e. increasing
volume of the tailings released into the Banister River, can be clearly observed. For each dam height,
the largest value of radioactivity concentration in the bed is produced by the scenario with 10-percentannual-chance hydrograph appended by the average water year hydrograph.
Figure 7-68 shows the maximum radioactivity concentration levels in the bed at Node 286 (Kerr
Reservoir) during the long-term simulation (365 days) with option RAD2. When compared with the
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results of option RAD1 (Figure 7-64), one sees that the maximum radioactivity concentration levels
for RAD2 are about an order of magnitude larger. In the surface layer both Ra-226 and Th-230 play a
significant role in the total radioactivity concentration. During one year simulation Ra-226 diffused
into the second and third layers. The general tendency of increasing maximum radioactivity
concentration in the bed with increasing dam height, i.e. increasing volume of the tailings released
into the Banister River, can be clearly observed. The largest value of the maximum radioactivity
concentration in the bed for each dam height is given for scenarios where 10-percent-annual-chance
hydrograph appended by the average water year hydrograph. Comparison of Figure 7-68 with 7-64
shows that the maximum radioactivity concentration values in the bed are about two times higher than
the corresponding final radioactivity concentration levels.
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Table 7-8. Summary of long-term simulation values at the Node 286 for the option RAD2 (higher level)
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Figure 7-61. Radioactivity Concentration Levels at Node 286: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Figure 7-62. Radioactivity Concentration Levels at Node 286: Radioactivity Concentrations in the Bed at
the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD1 (Lower
Level)
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Figure 7-63. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Water Column during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in
Tailings: RAD1 (Lower Level)
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During the Simulation Time: Long-Term (365 days)
With Initial Radioactivity in Tailings: RAD1 (Lower Level)
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Figure 7-64. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Bed during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD1
(Lower Level)
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Figure 7-65. Radioactivity Concentration Levels at Node 286: Radioactivity Concentrations in the Water
Column at the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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Figure 7-66. Radioactivity Concentration Levels at Node 286: Radioactivity Concentrations in the Bed at
the End of Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD2 (Higher
Level)
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Figure 7-67. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Water Column during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in
Tailings: RAD2 (Higher Level)
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Figure 7-68. Radioactivity Concentration Levels at Node 286: Maximum Radioactivity Concentrations in
the Bed during the Simulation Time: Long-Term (365 days) with Initial Radioactivity in Tailings: RAD2
(Higher Level)
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8. Analysis of Sunny-Day Failure Simulation Results
This section summarizes simulations performed for sunny-day failure scenarios for Roanoke River and
Banister River using a tailings volume of 5.0×106 m3 (for dam height H = 30m). Sunny-day failure
scenarios were run for two conditions – sunny-day failure without extreme flooding and sunny-day failure
followed with extreme flooding:
1.

The sunny-day failure without extreme flooding scenario assumes that the dam fails under normal
conditions without the effect of extreme floods. For this scenario, the average year hydrograph is
applied as the upstream boundary condition and the failure is assumed to occur immediately at the
beginning of the simulation. The initial sediment concentration by weight of the tailings is assumed
to be CSW=50% and the grain-size distribution curve of Gee et al. (1980) is used. The duration of
the sunny day simulations is one year. Simulations were carried out using both the lower limit
(RAD1) and the upper limit (RAD2) for initial radioactivity content in the tailings.

2.

The sunny-day failure followed with extreme flooding scenario was run to evaluate the effect of
extreme flooding on radioactivity concentrations in the river/reservoir system as a result of resuspension of contaminated sediments. For this scenario, it was assumed that 1-percent-annualchance flood is applied to Roanoke and Banister Rivers separately one year after the failure of the
tailings dam under sunny-day conditions. Same parameters as in the sunny-day failure without
extreme flooding were also used for this scenario.

8.1. Sunny-Day Failure Scenario Without Extreme Flooding
8.1.1. Sunny-Day Failure Scenario Simulation Results - Roanoke River
The results of the sunny day scenario for Roanoke River with the lower level (RAD1) of initial
radioactivity in the tailings are plotted in Figures 8-1 and 8-2. Figure 8-1 shows the time variation of total
radioactivity (from Ra-226 and Th-230) concentration in the water column, which represents the
summation of radioactivity concentration due to dissolved and adsorbed radionuclides, for a selected
number of stations along the modeled reach. The maximum radioactivity level, immediately downstream
of the failure location (Node 25), reaches 4.5×104 pCi/L and decreases with time. During the first
hundred days of the 1-year average hydrograph the discharge is relatively low (about 35m3/s) and almost
constant. The radioactivity level initially drops down to a minimum value of 0.48 pCi/L but then rises to
10 pCi/L and fluctuates following the variations in the river discharge. At the end of the simulation the
radioactivity concentration at Node 25 is about 3.4 pCi/L. The peak value of radioactivity concentration
in the water column travels faster in the river reach. At the downstream of the confluence with Banister
River (Node 311), the peak concentration of 430 pCi/L arrives after 7.15 days. In Kerr Reservoir (Node
420), on the other hand, the peak travels much slower due to much lower velocities. The maximum
radioactivity concentration of 18 pCi/L arrives about 100 days after the failure.
Figure 8-2 shows the time variation of total radioactivity (from Ra-226 and Th-230) concentration in bed
sediments, which represents the summation of radioactivity concentration in the three bed layers. At
nodes 25, 74, 204, and 311, the radioactivity level in the bed remains fairly constant throughout the entire
duration of the one-year simulation. In the reservoir, near Kerr Dam, the radioactivity concentration value
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rises monotonically until it reaches a value of about 500 pCi/L at the end of 110 days. From there on, the
value stays almost constant. The maximum value of 602 pCi/L is reached after 132 days.
The results of the sunny day scenario with the upper level (RAD2) of initial radioactivity in the tailings
are plotted in Figures 8-3 and 8-4. These results with RAD2 show a trend similar to those for RAD1,
which are plotted in Figures 8-1 and 8-2, respectively. As expected, the radioactivity concentration levels
are higher in the case of RAD2 simulations. In the Kerr Reservoir near the Kerr Dam (Node 420) the
radioactivity concentration in the water column at the end of the simulation is about 4.87 pCi/L. Near the
Kerr Dam, the maximum value of the radioactivity concentration in the bed is about 2,563 pCi/L (Figure
8-4). This value is reached after about 136.5 days after the failure.

Roanoke River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD1 (Lower Limit) / Total Radioactivity (Ra & Th) Concentration
in the Water Column (sum of dissolved and particulate)

1.E+05
1.E+04
1.E+03

# 420

pCi/L

1.E+02

# 311
# 204

1.E+01

# 74
1.E+00

# 25

1.E-01
1.E-02
1.E-03
0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

Time (Day)

Figure 8-1. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Roanoke River with
the lower limit of initial radioactivity (RAD1) in the tailings (in water column).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolve and particulate forms)
for selected locations along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal;
Node 204: Randolph; Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr
Dam.
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Roanoke River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD1 (Lower Limit) / Total Radioactivity (Ra & Th) Concentration
in the Bed (sum of three layers)
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Figure 8-2. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Roanoke River with
the lower limit of initial radioactivity (RAD1) in the tailings (in bed sediments).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal; Node 204: Randolph;
Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr Dam.

Roanoke River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD2 (Upper Limit) / Total Radioactivity (Ra & Th) Concentration
in the Water Column (sum of dissolved and particulate)
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Figure 8-3. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Roanoke River with
the upper limit of initial radioactivity (RAD2) in the tailings (in water column).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolve and particulate forms)
for selected locations along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal;
Node 204: Randolph; Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr
Dam.
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Roanoke River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD2 (Upper Limit) / Total Radioactivity (Ra & Th) Concentration
in the Bed (sum of three layers)
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Figure 8-4. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Roanoke River with
the upper limit of initial radioactivity (RAD2) in the tailings (in bed sediments).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal; Node 204: Randolph;
Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr Dam.

8.1.2. Sunny-Day Failure Scenario Simulation Results - Banister River
The results of the sunny day scenario in Banister River with the lower level (RAD1) of initial
radioactivity in the tailings are plotted in Figures 8-5 and 8-6. Figure 8-5 shows the time variation of total
radioactivity (from Ra-226 and Th-230) concentration in the water column, which represents the
summation of radioactivity concentration due to dissolved and adsorbed radionuclides.
After reaching peak concentrations following the failure of the tailings dam, the radioactivity
concentrations fluctuate due to erosion and deposition caused by the variations in the flow discharge. The
radioactivity concentrations, however, decline over time. About 250 days after the failure, a series of
fairly important floods occur with peak discharges reaching 300 m3/s. Near the dam, the peak value of
19.5 pCi/L arrives 100 days after the failure event. At the end of the simulation, the radioactivity
concentration near the dam is 1.3 pCi/L whereas in Halifax the value is about 1.5 pCi/L.
Figure 8-6 shows the time variation of total radioactivity (from Ra-226 and Th-230) concentration in bed
sediments, which represents the summation of radioactivity concentration in the three bed layers.
Immediately downstream of the failure location and in Halifax, the radioactivity concentration levels in
the bed rise rather quickly due to depositing sediments and then gradually decrease to become almost
constant until the end of the simulation. In the remaining three stations, the radioactivity concentration
levels in the bed rise rapidly to a maximum value and remain almost constant. The radioactivity
concentration in the bed, immediately downstream of the failure location, has the highest value (2.6×105
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pCi/L). The concentrations stabilize near the dam at a value slightly higher than those at the mouth of the
Kerr reservoir.
The results of the sunny day scenario with the upper level (RAD2) of initial radioactivity in the tailings
are plotted in Figures 8-7 and 8-8. These results show a trend similar to those for RAD1. As expected,
the radioactivity concentration levels are higher in the case of RAD2 simulations. In Kerr Reservoir at
Kerr Dam (Node 420), the radioactivity concentration in the water column at the end of the simulation is
about 3.96 pCi/L. Near the Kerr Dam, the maximum value of the radioactivity concentration in the bed is
about 2,770 pCi/L.

Banister River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD1 (Lower Limit) / Total Radioactivity (Ra & Th) Concentration
in the Water Column (sum of dissolved and particulate)
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Figure 8-5. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Banister River with
the lower limit of initial radioactivity (RAD1) in the tailings (in water column).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolve and particulate forms)
for selected locations along Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax;
Node 253: downstream of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River;
Node 397: just upstream of the Kerr Dam.
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Banister River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD1 (Lower Limit) / Total Radioactivity (Ra & Th) Concentration
in the Bed (sum of three layers)
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Figure 8-6. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Banister River with
the lower limit of initial radioactivity (RAD1) in the tailings (in bed sediments).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node 253: downstream
of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River; Node 397: just upstream
of the Kerr Dam.

Banister River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD2 (Upper Limit) / Total Radioactivity (Ra & Th) Concentration
in the Water Column (sum of dissolved and particulate)
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Figure 8-7. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Banister River with
the upper limit of initial radioactivity (RAD2) in the tailings (in water column).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolve and particulate forms)
for selected locations along Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax;
Node 253: downstream of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River;
Node 397: just upstream of the Kerr Dam.
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Banister River: Sunny Day Failure, H= 30m, csw=50%, GSC1 (Gee et al.)
RAD2 (Upper Limit) / Total Radioactivity (Ra & Th) Concentration
in the Bed (sum of three layers)
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Figure 8-8. Results of the Simulation of a Sunny Day Failure of a 30m-high Dam in Banister River with
the lower limit of initial radioactivity (RAD2) in the tailings (in bed sediments).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node 253: downstream
of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River; Node 397: just upstream
of the Kerr Dam.

8.1.3. Discussion of Radioactivity Budgets in Sunny-Day Failure Scenario Without
Extreme Flooding Simulations
The Table 8-1 summarizes the budget of radioactivity for the sunny-day failure scenarios carried out for
Roanoke River and Banister River. For RAD1 scenarios, about 86-percent of the radioactivity entering
into the reservoir/river system remains in the system after one year. For RAD2 scenarios, the percentage
of the radioactivity that remains in the system rises to 90-percent.
Radioactivity remaining in the water column is relatively negligible. The radioactivity remaining in the
system is mostly stored in the sediments. During subsequent floods, resuspension of contaminated
sediments can be expected to increase the radioactivity concentration levels in the water column.
The radioactivity remaining in bed sediments can be expected to have a negative impact on the aquatic
ecosystem. Moreover, the results show that the radioactivity diffuses into lower layers of the bed and
may contaminate the ground water.
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Table 8-1. Radioactivity Budget for the Sunny Day Failure Simulations carried out with Roanoke River
and Banister River Models.

H=30m+CSW3 (50%)+GSC1 (McGee et al., 1980)
Banister
Roanoke
Units
RAD1
RAD2
RAD1
RAD2
Radioactivity released from the tailings dam
Ci
(imposed boundary condition): MTinp
Radiactivity leaving at downstream boundary:
Ci
Mout
Radioactivity remaining in the water column:
Ci
Mwc

1.7944E+02 1.0523E+03 1.8381E+02 1.0711E+03
1.7245E+01 7.8186E+01 2.2487E+01 8.7790E+01
1.1293E+00 3.4757E+00 1.8272E+00 5.6011E+00

Radioactivity remaining in the bed: Mbed

Ci

1.3241E+02 7.9807E+02 1.2631E+02 7.8612E+02

Computed total: Mout+Mwc+Mbed

Ci

1.5078E+02 8.7973E+02 1.5062E+02 8.7951E+02

%
Percent error: (MTinp-MTcal)*100/MTinp
Percent radioactivity leaving the system:
%
Mout*100/MTcal
Percent radioactivity remaining in the system:
%
(Mwc+Mbed)*100MTcal

15.97

16.40

18.05

17.89

11.44

8.89

14.93

9.98

88.56

91.11

85.07

90.02

pCi = 1.0E-12 Ci

8.2. Sunny-Day Failure Scenario Followed with Extreme Flooding
As discussed in Section 8.1, about 85 to 90-percent of the radioactivity entering into the river/reservoir
system after a sunny-day failure remains in the system adsorbed and deposited to by the bed sediments.
Extreme flooding was applied to both Roanoke and Banister Rivers, following a year of sunny-day failure
simulation, to determine the effect of increased discharges on the re-suspension of contaminated
sediments and potential increase in the radioactivity concentration in the water column in both dissolved
and particulate forms.
The simulations were carried out for a period of approximately two years (first year simulates sunny-day
failure conditions, second year simulates the effect of extreme flooding). Figures 8-9 and 8-10 show the
hydrograph applied at the upstream boundary of the Roanoke River and Banister River models,
respectively. These hydrographs assume average water year hydrographs developed in Section 3 followed
by the 1-percent-annual-chance hydrograph which is again followed by an average water year
hydrograph. For the Bannister River, the average water year inflow hydrograph developed in Section 3
was used for the simulations. However, the average water year inflow hydrograph for Roanoke River was
modified to obtain a more uniform water year hydrograph in order to evaluate the effect of seasonal peak
flows.
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Figure 8-9. Hydrograph applied at the upstream boundary of the Roanoke River Model for simulations of
1-percent-annual-chance flow hydrograph occurring one year after a sunny day failure.

Figure 8-10. Hydrograph applied at the upstream boundary of the Banister River Model for simulations
of 1-percent-annual-chance flow hydrograph occurring one year after a sunny day failure.

The initial sediment concentration by weight of the tailings is assumed to be CSW=50% and the grainsize distribution curve of Gee et al. (1980) is used. Simulations were carried out using both the lower
limit (RAD1) and the upper limit (RAD2) for the initial radioactivity content in the tailings.

8.2.1. Sunny-Day Failure Scenario with Extreme Flooding Results - Roanoke River
Results for the RAD1 scenario in Roanoke River are plotted in Figures 8-11 and 8-12. Figure 8-11 shows
that the radioactivity concentration rises rapidly as the tailings enter into the Roanoke River. The peak
value of the radioactivity concentration in the water column travels relatively rapidly in the river reach,
and arrives at the node 311 (mouth of Kerr Reservoir) in about 7.15 days (438 pCi/L). The peak
concentration travels much slower in Kerr Reservoir. The peak value immediately upstream of the Kerr
Dam (19.2 pCi/L) is attained 100 days after the event.
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After the passage of the peak value, the concentrations gradually decrease as a function of time. One year
after the sunny day failure event, 1-percent-annual-chance flood event was applied. The increased
discharge leads to an increased sediment transport, which re-suspends deposited contaminated sediments.
The radioactivity concentration in the water column (both dissolved and suspended) rises sharply. The
highest peak is observed at Brookneal where the concentration in the water column rises sharply from 4.3
pCi/L to 99.5 pCi/L (day 365.50). The concentration level returns back to its previous value after 37 days
(day 402.50).
When the 1-percent-annual-chance flood is applied at the tailings dam, the radioactivity concentration
level in Kerr Reservoir upstream of the Kerr Dam is about 1.0 pCi/L. The concentration begins to rise at
day 370, i.e. 5 days after the beginning of the 1-percent-annual-chance flood. The concentration continues
to increases for the next 90 days and reaches the peak value of 14.0 pCi/L on day 428. On the day 735,
i.e. 273 days after reaching the peak value (the last time step of the simulation), the radioactivity
concentration level upstream of the Kerr Dam drops to 0.5 pCi/L.
The radioactivity levels in the bed layer, which are plotted in Figure 8-12 clearly show the effect of the
resuspension of the sediments. Before the arrival of the 1-percent-annual-flood event, the concentration
values in the bed are almost constant. The stirring of the bed layers and resuspension and transport of
contaminated sediments lead to sudden changes in the concentration levels. It is interesting to note that,
after the flood event, as more contaminated sediments are suspended and transported into Kerr Reservoir
and deposited there, the concentration level upstream of the dam gradually rises during about 98.5 days
(starting from 364 pCi/L on day 365) to reach its peak value 1,286 pCi/L (day 462.50) then starts
decreasing gradually.
Results for the RAD2 scenario in Roanoke River are plotted in Figures 8-13 and 8-14. Figure 8-13 shows
that following the failure of the dam the radioactivity concentration rises rapidly as the tailings enter into
Roanoke River. The peak value of the radioactivity concentration in the water column travels relatively
rapidly in the river reach, and arrives at the node 311 located in the upper reaches of Kerr Reservoir
downstream of the Confluence with Banister River in about 7.15 days. The peak concentration travels
much slower in Kerr Reservoir. The peak value immediately upstream of the Kerr Dam (97.4 pCi/L) is
reached 100 days after the event (three days earlier than that for the RAD1 scenario).
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Figure 8-11. Results of the Simulation of a 1-percent-annual-chance flood event one year after a Sunny
Day Failure of a 30m-high Dam in Roanoke River with the lower limit of initial radioactivity (RAD1) in
the tailings (in water column).
The plot shows total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolved and particulate forms) for
selected locations along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal;
Node 204: Randolph; Node 311: in Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of Kerr Dam.

Figure 8-12. Results of the Simulation of a 1-percent-annual-chance flood event one year after a Sunny
Day Failure of a 30m-high Dam in Roanoke River with the lower limit of initial radioactivity (RAD1) in
the tailings (in bed sediments).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal; Node 204: Randolph;
Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr Dam.

186

February 2011

Potential Downstream Impacts of Uranium Mining

Figure 8-13. Results of the Simulation of a 1-1-percent-annual-chance flood event one year after a
Sunny Day Failure of a 30m-high Dam in Roanoke River with the upper limit of initial radioactivity
(RAD2) in the tailings (in water column).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolved and particulate forms)
for selected locations along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal;
Node 204: Randolph; Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr
Dam.

Figure 8-14. Results of the Simulation of a 1-1-percent-annual-chance flood event one year after a
Sunny Day Failure of a 30m-high Dam in Roanoke River with the upper limit of initial radioactivity
(RAD2) in the tailings (in bed sediments).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along Roanoke River and Kerr Reservoir: Node 25: immediately downstream of the failure location; Node 74: Brookneal; Node 204: Randolph;
Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr Dam.
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After the passage of the peak value, the concentrations gradually decrease as a function of time. One year
after the sunny day failure event, which took place at the beginning of simulation, 1-1-percent-annualchance flood event takes place. The increased discharge leads to an increased sediment transport, which
re-suspends deposited contaminated sediments. The radioactivity concentration in the water column (both
dissolved and suspended) rises sharply. The highest peak is observed at Brookneal where the
concentration peak in the water column rises sharply from 69.9 pCi/L to 496.4 pCi/L. The concentration
level returns back to its previous value after four days.
When the 1-percent-annual-chance flood occurs, the radioactivity concentration level in Kerr Reservoir
upstream of the Kerr Dam is about 4.9 pCi/L. The concentration begins to rise at day 362, i.e. 73.5 days
after the beginning of the 1-percent-annual-chance flood. The concentration continues to increase for the
next 85 days and reaches the peak value of 48.8 pCi/L is reached on the day 435.5. On day 520, i.e. 84.5
days after reaching the peak value, the radioactivity concentration level upstream of Kerr Dam returns
back to its pre-flood value of 4.9 pCi/L.
The radioactivity levels in the bed layer, which are plotted in Figure 8-14 clearly show the effect of resuspension of sediments. Before the arrival of the 1-percent-annual-chance flood event, the concentration
values in the bed are almost constant. The stirring of the bed layers and re-suspension and transport of
contaminated sediments lead to sudden changes in the concentration levels. It is interesting to note that,
after the flood event, as more contaminated sediments are suspended and transported into Kerr Reservoir
and deposited there, the concentration level upstream of the dam gradually rises for about 110 days to
reach its peak value then starts decreasing gradually.

8.2.2. Sunny-Day Failure Scenario with Extreme Flooding Results - Banister River
The results of simulations run for Banister River under sunny-day failure scenario with extreme flooding
are shown in Figures 8-15 and 8-16. As shown in Figure 8-15, the radioactivity concentration in the
water column following the failure of the dam, rises rapidly as the tailings enter into the Banister River.
The peak value of the radioactivity concentration in the water column travels rapidly in the river reach,
and arrives at the mouth of Kerr Reservoir downstream of the Confluence with the Banister River in
about 6.5 days (437 pCi/L). The peak concentration travels much slower in Kerr Reservoir but much
faster than in the case of Roanoke River. The peak value at Kerr Dam (38.1 pCi/L) is attained 100 days
after the failure.
After the passage of the peak value, the concentrations gradually decrease as a function of time. About
250 days after the beginning of the simulation, a series of flood events take place within the average year
hydrograph which have peak discharges equivalent to one half of the 1-percent-annula-chance peak
discharge. Resuspension of contaminated sediments deposited in the bed increases the radioactivity
concentration in the water column, however, the concentrations diminish rapidly in a short period of time.
The radioactivity levels in the bed layer, which are plotted in Figure 8-16 clearly show the effect of the
resuspension of the sediments. At each flood event, the bed radioactivity concentration level in
Brookneal shows relatively important fluctuations.
Results for the RAD2 scenario in Banister River are plotted in Figures 8-17 and 8-18. The pattern of the
plots is similar to those for RAD1 scenario but the concentration values are about one order of magnitude
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greater. The peak concentrations at the mouth of Kerr Reservoir (node 286) and at Kerr Dam (node 397)
are 2,370 pCi/L (day 7) and 173.8 pCi/L (day 95.25), respectively. After the passage of the peak due to
the failure of the tailings dam, radioactivity concentration levels gradually decrease with time.
Radioactivity concentrations in Banister River diminish much faster than Roanoke River possibly because
of several reasons. First, Banister River is a smaller river compared to Roanoke River (smaller cross
sections). Second, average year hydrograph for Banister River contains multiple flood events reaching
about half of the 1-percent-annual-chance event. Third, Banister River is slightly shorter (135,020m for
Banister River versus 144,481m for Roanoke River Model) than Roanoke River. As a result, Banister
River appears to transport radioactivity downstream faster.

Figure 8-15. Results of the Simulation of a 1-percent-annual-chance flood event one year after a Sunny
Day Failure of a 30m-high Dam in Banister River with the lower limit of initial radioactivity (RAD1) in the
tailings (in water column).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolve and particulate forms)
for selected locations along Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax;
Node 253: downstream of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River;
Node 397: just upstream of the Kerr Dam.
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Figure 8-16. Results of the Simulation of a 1-percent-annual-chance flood event one year after a Sunny
Day Failure of a 30m-high Dam in Banister River with the lower limit of initial radioactivity (RAD1) in the
tailings (in bed sediments).
The plot shows total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations along
Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node 253: downstream of
confluence with Dan River; Node 286: in Kerr Reservoir downstream of confluence with Roanoke River; Node 397: just upstream of Kerr Dam.

Figure 8-17. Results of the Simulation of a 1-percent-annual- chance flood event one year after a Sunny
Day Failure of a 30m-high Dam in Banister River with the upper limit of initial radioactivity (RAD2) in the
tailings (in water column).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the water column (i.e. sum of dissolve and particulate forms)
for selected locations along Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax;
Node 253: downstream of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River;
Node 397: just upstream of the Kerr Dam.
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Figure 8-18. Results of the Simulation of a 1-percent-annual- chance flood event one year after a Sunny
Day Failure of a 30m-high Dam in Banister River with the upper limit of initial radioactivity (RAD2) in the
tailings (in bed sediments).
The plot shows the total radioactivity concentration (from Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along Banister River and Kerr Reservoir: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node 253: downstream
of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River; Node 397: just upstream
of the Kerr Dam.

8.2.3. Discussion of Radioactivity Budgets Under Sunny-Day Failure Scenario With
Extreme Flooding Simulations
Table 8-2 summarizes the budget of radioactivity for sunny-day failure scenario with extreme flooding
applied after a year of simulation for Roanoke River and Banister River. When compared with values
given in Table 8-1, the following observations can be made:
•

At the end of two-year simulations with RAD1 scenario in Banister River, only 14.4 percent of
the total radioactivity (from Ra-226 and Th-230) that entered the river/reservoir system as a result
of a sunny-day failure has been transported downstream; 85.6 percent of the radioactivity remains
in the system. In Table 8-1, it is shown that the radioactivity remaining in the system for only the
sunny-day scenario with one year simulation is about 88.6 percent. This means that the 1percent-annual-chance flood and the average year hydrograph could only move an additional 3
percent of radioactivity out of the system.
In the case of two-year simulations with RAD2 scenario in Banister River, only 10.5 percent of
the total radioactivity that entered the river/reservoir system has been transported downstream;
89.5 percent of the radioactivity remains in the system. In Table 8-1, it is shown that the
radioactivity remaining in the system for only the sunny-day scenario with one year simulation is
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about 91 percent. This means that the 1-percent-annual-chance flood and the average year
hydrograph could only move an additional 1.6 percent of radioactivity out of the system.
•

At the end of two-year simulations with RAD1 scenario in Roanoke River, about 30 percent of
the total radioactivity that entered the river/reservoir system has been transported to downstream;
70 percent of the radioactivity remains in the system. In Table 8-1, it is shown that the
radioactivity remaining in the system for only the sunny-day scenario with one year simulation is
about 85 percent. This means that the 1-percent-annual-chance flood and the one year average
hydrograph could evacuate an additional 15 percent of radioactivity out of the system.
In the case of two-year simulations with RAD2 scenario in Banister River, 18 percent of the total
radioactivity that entered the river/reservoir system has been transported downstream; 81.7
percent of the radioactivity remains in the system. In Table 8-1, it is shown that the radioactivity
remaining in the system for only the sunny-day scenario with one year simulation is about 90
percent. This means that the 1-percent-annual-chance flood and the average year hydrograph
could move an additional 8.3 percent of radioactivity out of the system.

The radioactivity leaving the system at the downstream boundary of the Banister River varies from 22 Ci
(RAD1) to 92 Ci (RAD2) whereas for Roanoke River, the radioactivity leaving at the downstream varies
from 45 Ci (RAD1) to 161 Ci (RAD2). Although radioactivity leaves Kerr Reservoir, the effect of
radioactivity will continue to impact Lake Gaston and other water bodies downstream.

Table 8-2. Radioactivity Budget for the simulations with Roanoke River and Banister River Models for the
case of 1-percent-annual- Chance Flood Occurring One Year After a Sunny Day Failure.

Units

H= 30m+ C S W 3 (50% )+ G S C 1 (Mc G ee et al., 1980)
B anis ter
R oanoke
R AD 1
R AD 2
R AD 1
R AD 2

Ci

1.8382E + 02 1.0712E + 03 1.8381E + 02 1.0711E + 03

R adiac tivity leaving at downs tream boundary: Mout C i

2.1651E + 01 9.1975E + 01 4.4940E + 01 1.6103E + 02

R adioac tivity remaining in the water c olumn: Mwc

Ci

6.0085E -01 1.8836E + 00 6.1327E -01 1.9142E + 00

R adioac tivity remaining in the bed: Mbe d

Ci

1.2851E + 02 7.8599E + 02 1.0541E + 02 7.1709E + 02

C omputed total: Mout+ Mwc + Mbe d

Ci

1.5077E + 02 8.7985E + 02 1.5097E + 02 8.8004E + 02

P erc ent error: (MT inp -MT ca l )*100/MT inp
P erc ent radioac tivity leaving the s ys tem:
Mout*100/MT ca l
P erc ent radioac tivity remaining in the s ys tem:
(Mwc + Mbe d )*100MT ca l

%

17.98

17.86

17.86

17.84

%

14.36

10.45

29.77

18.30

%

85.64

89.55

70.23

81.70

R adioac tivity releas ed from the tailings dam
(impos ed boundary c ondition): MT inp

pCi = 1.0E-12 Ci
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9. Sensitivity to the Partition Coefficient (Kd) Value
9.1. Roanoke River Model Simulations
In order to investigate the effect of the partition coefficient value (Kd) on the radioactivity concentrations,
the value of Kd was varied in simulations. Last time step distributions of total (Ra-226 and Th-230)
radioactivity concentration in the water column (dissolved and particulate) and in the bed (sum of three
layers) were computed with two sets of partition coefficient values:
•
•

Kd = 103 mL/g for both Ra-226 and Th-230 and
Kd = 102 mL/g for Ra-226 and Kd = 105 mL/g for Th-230

The results are plotted for Roanoke River in Figures 9-1 and 9-2 for RAD1 and in Figures 9-3 and 9-4 for
RAD2.
As it can be seen from the figures, for both RAD1 and RAD2, adoption of a partition coefficient Kd = 103
mL/g for both Ra-226 and Th-230 increases the last time step (at the end of 1 year) radioactivity
concentration in the water column. This can be explained by the fact that, although the mobility of the
radium has been decreased by increasing its partition coefficient one order of magnitude (radium becomes
less soluble and attaches more to the sediments), the mobility of thorium has been increased by
decreasing its partition coefficient by two orders of magnitude (thorium becomes more soluble and
attaches less to the particles).
Modification of the partition coefficient also affected the radioactivity concentration distribution in the
bed after one year of simulation for both RAD 1 and RAD2. As it can be seen in Figures 9-2 and 9-4, the
difference is more pronounced in the downstream portion of the study reach, i.e. in Kerr Reservoir.
Roanoke River:
H= 15m, csw =50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD1 (min)
Total Radioactivity (Ra & Th) Concentration in the Water Column (dissolved and particulate)

1.2E+03
1.0E+03

10^3ml/g for Ra and Th
10^2ml/g for Ra, 10^5ml/g for Th

pCi/L

8.0E+02
6.0E+02
4.0E+02
2.0E+02
0.0E+00
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Figure 9-1. Total (Ra-226 and Th-230) radioactivity concentration distributions in the water column in
Roanoke River (including Kerr reservoir) at the end of long term simulations (1-percent-annual-chance
hydrograph followed by an average water year hydrograph) for two different sets of partition
coefficients (Kd = 103 mL/g for both Ra-226 and Th-230 and Kd=102 mL/g for Ra-226 and Kd=105 mL/g for
Th-230) using the lower limit of radioactivity content (RAD1)
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Roanoke River:
H= 15m, csw =50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD1 (min)
Total Radioactivity (Ra & Th) Concentration in the Bed (sum of three layers)

3.0E+07
2.5E+07

10^3ml/g for Ra and Th
10^2ml/g for Ra, 10^5ml/g for Th
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Figure 9-2. Total (Ra-226 and Th-230) radioactivity concentration distributions in the bed (three layers)
in Roanoke River (including Kerr reservoir) at the end of long term simulations (1-percent-annualchance hydrograph followed by an average water year hydrograph) for two different sets of partition
coefficients (Kd = 103 mL/g for both Ra-226 and Th-230 and Kd=102 mL/g for Ra-226 and Kd=105 mL/g for
Th-230) using the lower limit of radioactivity content (RAD1)

Roanoke River:
H= 15m, csw =50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD2 (max)
Total Radioactivity (Ra & Th) Concentration in the Water Column (dissolved and particulate)

7.0E+03
6.0E+03

10^3ml/g for Ra and Th
10^2ml/g for Ra, 10^5ml/g for Th
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Figure 9-3. Total (Ra-226 and Th-230) radioactivity concentration distributions in the water column
(dissolved and particulate) in Roanoke River (including Kerr reservoir) at the end of long term
simulations (1-percent-annual-chance hydrograph followed by an average water year hydrograph) for
two different sets of partition coefficients (Kd = 103 mL/g for both Ra-226 and Th-230 and Kd=102 mL/g
for Ra-226 and Kd=105 mL/g for Th-230) using the upper limit of radioactivity content (RAD2)
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Roanoke River:
H= 15m, csw =50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD2 (max)
Total Radioactivity (Ra & Th) Concentration in the Bed (sum of three layers)

3.0E+07
2.5E+07

10^3ml/g for Ra and Th
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Figure 9-4. Total (Ra-226 and Th-230) radioactivity concentration distributions in the bed (three layers)
in Roanoke River (including Kerr reservoir) at the end of long term simulations (1-percent-annualchance hydrograph followed by an average water year hydrograph) computed with two different sets of
partition coefficients (Kd = 103 mL/g for both Ra-226 and Th-230 and Kd=102 mL/g for Ra-226 and Kd=105
mL/g for Th-230) using the upper limit of radioactivity content (RAD2)

9.2. Banister River Model Simulations
Last time step distributions of total (Ra-226 and Th-230) radioactivity concentration in the water column
(dissolved and particulate) and in the bed (sum of three layers) were also computed with two sets of
partition coefficient values:
•
•

Kd = 103 ml/g for both Ra-226 and Th-230 and
Kd = 102 ml/g for Ra-226 and Kd = 105 ml/g for Th-230

The results are plotted for Banister River in Figures 9-5 and 9-6 for RAD1 and in Figures 9-7 and 9-8 for
RAD2.
As it can be seen from the figures, for both RAD1 (Figure 9-5) and RAD2 (Figure 9-7), adoption of a
partition coefficient Kd = 103 ml/g for both Ra-226 and Th-230 increases the last time step (at the end of 1
year) radioactivity concentration in the water column in the river reach upstream of the reservoir. This
can be explained by the fact that, although the mobility of the radium has been decreased by increasing its
partition coefficient one order of magnitude (radium becomes less soluble and attaches more to the
sediments), the mobility of thorium has been increased by decreasing its partition coefficient by two
orders of magnitude (thorium becomes more soluble and attaches less to the particles).
The difference between the two simulations computed with different sets of partition coefficients is
especially visible in the reach upstream of the confluence with Dan River (at about 75.8 km). Once the
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Banister River mixes with Dan River, which has larger discharge, the radioactivity concentration drops
significantly. Confluence with Roanoke River further reduces the concentration.
In the reach upstream of the confluence with Dan River, the first drop in the concentration around 34km
is due to the first tributary. The second abrupt drop that occurs around 58km is due to the second
tributary.
Modification of the partition coefficient has also some effect on the radioactivity concentration
distribution in the bed after one year of simulation for both RAD 1 and RAD2. As it can be seen in
Figures 9-6 and 9-8, the difference is more pronounced in the reach upstream of the confluence with Dan
River (at about 75.8 km).
Banister River:
H= 15m, csw=50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD1 (min)
Total Radioactivity (Ra & Th) Concentration in the Water Column (dissolved and particulate)

9.0E+02
8.0E+02

10^3ml/g for Ra and Th

7.0E+02
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Figure 9-5. Total (Ra-226 and Th-230) radioactivity concentration distributions in the water column
(dissolved and particulate) along the Banister River Model (including Kerr reservoir) at the end of long
term simulations (1-percent-annual-chance hydrograph followed by a one year average hydrograph)
computed with two different sets of partition coefficients (Kd = 103 mL/g for both Ra-226 and Th-230
and Kd=102 mL/g for Ra-226 and Kd=105 mL/g for Th-230). Simulations assume a 15-m high dam
impounding uranium tailings, which have a grain size distribution curve as given by Gee et al. (1980)
and the lower limit of radioactivity content (RAD1).
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Banister River:
H= 15m, csw=50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD1 (min)
Total Radioactivity (Ra & Th) Concentration in the Bed (sum of three layers)
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Figure 9-6. Total (Ra-226 and Th-230) radioactivity concentration distributions in the bed (three layers)
along the Banister River Model (including Kerr reservoir) at the end of long term simulations (1-percentannual-chance hydrograph followed by an average water year hydrograph) computed with two different
sets of partition coefficients (Kd = 103 mL/g for both Ra-226 and Th-230 and Kd=102 mL/g for Ra-226 and
Kd=105 mL/g for Th-230). Simulations assume a 15-m high dam impounding uranium tailings, which have
a grain size distribution curve as given by Gee et al. (1980) and the lower limit of radioactivity content
(RAD1).

Banister River:
H= 15m, csw=50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD2 (max)
Total Radioactivity (Ra & Th) Concentration in the Water Column (dissolved and particulate)
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Figure 9-7. Total (Ra-226 and Th-230) radioactivity concentration distributions in the water column
(dissolved and particulate) along the Banister River Model (including Kerr reservoir) at the end of long
term simulations (1-percent-annual-chance hydrograph followed by an average water year hydrograph)
computed with two different sets of partition coefficients (Kd = 103 mL/g for both Ra-226 and Th-230
and Kd=102 mL/g for Ra-226 and Kd=105 mL/g for Th-230). Simulations assume a 15-m high dam
impounding uranium tailings, which have a grain size distribution curve as given by Gee et al. (1980)
and the upper limit of radioactivity content (RAD2).
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Banister River:
H= 15m, csw=50%, GSC1 (Gee et al.), 1% Flood + one year hydrograph / RAD2 (max)
Total Radioactivity (Ra & Th) Concentration in the Bed (sum of three layers)
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Figure 9-8. Total (Ra-226 and Th-230) radioactivity concentration distributions in the bed (three layers)
along the Banister River Model (including Kerr reservoir) at the end of long term simulations (1-percentannual-chance hydrograph followed by an average water year hydrograph) computed with two different
sets of partition coefficients (Kd = 103 mL/g for both Ra-226 and Th-230 and Kd = 102 mL/g for Ra-226
and Kd = 105 mL/g for Th-230). Simulations assume a 15-m high dam impounding uranium tailings,
which have a grain size distribution curve as given by Gee et al. (1980) and the upper limit of
radioactivity content (RAD2).
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10. Simulations for Evaluating Sensitivity to Reservoir
Operations
All short term and long term simulations as well as the special series of simulations presented in Sections
7, 8, 9, and 11 were carried out with a constant reservoir level of 95.0 m (311.68 ft) at the downstream
boundary.
In order to assess the influence of reservoir operations on the variation of radioactivity during a flood
event, a series of simulations were carried out by running the following scenario with varying reservoir
level:
•
•
•
•

Dam Height: H = 15m
Initial sediment concentration by weight of tailings: CSW = 50%
Grain-size distribution of tailings: Gee et al. (1980)
Hydrograph: 1-percent-annual-chance hydrograph appended by the corresponding average year
hydrograph.

The reservoir level was varied according to the following scheme and shown in Figure 10-1:
•
•

•

Begin computations with reservoir level at 91.44 m (300 ft) and linearly increase the reservoir
level to 95.0 m (311.68 ft) during a period of three days.
After reaching the maximum level of 95.0 m (311.68 ft) at the end of the third day, gradually
decrease the reservoir level back to 91.44 m (300 ft) during a period of 8 days (from the
beginning of day 4 to the end of day 11)
Starting from the beginning of day 12 until the end of the long-term simulation (365 days), keep
the reservoir level constant at 91.44 m (300 ft).

The failure is assumed to occur immediately at the beginning of the simulation. Simulations were carried
out using both the lower limit (RAD1) and the upper limit (RAD2) for the initial radioactivity content in
the tailings.
Results of these simulations with varying reservoir elevation are presented in the following subsections
by comparing them with the results of corresponding simulations with constant reservoir level. A general
discussion of the results is also provided.
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Figure 10-1. Flow discharges at the upstream (U/S) boundary condition of Roanoke River and Banister
River Models and the variation of the downstream (D/S) reservoir level.
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10.1.
Sensitivity to Reservoir Operations in Roanoke River
Model Simulations
Variation of radioactivity concentration in the water column and in the bed for Roanoke River with
varying and constant reservoir levels is shown in Figures 10-2 through 10-5:
•

Figures 10-2 and 10-4 compare the radioactivity concentration in the water column (sum of
dissolved and particulate) between the simulations with varying and constant reservoir levels for
the scenario with RAD1 and RAD2. For both RAD1 and RAD2, the peak of the radioactivity
concentration is slightly higher in all stations for the case of varying reservoir level, including at
node 420, which is located immediately upstream of the Kerr dam. This is especially visible in
Figure 10-4 for the RAD2 scenario.
It is important to note that the varying water level also modifies the time of arrival of the peak
concentration. In Figures 10-2 and 10-4 the peak for the node at the dam arrives approximately
28 days earlier for the simulation with varying reservoir.

•

Figures 10-3 and 10-5 compare the radioactivity content in the bed (sum of three layers) between
simulations with varying and constant reservoir levels for the scenarios with RAD1 and RAD2.
For both RAD1 and RAD2, the radioactivity concentration level at Brookneal is higher for the
simulations with varying reservoir level. The difference is more apparent for the case of RAD2.
For the node # 420 immediately upstream of the dam, the radioactivity concentration levels in the
bed are higher in the case of varying reservoir level. The peak concentration in the bed arrives
earlier for the case of varying reservoir level.

Comparison of peak discharges, peak discharge arrival times and the duration above 5 pCi/L for Roanoke
River are presented in Table 10-1 for both RAD1 and RAD2 under varying and constant reservoir levels.
Table 10-1. Comparison of Peak Concentrations and Time to Peak for Roanoke River Simulations with
Varying and Constant Reservoir Levels

Radioactivity Concentration in the Water Column at Kerr Dam (Node 420)
RAD1 (min)
Duration above 5 pCi/L
Time to
Peak
Simulation Type
Peak
Concentration
From
To
Number of
(day)
pCi/L
Day Number Day Number
Days
Varying Reservoir Level
31.25
28.3
9.4
92.75
83.4
Constant Reservoir Level
58.75
23.6
20
115
95
Radioactivity Concentration in the Water Column at Kerr Dam (Node 420)
RAD2 (max)
Duration above 5 pCi/L
Time to
Peak
Simulation Type
Peak
Concentration
From
To
Number of
(day)
pCi/L
Day Number Day Number
Days
Varying Reservoir Level
31.75
106.5
8
119.5
111.5
Constant Reservoir Level
56.5
88.4
19.25
148
128.75
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Roanoke River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
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Roanoke River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD1 (min) / Total Radioactivity (Ra & Th)
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Figure 10-2. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Roanoke River with and without reservoir operations (in water
column).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the water column (i.e. sum of dissolved and particulate
forms) for selected locations along the computational reach: Node 25: immediately downstream of the failure location; Node 74: Brookneal;
Node 204: Randolph; Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr
Dam.
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Roanoke River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD1 (min) / Total Radioactivity (Ra & Th)
Concentration in the Bed (sum of three layers)
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Roanoke River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD1 (min) / Total Radioactivity (Ra & Th)
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Figure 10-3. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Roanoke River with and without reservoir operations (in bed
sediments).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the bed (i.e. sum of three layers) for selected locations
along the computational reach: Node 25: immediately downstream of the failure location; Node 74: Brookneal; Node 204: Randolph; Node 311:
in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr Dam.
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1.E+04

Roanoke River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
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Roanoke River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
Concentration in the Water Column (sum of dissolved and particulate)
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Figure 10-4. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Roanoke River with and without reservoir operations (in water
column).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the water column (i.e. sum of dissolved and particulate
forms) for selected locations along the computational reach: Node 25: immediately downstream of the failure location; Node 74: Brookneal;
Node 204: Randolph; Node 311: in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr
Dam.
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1.E+07

Roanoke River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
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Roanoke River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
Concentration in the Bed (sum of three layers)
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Figure 10-5. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Roanoke River with and without reservoir operations (in bed
sediments).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the bed (i.e. sum of three layers) for selected locations
along the computational reach: Node 25: immediately downstream of the failure location; Node 74: Brookneal; Node 204: Randolph; Node 311:
in the Kerr Reservoir downstream of the confluence with Banister River; Node 420: just upstream of the Kerr Dam.
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10.2.
Sensitivity to Reservoir Operations in Banister/Dan River
Model Simulations
Variation in radioactivity concentration in the water column and in the bed for Banister River with
varying and constant reservoir levels are shown in Figures 10-6 through 10-9:
•

Figures 10-6 and 10-8 compare the radioactivity content in the water column (sum of dissolved
and particulate) between the simulations with varying and constant reservoir levels for the
scenario with RAD1 and RAD2. For both RAD1 and RAD2, the peak of the radioactivity
concentration is slightly higher at Node 397, which is located immediately upstream of the Kerr
dam. However, the differences are small.
It is important to note that the varying water level modifies the time of arrival of the peak water
column concentration slightly. The peak for the case with varying reservoir elevation arrives one
day earlier to the node at Kerr dam (Node 397).

•

Figures 10-7 and 10-9 compare the radioactivity content in the bed (sum of three layers) between
simulations with varying and constant reservoir levels for the scenario with RAD1 and RAD2.
For both RAD1 and RAD2, the radioactivity concentration level at Brookneal is slightly lower for
the simulations with varying reservoir level.
For the Node 397 immediately upstream of Kerr dam, the radioactivity concentration levels in the
bed are slightly higher in the case of constant reservoir level. The peak bed concentration in the
bed, however, arrives earlier for the simulations with varying reservoir level.

Comparison of peak discharges, peak discharge arrival times and the duration above 5 pCi/L for Banister
River are presented in Table 10-2 for both RAD1 and RAD2 under varying and constant reservoir levels.
Table 10-2. Comparison of peak concentrations and time to peak for Banister River simulations with
varying and constant reservoir levels

Radioactivity Concentration in the Water Column at Kerr Dam (Node 397)
RAD1 (min)
Duration Above 5 pCi/L
Time to
Peak
Simulation Type
Peak
Concentration
From
To
Number of
(day)
pCi/L
Day Number Day Number
Days
Varying Reservoir Level
6.96
14
5.21
21.5
16.29
Constant Reservoir Level
17.5
12.3
6.38
48
41.62
Radioactivity Concentration in the Water Column at Kerr Dam (Node 397)
RAD2 (max)
Duration Above 5 pCi/L
Time to
Peak
Simulation Type
Peak
Concentration
From
To
Number of
(day)
pCi/L
Day Number Day Number
Days
Varying Reservoir Level
6.92
54
4.71
40.5
35.79
Constant Reservoir Level
15.75
46.9
5.21
70.75
65.54
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Banister River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD1 (min) / Total Radioactivity (Ra & Th)
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Banister River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
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Figure 10-6. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Banister River with and without reservoir operations (in water
column).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the water column (i.e. sum of dissolved and particulate
forms) for selected locations along the computational reach: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node
253: downstream of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River; Node
397: just upstream of the Kerr Dam.
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Banister River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD1 (min) / Total Radioactivity (Ra & Th)
Concentration in the Bed (sum of three layers)
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Banister River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD1 (min) / Total Radioactivity (Ra & Th)
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Figure 10-7. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Banister River with and without reservoir operations (in bed
sediments).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along the computational reach: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node 253: downstream of the
confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River; Node 397: just upstream of the
Kerr Dam.
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Banister River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
Concentration in the Water Column (sum of dissolved and particulate)
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Banister River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
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Figure 10-8. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Banister River with and without reservoir operations (in water
column).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the water column (i.e. sum of dissolved and particulate
forms) for selected locations along the computational reach: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node
253: downstream of the confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River; Node
397: just upstream of the Kerr Dam.
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Banister River: Resevoir Operation, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
Concentration in the Bed (sum of three layers)
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Banister River: Const. Res. Level, H= 15m, csw=50%, GSC1 (Gee et al.)
1% Chance Flood / RAD2 (max) / Total Radioactivity (Ra & Th)
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Figure 10-9. Comparison of long term simulation (1-percent-annual-chance hydrograph followed by an
average water year hydrograph) in Banister River with and without reservoir operations (in bed
sediments).
The plots show the total radioactivity concentration (sum of Ra-226 and Th-230) in the bed (i.e. sum of all three layers) for selected locations
along the computational reach: Node 50: immediately downstream of the failure location; Node 191: Halifax; Node 253: downstream of the
confluence with Dan River; Node 286: in the Kerr Reservoir downstream of the confluence with Roanoke River; Node 397: just upstream of the
Kerr Dam.
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10.3.
Discussion of the Simulations to Evaluate Sensitivity to
Reservoir Operations in Banister/Dan River Model Simulations
Table 10-3 presents the radioactivity budgets for Roanoke River and Banister River for simulations ran
with variable and constant reservoir levels. In Tables 10-1 and 10-2, it was shown that variation of the
reservoir level over time influences the peak value of the radioactivity concentration immediately
upstream of the dam, the time to peak concentration and the duration of the concentration above 5 pCi/L.
Table 10-3 shows that the percent radioactivity remaining in the system is practically the same for the
simulations ran with variable and constant reservoir levels. For the simulations presented in this section,
the variable reservoir level influenced the shape of the radioactivity concentration hydrograph but did not
alter the budget of radioactivity.
Table 10-3. Comparison of the Radioactivity Budget for Long-Term (1-percent-annual-chance hydrograph
followed by an average water year hydrograph) Simulations Ran with Variable and Constant Reservoir Levels
for Roanoke and Banister Rivers.

Units

H= 15m+ C S W 3 (50% )+ G S C 1 (Mc G ee et al., 1980)
Variable R es ervoir L evel C ons tant R es ervoir L evel
R AD 1
R AD 2
R AD 1
R AD 2

Ci

9.1410E + 01 5.3267E + 02 9.1410E + 01 5.3267E + 02

R adiac tivity leaving at downs tream boundary: Mout C i

2.2082E + 01 7.7704E + 01 2.1883E + 01 7.6192E + 01

R adioac tivity remaining in the water c olumn: Mwc

Ci

1.9201E -01 5.9614E -01 3.0676E -01 9.4763E -01

R adioac tivity remaining in the bed: Mbe d

Ci

7.7175E + 01 5.0129E + 02 7.7139E + 01 5.0180E + 02

C omputed total: Mout+ Mwc + Mbe d

Ci

9.9448E + 01 5.7959E + 02 9.9329E + 01 5.7894E + 02

P erc ent error: (MT inp -MT ca l )*100/MT inp
P erc ent radioac tivity leaving the s ys tem:
Mout*100/MT ca l
P erc ent radioac tivity remaining in the s ys tem:
(Mwc + Mbe d )*100MT ca l

%

-8.79

-8.81

-8.66

-8.69

%

22.20

13.41

22.03

13.16

%

77.80

86.59

77.97

86.84

R oanoke R iver Model
(L ong T erm with 1% C hanc e Hydrograph)
R adioac tivity releas ed from the tailings dam
(impos ed boundary c ondition): MT inp

Units

H= 15m+ C S W 3 (50% )+ G S C 1 (Mc G ee et al., 1980)
Variable R es ervoir L evel C ons tant R es ervoir L evel
R AD 1
R AD 2
R AD 1
R AD 2

Ci

9.4103E + 01 5.4836E + 02 9.4103E + 01 5.4836E + 02

R adiac tivity leaving at downs tream boundary: Mout C i

9.9748E + 00 3.6008E + 01 9.7766E + 00 3.4709E + 01

R adioac tivity remaining in the water c olumn: Mwc

Ci

1.8475E -01 5.6647E -01 2.7533E -01 8.4791E -01

R adioac tivity remaining in the bed: Mbe d

Ci

7.6575E + 01 4.6937E + 02 7.6616E + 01 4.7018E + 02

C omputed total: Mout+ Mwc + Mbe d

Ci

8.6735E + 01 5.0595E + 02 8.6668E + 01 5.0574E + 02

P erc ent error: (MT inp -MT ca l )*100/MT inp
P erc ent radioac tivity leaving the s ys tem:
Mout*100/MT ca l
P erc ent radioac tivity remaining in the s ys tem:
(Mwc + Mbe d )*100MT ca l

%

7.83

7.74

7.90

7.77

%

11.50

7.12

11.28

6.86

%

88.50

92.88

88.72

93.14

B anis ter R iver Model
(L ong T erm with 1% C hanc e Hydrograph)
R adioac tivity releas ed from the tailings dam
(impos ed boundary c ondition): MT inp
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The influence of the reservoir operation on the shape of the radioactivity concentration hydrograph in the
water column can be seen in Figures 10-10 (Roanoke River) and 10-11 (Banister River).

Figure 10-10. Comparison of Time Variation of Radioactivity Concentration at Nodes 311 (at mouth of Kerr
Reservoir) and 420 (at Kerr Dam) with Varying and Constant Reservoir Level Using the Roanoke River Model.
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Figure 10-11. Comparison of Time Variation of Radioactivity Concentration at Nodes 286 (at mouth of Kerr
Reservoir) and 397 (at Kerr Dam) with Varying and Constant Reservoir Levels Using the Banister River Model.
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11. Analysis of Uranium Simulation Results
Previous sections investigated the potential impact of uranium tailings on the radioactivity levels of
Roanoke and Banister Rivers and Kerr Reservoir, mainly due to the radioactive elements - Radium and
Thorium - present in the tailings. This section presents simulation results obtained for uranium that could
be present in the tailings.
Although uranium is much less radioactive than Radium and Thorium, it is a chemically toxic metal that
could be harmful for the human body. Uranium can enter the body when it is inhaled or swallowed. Once
it enters the body, uranium can lead to cancer and kidney damage. Uranium tends to concentrate in
specific locations in the body and increases the risks of cancer of the bone, liver cancer, and blood
diseases (such as leukemia).
The long-term simulations of transport and fate of uranium released into Roanoke River and Banister
River as a result of tailings dam failure were carried out for the following conditions:
•
•
•
•

Dam Height: H=15 m
Initial sediment concentration by weight of tailings: CSW=50%
Grain-size distribution of tailings: Gee et al. (1980)
Hydrograph: 1-percent-annual-chance hydrograph appended by the corresponding average year
hydrograph.

For these simulations, it was assumed that the failure of the tailings dam occurs at the beginning of the
simulation. The computation of the quantity of sediments released into the reservoir, the peak discharge
and the hydrograph of the outflow was explained in Section 6. The sands, slimes and liquids parts of the
tailings outflow contain uranium. Computation of uranium loadings into a river/reservoir system due to
failure of a tailings dam is explained in Appendix F. Based on the procedure explained in Appendix F,
lower (RAD1) and upper (RAD2) limits of total uranium loading into the river/reservoir system are
calculated to be:
RAD1:

Lo
Lo
Lo
Lo
(M U )total
= (M U )sands + (M U )s lim es + (M U )liquids = 0.0154 + 0.0185 + 0.0073 = 0.0412 kg / m 3

RaD2:

Up
Up
Up
(M U )Up
= (M U )sands + (M U )s lim es + (M U )liquids
total

= 0.0385 + 0.0462 + 0.0726 = 0.1573 kg / m 3

These values are simply multiplied with the outflow hydrograph (m3/s) of the tailings to provide the
uranium input (kg/s) into the model.
In order to carry out uranium transport and fate simulations, the value of the partition coefficient, Kd
(mL/g), is needed which determines the percentages of dissolved and particulate forms of uranium.
Uranium exhibits two common oxidation states called U(IV) and U(VI), which refer to different valence
states and have different geochemical properties. Many studies that refer to uranium, without making any
distinction between these two oxidation states, generally refer to U(VI) which has a lower partition
coefficient, i.e. more soluble, thus highly mobile under ambient conditions (EPA/DOE, 1999). On the
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other hand, U(IV) has relatively high values of partition coefficient and, thus, is relatively immobile.
Studies indicate that pH and dissolved carbonate concentrations are the two most important factors that
influence the adsorption behavior of U(VI) (EPA/DOE, 1999). Other important factors are the type of the
sorbing material (mineralogical composition of the sediment) and iron-reducing microbial activity.
Detailed geochemical transformations of uranium are outside of the scope of the present study, which
considers only a user-defined constant partition coefficient for calculating the percentages of the matter
transported in dissolved and particulate forms.
The partition coefficient for U(VI) has a range of 101<Kd (mL/g)<103 whereas the range for U(IV) is
103<Kd (mL/g)<105 (EPA/DOE, 1999). It was, therefore, decided to perform the simulations with two
extreme values of the partition coefficient, i.e. with Kd =101 mL/g, which corresponds to the lowest value
for U(VI), and Kd =105 mL/g, which corresponds to the highest value for U(IV).

11.1.

Uranium Simulation Results - Roanoke River

Using the conditions described above, simulations of uranium transport and fate were carried out for
Roanoke River. For each value of partition coefficient, simulations were carried out with minimum
(RAD1) and maximum (RAD2) initial uranium content of the tailings. Figures 11-1 and 11-2 show the
computed concentration of uranium in the water column (sum of dissolved and particulate forms) and in
the bed sediments (sum of three bed layers) along the river at the end of a one year simulation.
In Figure 11-1, for Kd =101 mL/g, the total uranium concentration in the water column at the end of one
year simulation resulted to be similar along the entire length of the simulated reach with a value of
approximately 10-3 gr/m3 (i.e. 1.0 μg/L using RAD2 results), which is much lower than the limit of 30
μg/L imposed by the National Primary Drinking Water Regulations. However, the concentration of
uranium in the bed sediments is much higher. Even one year after the failure event, the uranium
concentration in the river bed immediately downstream of the failure location is approximately
5×101gr/m3 (50,000 μg/L). Half way in the river length simulated, the uranium concentration in the bed
drops to 10-1 gr/m3 (100 μg/L) and then rises to 6×10-1 gr/m3 (600 μg/L) in the reservoir near Kerr Dam.
Although uranium concentration values in the water column and in bed sediments are in the same order of
magnitude for both Kd =105 mL/g and Kd =101 at the end of one year simulation, the pattern of the
distribution along the channel is somewhat different (Figure 11-2). Using the RAD2 results, the uranium
concentration in the water column decreases from 10-3 gr/m3 (1.0 μg/L) immediately downstream of the
failure location to 10-5 gr/m3 (0.01 μg/L) near the Kerr Dam. The uranium concentration in the bed has a
more complex pattern. It varies from 5×101gr/m3 (50,000 μg/L) immediately downstream of the failure to
10-1 gr/m3 (100 μg/L) at about 80km. It then rises to about101gr/m3 (10,000 μg/L) and decreases to 8×10-1
gr/m3 (800 μg/L) in the reservoir near Kerr Dam.
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Figure 11-1. Variation in Uranium Concentration along Roanoke River at the end of a one-year (365
days) Simulation Following a Sunny-Day Failure of a 15-m High Tailings Dam.

The partition coefficient for uranium is assumed to be Kd =101 mL/g. The results are presented for lower
(RAD1) and upper (RAD2) limits of uranium content.
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Roanoke River: Uranium Simulation Last Time Step (365 day): Kd = 105 mL/gr
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Figure 11-2. Variation in Uranium Concentration along Roanoke River at the End of a One-Year (365
days) Simulation Following a Sunny-Day Failure of a 15-m High Tailings Dam.

The partition coefficient for uranium is assumed to be Kd =105 mL/g. The results are presented for lower
(RAD1) and upper (RAD2) limits of uranium content.
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11.2.

Uranium Simulation Results – Banister River

Using the conditions described previously for uranium simulation, uranium transport and fate simulations
were carried out for Banister River. For each value of the partition coefficient (i.e., Kd =101 mL/g and Kd
=105 mL/g), simulations were carried out with minimum (RAD1) and maximum (RAD2) initial uranium
content of the tailings. Figures 11-3 and 11-4 show the computed concentration of uranium in the water
column (sum of dissolved and particulate forms) and in the bed sediments (sum of three bed layers) along
the river at the end of a one year simulation.
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Figure 11-3. Variation in Uranium Concentration along Banister River at the end of a One-Year (365
days) Simulation Following a Sunny-Day Failure of a 15-m High Tailings Dam.

The partition coefficient for uranium is assumed to be Kd =101 mL/g. The results are presented for lower
(RAD1) and upper (RAD2) limits of uranium content.
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Figure 11-4. Variation in Uranium Concentration along Banister River at the End of a One-Year (365
days) Simulation Following a Sunny-Day Failure of a 15-m High Tailings Dam.
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The partition coefficient for uranium is assumed to be Kd =105 mL/g. The results are presented for lower
(RAD1) and upper (RAD2) limits of uranium content.
In Figure 11-3, for Kd =101 mL/g (using RAD2 results as an example), the total uranium concentration in
the water column at the end of one year simulation resulted to be almost constant along the first 60km of
the model with a value of 10-3 gr/m3 (1.0 μg/L). The concentration then gradually decreases to the value
of 5×10-4 gr/m3 (0.5 μg/L) when entering Kerr Reservoir and then increases to around 10-3 (1.0 μg/L) near
Kerr Dam. The concentration of uranium in the bed sediments is much higher. Even one year after the
failure, the uranium concentration in the river bed immediately downstream of the failure location is
approximately 102gr/m3 (100,000 μg/L). It then rapidly decreases. Between 20km and 80km, it
fluctuates between 10-1 gr/m3 (100 μg/L) and 100 gr/m3 (1000 μg/L). Further downstream, it continues to
decline to a value of about 5x10-2 gr/m3 (50 μg/L) in Kerr Reservoir before increasing at the Kerr Dam to
a value of about 10-1 gr/m3 (100 μg/L).
As shown in Figure 11-4, simulation results with Kd =105 mL/g are in the same order of magnitude as
those with Kd =101 mL/g; however, the pattern of the distribution along the channel is somewhat
different. Using the RAD2 results, the uranium concentration in the water column decreases consistently
from 10-3 gr/m3 (1.0 μg/L) immediately downstream of the failure location to 10-6 in Kerr reservoir before
rising to 10-5 gr/m3 (0.01 μg/L) near the Kerr Dam. The uranium concentration in the bed has a more
complex pattern. It varies from 102 gr/m3 (100,000 μg/L) immediately downstream of the failure to 10-1
gr/m3 (100 μg/L) at Kerr Reservoir. It then increases to about 8×10-1 gr/m3 (800 μg/L) near Kerr Dam.

11.3.
Discussion of Uranium Budgets Obtained from
Simulation Results
Table 11-1 summarizes the uranium budgets as a result of simulations ran for Roanoke River and Banister
River. For each partition coefficient (Kd =101 mL/g and Kd =105 mL/g), two simulations were carried out:
one with the lower limit of initial uranium content (RAD1) and the other with the upper limit of the
uranium content (RAD2).
Table 11-1. Summary of the uranium budget for the simulations of uranium transport and fate following
the failure of a tailings dam during a 1-percent-annual- chance flood event, which is followed by a oneyear average hydrograph.
H=15m+C S W 3 (50% )+GS C 1 (Mc Gee et al., 1980)
B anis ter
R oanoke
Units
R adioac tivity releas ed from the tailings dam
(impos ed boundary c ondition): MT inp

K d = 101 ml/gr
R AD 1
R AD 2

K d = 105 ml/gr
R AD 1
R AD 2

K d = 101 ml/gr
R AD 1
R AD 2

K d = 105 ml/gr
R AD 1
R AD 2

gr

3.6952E +07 1.4108E +08 3.6952E +07 1.4108E +08 3.5895E +07 1.3704E +08 3.5895E +07 1.3704E +08

R adiac tivity leaving at downs tream boundary: Mout gr

1.5141E +07 5.7808E +07 7.1040E +05 2.7123E +06 2.8475E +07 1.0873E +08 1.3803E +06 5.2698E +06

R adioac tivity remaining in the water c olumn: Mwc

gr

1.9467E +05 7.4320E +05 1.7863E +03 6.8198E +03 1.4637E +05 5.5880E +05 2.4075E +03 9.1922E +03

R adioac tivity remaining in the bed: Mbed

gr

1.7922E +07 6.8427E +07 3.3417E +07 1.2758E +08 1.0005E +07 3.8197E +07 3.7649E +07 1.4373E +08

C omputed total: Mout+Mwc +Mbed

gr

3.3258E +07 1.2698E +08 3.4129E +07 1.3030E +08 3.8626E +07 1.4749E +08 3.9031E +07 1.4900E +08

P erc ent error: (MT inp -MT ca l )*100/MT inp
P erc ent radioac tivity leaving the s ys tem:
Mout*100/MT ca l
P erc ent radioac tivity remaining in the s ys tem:
(Mwc +Mbed )*100MT ca l

%

10.00

10.00

7.64

7.64

-7.61

-7.62

-8.74

-8.73

%

45.53

45.53

2.08

2.08

73.72

73.72

3.54

3.54

%

54.47

54.47

97.92

97.92

26.28

26.28

96.46

96.46

218

February 2011

Potential Downstream Impacts of Uranium Mining
The following observations can be made:
•

The value of the partition coefficient, Kd, appeared to be a key parameter on the results. When
the partition coefficient is small (i.e., the uranium is more soluble and thus more mobile), about
45 percent of the total uranium entering into Banister was transported out of the system. In case
of Roanoke River, the uranium transported out of the system was about 73 percent.

•

When the partition coefficient is high (i.e., the uranium is adsorbed by the sediment and thus less
mobile), about 98 percent of the uranium entering into Banister River remains in the system and
only 2 percent is transported out of the system. In Roanoke River, 96.5 percent of the uranium
remains in the system.

11.4.
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12. Comparison of Sediment Yield Between CCHE1D
and HEC-RAS Models
As discussed in Section 5.1.1, two models, CCHE1D and HEC-RAS, were set-up and calibrated for
hydrodynamics and sediment transport (Section 5.1.3). HEC-RAS sediment transport module was
calibrated using the suspended sediment data at USGS Randolph gaging station from the 1961 Kerr
Reservoir Sedimentation Resurvey. The purpose of using HEC-RAS was to validate the simulation of
sediment transport by the CCHE1D model.
HEC-RAS has several sediment transport functions to choose from imbedded into the model. The
Toffaletti sediment transport function yielded the best results when compared to the sediment rating curve
developed at Randolph.
The comparison for Banister River is shown in Figure 12-1. It was assumed that because of the
unavailability of measured sediment data along the Banister River, the Toffaletti sediment transport
function calibrated for the Roanoke River is also applicable for the Banister River. The upstream and
downstream boundary conditions input into HEC-RAS were similar to those used for the CCHE1D
model. The failure scenario is based on a dam height H=15 meters.
Banister River, Short-Term Simulation, H=15m, 0.2-Percent-Annual-Chance Hydrograph
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Figure 12-1. Comparison of Sediment Yield Between CCHE1D and HEC-RAS for Banister River.
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13. Conclusions
Simulation results and conclusions derived as a result of the preliminary assessment were based on the
best available information. These conclusions could be impacted depending on the variation in key
parameters, such as the dam height for the uranium tailings containment structure, sediment concentration
in the tailings, radioactivity level, uranium content, solubility characteristics of radiological elements and
uranium, and the particle size distribution.

•

A catastrophic failure of a uranium tailings containment structure could significantly increase
radioactivity concentrations in the river/reservoir system and exceed the MCL established for
radiological contaminants for drinking water for an extended period of time.
– The MCL for gross alpha activity in Kerr Reservoir (water column) could be exceeded by
an order of magnitude.
– The gross alpha activity in Kerr Reservoir (water column) could remain above the MCL
for several months or more after the failure.

•

A significant amount of radioactivity remains in the river/reservoir system after a year following
a catastrophic tailings dam failure.
– The majority of radioactivity that enters the river/reservoir system as a result of a failure
remains in bed sediments a year after the failure while dissolved and suspended
radionuclides in the water column are flushed downstream.
– Subsequent floods could re-suspend sediments and increase radioactivity concentration in
the water column above the MCL established for radiological components for drinking
water.

•

Uranium concentrations in the water column may temporarily reach or exceed the MCL limit of
30 μg/L depending on its solubility.
– Solubility of uranium appears to significantly affect its presence in the river/reservoir
system. The more soluble the uranium, the faster it flushes out of the river/reservoir
system to downstream water bodies. If the uranium is less soluble, the majority remains
in the system deposited at the bottom of the river/reservoir system and can be resuspended by subsequent floods.

•

Reservoir operations (varying reservoir level to accommodate operational demands) may affect
the arrival and residency time of radioactivity in Kerr Reservoir.
– Length of radioactivity residence time in the reservoir depends on the inflows – higher
flows flush radionuclides faster and reduce residence time; lower flows, on the other
hand, increase residence time.
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Appendix A
Summary of Sediment Data Collected from Banister and Roanoke
Rivers
A site visit was conducted in May 2010 to obtain bed load sediment samples and verify roughness
coefficients (Manning’s n-values) for the area of study.
Four locations along the Roanoke River were selected as shown in Figure A-1.

Figure A-1. Roanoke River Sediment Sample and Photograph Site Locations

Photographs from the sites and the corresponding bed load sediment gradation curves are shown in
Figures A-2 through A-9.
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Looking Downstream (1)

Looking Downstream (2)

Looking Upstream at Road (1)

Looking Upstream at Road (2)

Figure A-2. Site Visit Photographs (May 2010) from Location 1 (Roanoke River at Long Island Road)
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Figure A-3. Bed Load Sediment Grain Size Distribution Curve from Location 1 (Roanoke River)
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Looking Downstream

Looking Upstream at Bridge (D/S Face)

Figure A-4. Site Visit Photographs (May 2010) from Location 2 (Roanoke River at LP Memorial Highway,
U.S. Route 501)
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Figure A-5. Bed Load Sediment Grain Size Distribution Curve from Location 2 (Roanoke River)

224

February 2011

Potential Downstream Impacts of Uranium Mining

Looking Upstream
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Figure A-6 Site Visit Photographs (May 2010) from Location 3 (Roanoke River at Mount Laurel Road)
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Figure A-7. Bed Load Sediment Grain Size Distribution Curve from Location 3 (Roanoke River)

February 2011

225

Final Report

Looking Downstream

Looking Upstream at Bridge (D/S Face)

Looking Upstream

Figure A-8. Site Visit Photographs (May 2010) from Location 4 (Roanoke River at Kings Highway, U.S.
Route 360)
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Figure A-9. Bed Load Sediment Grain Size Distribution Curve from Location 4 (Roanoke River)
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Photographs and bed load sediment samples were also obtained from the Banister River. Site locations
are shown in Figure A-10.

Figure A-10. Banister River Sediment Sample and Photograph Site Locations

Photographs of the four locations from the site visit and the corresponding bed load sediment grain size
distribution curves are shown in Figure A-11 through Figure A-18.
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Looking Downstream

Looking Upstream at Bridge

Looking Upstream
Figure A-11. Site Visit Photographs (May 2010) from Location 1 (Banister River at Riceville Road)
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Figure A-12. Bed Load Sediment Grain Size Distribution Curve from Location 1 (Banister River)
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Looking Upstream

Looking Upstream

Figure A-13. Site Visit Photographs (May 2010) from Location 2 (Banister River at Meadville Road)
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Figure A-14. Bed Load Sediment Grain Size Distribution Curve from Location 2 (Banister River)
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Dam
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Figure A-15. Site Visit Photographs (May 2010) from Location 3 (LP Memorial Highway and Upstream
Banister Dam)
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Figure A-16. Bed Load Sediment Grain Size Distribution Curve from Location 3 (Banister River)
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Looking Downstream
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Figure A-17. Site Visit Photographs (May 2010) from Location 4 (Bethel Road)
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Figure A-18. Bed Load Sediment Grain Size Distribution Curve from Location 4 (Banister River)
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Additionally photographs were taken at the mouths of the Roanoke and Dan Rivers, just upstream of Kerr
Reservoir, as shown in Figures A-19 and A-20.

Figure A-19. Site Visit Photographs (May 2010) from Dan River at Mouth (Upstream of Kerr Reservoir)

Figure A-20. Site Visit Photographs (May 2010) from Banister River at Mouth (Upstream of Kerr
Reservoir)
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Appendix B
Method of Computation of Tailings Properties for Various
Sediment Concentration by Weight
Based on the information regarding the sediment concentration by weight for the tailings
deposits, various important parameters can be calculated for the tailings deposits as listed in
Table B-1.
Table B-1. Computation of the important properties of the tailings.

Explanation
Sediment concentration by weight
(also called sediment content)
Sediment concentration by volume
Density of tailings (mixture)
Specific weight of tailings (mixture)
Mass density of sediments (also called
sediment concentration by mass)
Water content

Symbol

SI Units

csw

-

csv

-

Values
0.150

0.325

0.500

0.700

0.062

0.154

0.274

0.468

ρm
γm

3

kg/m
N/m3

1103
10821

1254
12299

1452
14245

1773
17389

csm

kg/m3

165.5

407.5

726.0

1240.8

cww

-

0.850

0.675

0.500

0.300

Some important definitions and expressions for various properties appearing in Table B-1 are
given below:
•

Density of sediment is defined as the sediment mass per unit volume. In the present study it is
assumed that:

ρ s = 2650kg / m 3
•

(14)

Specific weight of sediment is defined as the sediment weight per unit volume. In the present study
we use:

γ s = g ρ s = 25,996.5 N / m 3

(15)

2

where g = 9.81m / s is the gravitational acceleration.
•

In the present study density of water will be assumed as:

ρ w = 1000kg / m 3
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•

In the present study specific weight of water is taken as:

γ w = g ρ w = 9,810 N / m 3
•

Specific density of the sediment is a dimensionless quantity, which is equal the ratio of density of
sediments to density of water:

ss =
•

(17)

ρ s 2650
=
= 2.65
ρ w 1000

(18)

Sediment concentration by weight (also called sediment content) is the weight of solids divided

by the total weight of solids and water.

c sw =

Ws
Ws
=
Wm W s + W w

(19)

where Ww , Ws , and Wm represent the weight of water, solids and the mixture, respectively.
•

Sediment concentration by volume is the volume of solids divided by the total volume of the

sediment-water mixture.

c sv =

∀s
∀s
=
∀m ∀s + ∀w

(20)

where ∀ w , ∀ s , and ∀ m represent the volume of water, solids and the mixture, respectively.
It is important to note that csv and csw are related by the following expression:

c sw =

s s c sv

1 + (s s − 1) c sv

One can also write:
c sw
c sv =
[s s − (s s − 1) c sw ]
•

(21)

(22)

Density (kg/m3) of water-sediment mixture is given by the following expression:

ρm =

γm
= ρ s csv + ρ w (1 − c sv )
g
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•

Specific weight (N/m3) of water-sediment mixture is given by the following expression:

γ m = gρ m = γ s c sv + γ w (1 − c sv )
•

(23)

Mass density (or concentration) of sediments is defined as the ratio of the mass of sediments divided
by the volume of the water-sediment mixture. It has the units of kg/m3. This quantity is frequently

used in sediment transport models. It can be related to sediment concentration by volume
using the following expression:

c sm =

ρ s ∀ s ρ s c sv ∀ m
=
= ρ s c sv
∀m
∀m

(24)

In CCHE1D model, this quantity is used in defining the quantity of sediment injected into the
stream laterally due to the failure of the dam.
•

Water content is simply given by the following expression:

c ww = 1 − c sw
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Appendix C
Overview of CCHE1D Flow and Sediment Transport Modeling
System
Introduction
CCHE1D is a general-purpose one-dimensional model designed for the simulation of long-term erosion
and deposition processes in channel networks. CCHE1D’s flow module calculates unsteady flows
solving the Saint-Venant equations. The sediment transport module calculates non-equilibrium transport
of non-uniform sediments, bed material sorting, and the resulting morphological changes.
The CCHE1D modeling code is complemented by a graphical user interface with GIS capabilities, which
has a number of tools for the creation of the computational channel network, and to help with data
preparation, model setup, and execution of the simulations.

Channel Network Definition
CCHE1D is capable of computing flow and sediment transport in dendritic channel networks, that is, all
channel segments converge to a single outlet. When two channel segments meet, a Junction is defined.
Channel segments are divided into links, which are elements that help assemble a logical structure for the
entire network. Within a channel link, computational nodes are added; nodes define the locations where
the flow and sediment transport equation are solved. For each node, channel geometry, roughness values,
and bed sediment composition must be provided. Preprocessing programs define how the entire network
is assembled for modeling, perform required interpolations and data checks, and create a database
containing all the necessary data elements. Figure C-1 shows how CCHE1D channel networks are
configured.
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Figure C-1. Configuration of the CCHE1D Channel Network.

In CCHE1D, cross sectional profiles are defined by a set of points for which the distance from the left
bank and the bed elevation are specified. Each cross section can be represented by a different number of
points. CCHE1D assumes each cross section is normal to the flow direction, and the number of points
used for each cross section may vary. For each segment defining the cross section shape, a value of
Manning’s roughness coefficient specified, allowing the model to account for the variation of bed
roughness in the channel bed, banks and floodplains. If dead water zones are present, such as the zones
with recirculation flow around structures, they can be excluded from the calculation by specifying a code
that blocks out these zones.
Because the hydraulic properties, (e.g., flow area, top width and conveyance), of the main channel and
flood plains may be markedly different, CCHE1D has the capability of dividing the channel cross section
into three subsections: a main channel and optional right and left overbank channel subsections. The
location of these regions is specified by the user. Figure C-2 shows a general representation of channel
cross sections used by CCHE1D
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Figure C-2. General description of cross sectional channel geometry

One-Dimensional Hydrodynamic Model
Governing Equations
CCHE1D computes unsteady flows using the Saint-Venant equations, also known as the Dynamic Wave
model:

∂A ∂Q
+
=q
∂t ∂x

(1a)

∂h
∂  Q  ∂  βQ 2 
  +  2  + g + g (S f − S 0 ) = 0
∂x
∂t  A  ∂x  2 A 

(1b)

where x and t are the spatial and temporal axes; A is the flow area; Q is the flow discharge; h is the flow
depth; S0 is the bed slope; β is a correction coefficient for the momentum due to the nonuniformity of
velocity distribution at the cross section; g is the gravitational acceleration; and q is the side discharge per
unit channel length. Sf is the friction slope, defined as:

Sf = QQ K2

(2)

where K is the conveyance for the entire cross section is determined as:
3
1
1
Al Rl2 / 3 = ∑ Al5 / 3 Pl − 2 / 3
l =1 nl
l =1 nl
3

K =∑

(3)
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where

Al

is the flow area of subsection l;

Rl

is the hydraulic radius;

Pl

is the wetted perimeter; and

nl

is the Manning's roughness coefficient. l is the index for subsections 1, 2 and 3 (left flood plain, main
channel and right flood plain, respectively).

Discretization of Governing Equations and Solution Algorithm
The implicit four-point finite difference scheme first proposed by Preissmann (1961) is one of the most
widely used in the numerical modeling of unsteady flows in open channels. CCHE1D employs an
improved version of the original scheme, where the continuous function f and its time and space
derivatives are replaced by:

[

]

[

f = θ ψf jn++11 + (1 − ψ ) f jn +1 + (1 − θ )ψf jn+1 + (1 − ψ ) f jn

]

f n +1 − f jn+1
f n +1 − f jn
∂f
= ψ j +1
+ (1 − ψ ) j
∂t
∆t
∆t
n +1
n +1
n
f j +1 − f j
f j +1 − f jn
∂f
=θ
+ (1 − θ )
∂x
∆x
∆x

(4a)
(4b)
(4c)

where n denotes time instance, and j is an spatial index, as illustrated in Figure C-3.
The differential equations are transformed using the relationships given by Equations (4), to obtain the
discretized continuity and momentum equations, which must be linearized before solved. The solution
scheme uses the increments in water depth ∆h and flow discharge ∆Q as dependent variables. The
resulting system of equations form a pentadiagonal matrix, whose solution is obtained with the help of the
Thomas Algorithm, also called the Double-Sweep Method.
CCHE1D has been designed to compute subcritical flows. However, in practice, supercritical or critical
flows exist only in isolated cross-sections of natural rivers. CCHE1D adopts a hybrid dynamic/diffusive
wave model, which uses the dynamic wave model when the Froude number is less than 0.9, and uses the
diffusive wave model for higher Froude numbers. The diffusive wave model is obtained with the
assumption that the first two terms in Eq.1b are negligible, and the momentum equation can be rewritten
as:

∂h
+ S f − S0 = 0
∂x

(5)

This hybrid dynamic/diffusive wave model can effectively avoid numerical instabilities inherent to the
dynamic wave model in the transitional flow region. Although the substitution of the dynamic wave
model by the diffusive wave model may lead to local accuracy loss, it allows the model to be applicable
to a wider range of situations commonly found in natural channels.
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Figure C-3. Configuration of computational time-space cell.

For complete details on the mathematical derivation of the flow model equations and on the
implementation of the solution algorithms, please refer to CCHE1D’s Technical Report (Wu and Vieira,
2002).

Boundary Conditions
To solve the set of flow equations in case of subcritical flows, external boundary conditions have to be
imposed at the upstream inlets and at the downstream outlet of the channel network. Internal boundary
conditions are also needed at channel confluences.
At the upstream end of each channel, discharge hydrographs must be specified. These hydrographs are
either measured flow discharge series, or are hypothetical or derived from a hydrologic method.
At the node at the downstream end of the channel network, water stages must be specified. They are
usually computed from a stage-discharge curve or given as a time series of recorded stage. When such
data are not available, CCHE1D provides a method to automatically derive varying water stages based on
the current flow discharges, assuming the existence of uniform flow in the neighborhood of the
downstream boundary.
At channel confluences, CCHE1D assumes that the water surface elevations of all three branches are
equal, and the flow discharge of downstream branch is equal to the sum of the discharges of two upstream
branches.
Inflow into the channels can also be specified as “Lateral Inflows.” This approach is convenient when
accounting for the inflow of small tributaries and longitudinally distributed inflows. Inflow discharges
are accounted for using the source term q in the continuity equation, Eq. 1.a.
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One-Dimensional Sediment Transport Model
Governing Equations
The governing equation for the non-equilibrium transport of nonuniform sediment is

∂ ( ACtk ) ∂Qtk 1
+
+ (Qtk − Qt *k ) = qlk
∂t
∂x Ls
where

Ctk

(6)

is the section-averaged sediment concentration of size class k;

transport rate of size class k;
rate of size class k;

Ls

Qt ∗k

Qtk

is the actual sediment

is the sediment transport capacity or the so-called equilibrium transport

is the adaptation length of non-equilibrium sediment transport; and

qlk

is the side

inflow or outflow sediment discharge from bank boundaries or tributary streams per unit channel length.
The first term on the left-hand side of Eq. 6 accounts for sediment storage, while the last term on the lefthand side represents the exchanges between the moving sediment and the bed material.
CCHE1D does not distinguish bed load and suspended load, but treats them together as bed-material load.
Therefore, Eq. 6 is applied to the bed-material load, where the transport rate
and suspended-load transport rates. For wash load, the adaptation length

Ls

Qtk

is the sum of bed-load

is assumed to be infinitely

large and then the exchange term in the left-hand side is zero. The bed-material load transport capacity
can be written as a general form

Qt *k = pbk Qtk*
where

pbk

(7)

is the availability factor of sediment, which is defined as the bed-material gradation here;

Qtk∗

is the potential bed-material load transport capacity for size class k, which can be determined with
existing formulas.
The bed deformation due to size class k is determined with

(1 − p′) ∂Abk
∂t

=

1
(Qtk − Qt ∗k )
Ls

where p' is the porosity of bed material;

(8)

∂Abk ∂t

is the bed deformation rate of size class k.

The channel bed is divided into several layers for the computation of bed material composition resulting
from the processes of erosion and deposition, as shown in Figure C-4. The variation of bed-material
gradation at the mixing layer (surface layer) is described as:

242

February 2011

Potential Downstream Impacts of Uranium Mining
∂ ( Am pbk ) ∂Abk
 ∂A ∂A 
=
+ pbk*  m − b 
∂t
∂t
∂t 
 ∂t
where

pbk

(9)

is the percentage of the kth size class of bed material at the mixing layer;

bed-material mixing layer at a cross section;
expressed as ∂Ab ∂t =

∑

N
k =1

∂Ab / ∂t

Am

is the area of

is the total bed deformation rate, which is

*
∂Abk ∂t ; N is the total number of size classes; pbk
is pbk when

∂Am / ∂t − ∂Ab / ∂t ≤ 0 , and pbk*

is the percentage of the kth size class of bed material in subsurface

layer (under the mixing layer) when

∂Am / ∂t − ∂Ab / ∂t > 0 .

Figure C-4. Layers used in the computation of sorting of bed material.

Discretization and Solution Technique
The differential equations described in the previous section are discretized using the Preissmann scheme.
The resulting system of equations that describes the processes of nonuniform sediment transport, bed
deformation, and bed material sorting is suitable for the application of a solution scheme in which the
equations are solved in a coupled manner that does not require iterations. The method is more stable
when compared to other solutions schemes, and it can easily eliminate numerical oscillations and the
occurrence of negative bed-material gradation, problems common to many numerical models of transport
of graded sediment.
For a complete description of the model equations and the details of the solution scheme, please refer to
CCHE1D’s Technical Manual (Wu and Vieira, 2002).

Boundary Conditions
For the sediment transport calculation, inflow sediment discharges for all the size classes must be given at
upstream inlet nodes and at the nodes having lateral inflow. At channel confluences, the sediment
discharge at the downstream branch is equal to the sum of the sediment discharges at the two upstream
branches.
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Sediment Transport Capacity Formula
The current version of CCHE1D includes four empirical formulas for the determination of equilibrium
sediment transport capacity, namely the modified Ackers and White's 1973 formula, SEDTRA transport
capacity module, which utilizes Laursen, Yang, and Meyer-Peter & Müller formulas, the formula by Wu
et al (2000), and Engelund and Hansen's modified 1967 formula.
Engelund and Hansen Formula
Engelund and Hansen (1967) used Bagnold's stream power concept and the similarity principle to obtain
their sediment transport formula. For implementation within CCHE1D, the original formula is modified
to calculate the fractional transport capacity for nonuniform bed-material load. The modified formula is

′ k = 0.1(ε kτ ∗k )
fφ

5/ 2

(10)

where f ′ is the friction factor,

[

]

f ′ = 2 gRS / U 2 ; φk

is the dimensionless sediment transport rate,

φk = qt∗k pbk (γ s γ − 1)gd k3 ; qt ∗k is the bed-material load transport rate in m2/s; τ ∗k is the
dimensionless bed shear stress, τ ∗ k

= τ 0 [(γ s − γ )d k ] ; d k

is the diameter of k-th size class of bed

material; U is the average flow velocity; R is the hydraulic radius of channel; S is the energy slope;

εk

is

a correction factor to take into account the hiding and exposure mechanism of nonuniform sediment
transport, which is determined with Wu et al.’s (2000) method

p 
ε k =  ek 
 phk 
where

phk

m

(11)
and

defined as phk =

pek

∑

are the hiding and exposure possibilities for the k-th size class of bed material,

N
j =1

pbj d j (d k + d j ) and pek = ∑ j =1 pbj d k (d k + d j ) ; m is a power index, which is
N

given a value of 0.45.\

Channel Morphology Changes
At each time step, CCHE1D’s sediment transport module computes the total bed deformation

Ab

for

each cross section in the network. This cross-sectional area amount of bed change represents the
contribution from either erosion or deposition calculated for each of the sediment size classes. The
channel geometry is then updated to account for the changes. Since the 1-D model does not provide
information of the lateral distribution of the transport phenomena, some assumptions are necessary when
updating the cross section geometry. In CCHE1D, points that define the cross section shape are adjusted
up or down to match the amounts of erosion or deposition. Only points that are “wet” at a particular time
step are changed. However, for each point in the cross section, the correction in bed elevation is
proportional to the water depth at that point. In both erosion and deposition cases, points near the
thalweg, where water depth is higher, receive a greater amount of adjustment than points near the banks.
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This approach provides a better representation of the natural processes, and helps maintain more realistic
cross section shapes during the simulating, avoiding the formation of artifacts that result from the fact that
erosion and deposition often occur under significantly different water depths.

Sediment Porosity
CCHE1D implements two empirical formulas for the determination of bed porosity: Komura and
Simmons formula, and the method used by Han et al. The user can also specify a constant value for bed
material porosity, according to the information available from the site.

Non-Equilibrium Adaptation Length
The non-equilibrium adaptation length

Ls

characterizes the distance for sediment to adjust from a non-

equilibrium state to an equilibrium state. It is a very important parameter in the present model. It has to be
prescribed empirically, and rather different values have been adopted by different researchers. It appears
that

Ls

is closely related to the scale and representative dimensions of the case studied, which explain the

differences found for
different values of

Ls

Ls

in laboratory experiments and in natural channels. In the CCHE1D model,

are specified for bed load, suspended load and wash load.

For bed load
The non-equilibrium adaptation length, especially for bed load, is related to the dimensions of sediment
movements, bed forms and channel geometries. It is desirable that

Ls

take the value relating to the

dominant bed form or channel geometry. For example, if sand dunes are the dominant bed form,

Ls

may

take the length of sand dune, which is about 7.3 times the flow depth. If alternate bars are the dominant
bed form,

Ls ,b may take the length of alternate bars, which is about 6.3 times the channel width.

For suspended load
The non-equilibrium adaptation length for suspended load is given with

Ls , s =

uh
αω sk

where

Ls , s is the Ls for suspended load; α is the non-equilibrium adaptation coefficient, which can be

(12)

calculated with Armanini and de Silvio's (1988) method,

1

α

=

−1 / 6

a 
a
ω sk 
a
+ 1 −  exp − 1.5 

h
u∗ 
h 
h


(13)

where a is the thickness of bottom layer, calculated by their method; h is flow depth; and u∗ is bed shear
velocity.
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Values of α calculated by Eq. 13 are usually larger than 1. However, in practice, α has been given
dramatically different values, mostly less than 1, by many researchers, who suggested α=1 for the case of
strong scour, α=0.25 for strong deposition, and α=0.5 for weak scour and deposition. These values have
been confirmed by calculations of sedimentation in many reservoirs and rivers.
The adaptation coefficient α is a user-specified parameter in the CCHE1D model. Fortunately, the
sensitivity studies reported in Chapters 7 and 8 of CCHE1D’s Technical Manual (Wu and Vieira, 2002)
have shown that in most cases the calculation results of the CCHE1D model are not very sensitive to the
adaptation length

Ls

and the adaptation coefficient α.

Because bed load and suspended load are combined together as bed-material load), the non-equilibrium
adaptation length for bed-material load is given as the maximum of

Ls , s

and

Ls ,b

.

For wash load
Because the net exchange between wash load and channel bed is usually negligible, the non-equilibrium
adaptation length for wash load,

Ls , w , is set as infinitely large, i.e.,

1
=0
Ls , w

(14)

Mixing Layer Thickness
When dealing with graded bed material, the sediment-transport rates depend on the bed material
composition, which itself depends on historical erosion and deposition rates. The channel bed is divided
into a surface or active layer and subsurface layers. Sediment particles are continuously exchanged
between the flow and the surface layer, and particles are exchanged between the surface and substrate
layers when the bed is scoured or accrued, as illustrated in Figure C-4.
The mixing layer thickness is related to sand dune height as

δ m = max[0.5∆, 2d50 ]
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where Δ is the sand dune height calculated with van Rijn's method:

∆
d 
= 0.11 50 
h
 h 

0.3

(1 − e

− 0.5T

)(25 − T )

(16)

( ) (U ) − 1 ; U *'
[18 log(4h d90 )]; U ∗cr is the

where h is the flow depth; T is the non-dimensional excess bed shear stress, T = U *'
is the effective bed shear velocity relating to grain roughness,

U *' = Ug 0.5

critical bed shear velocity for sediment motion given by Shields diagram;

d50

and

d90

2

*cr

2

are particle

diameters of bed material.
The mixing layer thickness is given a small lower limiting value, which can be specified by the user, and
is set to a default value of 0.05m for natural rivers. Alternatively, CCHE1D can also utilize a constant,
user-specified value.

Sediment Flocculation
CCHE1D sediment transport model is designed primarily for the transport of non-cohesive sediment.
However, a special treatment has been implemented that allows for the correction of sediment properties
resulting from the formation of aggregate masses or flocs.
As described in CCHE2D model by Wu (2001), there are two approaches to handle the transport of the
mixed cohesive and non-cohesive sediment mixtures. One is to adopt the cohesive sediment transport
model which considers the flocculation, settling, deposition, erosion and bed consolidation processes
typically occurred in cohesive sediment transport. Another method is to modify the sediment size
considering the flocculation fine-grained sediment and still use the previous non-cohesive sediment
transport model. The first approach is quite complex and requires a number of empirical parameters to be
measured in-situ, which is not feasible in the current stage when the dredging has not been carried out.
Therefore, the latter simple approach is used in the present study.
According to Migniot (1989), the settling velocity of the flocs in estuarine environments can be calculated
by

ω s, f =
where

250
ω s when d<0.04 mm
d2

ω s, f

is the settling velocity of the flocs;

(17)

ωs

is the settling velocity of the individual particles; and

d is the diameter of the individual particles in µm.
Considering Stokes’ law, Eq. 17 shows that the settling velocity of the flocs is approximately 0.15 to 0.6
mm/s and does not vary much with the individual particle size. This settling velocity is comparable to the
settling of medium to coarse silt particles. Flocculation is not important on particles larger than coarse
silts (d>0.04 mm).
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For fine-grained river sediments, Yue (1983) found the following relation to determine the floc size:

df

 d
where


 = 0.043d i− 0.8
i

(18)

d f is the size of flocs (in mm), d is the size of the dispersed particles (in mm), and i represents the

size fraction counter.

Settling Velocity
The settling velocity of sediment particles is determined according to the recommendation of the U.S.
Interagency Committee on Water Resources Subcommittee on Sedimentation (1957). The CCHE1D
model uses a value for the Corey shape factor of SF=0.7, where

SF = c

ab , with a, b and c being

lengths of the longest, the intermediate and the shortest mutually perpendicular axes of the particle,
respectively.

Model Verification and Validation
The CCHE1D flow and sediment transport model has been verified and validated using data from a large
number of both laboratory experiments and natural channel measurements. The model was tested for a
variety of flow and sediment transport conditions and sediment size ranges.
CCHE1D was tested for both aggradation and degradation cases, for both uniform and nonuniform
sediments. A comprehensive series of sensitivity analysis tests was conducted to evaluate how the choice
of parameter might affect the outcome of the simulations.
CCHE1D has been applied to a variety of engineering applications by NCCHE personnel and model users
registered as beta-testers in the period 2002-2004. For more information on tests and applications of
CCHE1D, please refer to CCHE1D’s Technical Manual and the report “CCHE1D – Model Capabilities
and Applications.”
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Overview of CCHE1D Pollutant Transport and Fate, Water Quality
and Ecosystem Modeling System
TRANSPORT AND FATE OF POLLUTANTS IN SURFACE WATERS
The fate and transport of various types of constituents, including radionuclides, can be simulated by
CCHE1D under both steady or unsteady flow conditions.
The transport and fate of a given contaminant is described by the following advection-dispersion
equation:

∂ ( ACt ) ∂ (αQCt ) ∂ 
∂C 
+
−
 EL A t  = Sc A
∂x 
∂x 
∂t
∂x

(1)

where
Ct

Total concentration (dissolved and particulate) by volume of a constituent in the water

EL

column (Ci/m3 or gr/m3, etc.)
Longitudinal dispersion coefficient (m2/s)

α

Fish velocity coefficient (which is not relevant in this study and should be taken as 1)

A

Flow area (m2)
Mixture (sediment-water) discharge (m3/s)

Q

Sc ≡

dC t
dt

Net source/sink term for each constituent, which may represents biochemical and
physical changes, and lateral input/output at a node (Ci/m3/s)

Various types of physicochemical processes and exchanges with the sediment bed and the atmosphere
play a role in determining the transport and fate of a constituent in surface waters. These are depicted in
Figure C-5.
In the water column the contaminants can be dissolved in water (dissolved form) or attached to the
surface of suspended sediments (particulate form). Similarly, in the sediment bed, the contaminants can
be dissolved in pore water (dissolved form) or attached to the surface of bed sediments (particulate form).
In the water column, particulate form contaminants attached to suspended sediments may be converted
into dissolved form through desorption process whereas dissolved chemicals in water can attach to the
surface of the suspended sediments by means of adsorption process. Contaminants in particulate form are
subjected to decay and transformation by photolysis. Contaminants in dissolved form are subjected to
decay, uptake and depuration by living organisms, transformation by photolysis, and volatilization.
In the bed, particulate form contaminants attached to bed sediments may also be converted into dissolved
form through desorption process whereas dissolved chemicals in pore water can attach to the surface of

250

February 2011

Potential Downstream Impacts of Uranium Mining
the bed sediments by means of adsorption process. Contaminants in both particulate and dissolved form
are subjected to decay.
It is important to note the difference between absorption and adsorption. In the present context, absorption
is the process by which atoms, molecules or ions of a chemical substance dissolved in water are captured
by the volume of solids whereas in adsorption the chemicals are captured by the surface of the solids. The
term "sorption" covers absorption, adsorption and ion exchange.
Contaminant exchange also takes place between the water column and the bed sediments. Settling of the
suspended sediments extracts particulate contaminant from the water column and adds into bed sediments
whereas resuspension of bed sediments brings contaminated sediments from the bed into the water
column. The particulate contaminant in the bed is also vertically transported as the sediments are
consolidated or uncovered due to erosion of the upper layers.
Dissolved chemicals in the water column are exchanged with the pore water in the bed by means of
diffusion. Since the diffusion is from higher concentration to lower concentration its direction depends on
the relative contaminant concentration levels in the water column and the pore water. In the bed, the
contaminant is vertically transported by diffusion based on the concentration gradient.

Figure C-5. Schematic representation of physiochemical processes and exchanges with the sediment bed
and the atmosphere that play a role in the transport and fate of a constituent in surface waters.
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The physicochemical model implemented in CCHE1D includes the following processes associated with
those shown in Figure C-5:
•

sorption/desorption processes both in the water column and in the bed,

•

volatilization of dissolved contaminant from the water column,

•

decay by 1st order chemical reaction processes (dissolved or particulate),

•

radioactive decay (dissolved or particulate)

•

microbial decay processes (dissolved or particulate)

•

diffusive exchange of the dissolved contaminant between pore water in the bed and the overlying
water column

•

diffusive exchange of the dissolved contaminant vertically in the bed,

•

transport of the contaminant via advective and dispersive processes,

•

external inputs of the contaminant in particulate or dissolved form (this can be due to atmospheric
deposition or due to a dam break event, for example), and

•

uptake and depuration of the contaminant due to aquatic organisms.

MODELING TRANSPORT AND FATE OF RADIONUCLIDES USING CCHE1D
Radionuclide transport and fate is modeled by modeling the transport and fate of radioactivity
concentration (in pCi/m3) due to Ra-226 and Th-230 present in the tailings, which are assumed to be
released into the stream at a given location following the failure of a tailings dam.
The half life of Ra-226 is 1,602 years and the half life of Th-230 is 75,381 years. The longest duration of
simulations in the present study is one year. During such a short period of time, given the long half lives
of both radionuclides, the original radioactivity levels will only decrease to about 99% of their original
value. It was, therefore, decided not to take into account any radioactive decay in the present simulations.
In surface waters, radionuclides can be transported in dissolved and particulate form. Therefore,
sorption/desorption of radionuclides will be considered in both the water column and the bed sediments.
Figure C-6 shows all the processes considered for simulating radionuclide transport and fate using
CCHE1D. The bed material is represented in three layers. The topmost layer in contact with the water
column is the mixing layer which exchanges sediments directly with the water column through erosion
and deposition. Underneath the mixing layer, there are two other layers. As the bed level changes due to
erosion and deposition the heights of the layers are adjusted and the appropriate amounts of sediments and
thus particulate radionuclide are vertically transported in the bed. The dissolved radionuclides are
exchange between the water column and the mixing layer as well as the other bed material layers by
means of diffusion process. In the water column, the particulate and dissolved radionuclides are
transported by the processes of advection and turbulent diffusion/dispersion. In the subsequent sections
these processes are described in detail.
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Figure C-6. Schematic representation of processes taken into consideration when simulating
radionuclide transport and fate with CCHE1D.

SORPTION AND DESORPTION OF CONTAMINANTS
CCHE1D model adopts the two-phase linear partition concept to partition the total concentration by
volume of contaminants (be it in the water column and in the bed) between dissolved concentration by
volume ( C d ' ) and particulate concentration by volume ( C p ). Accordingly, the total concentration of
contaminant by volume ( C t ) is given by

Ct = φ C d ' + C p

(2)

where φ represents porosity. One can also write:

Ct = C d + C p
where

(3)

C d = φ C d ' represents porosity corrected dissolved concentration by volume.

In the two-phase linear partition concept, the kinetics of sorption-desorption processes of contaminant can
be described by a linear isotherm. In a fast kinetic process, dissolved and particulate contaminants can be
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assumed to be in local equilibrium. Assuming that the sorption and desorption processes are reversible
and reach the equilibrium state, the partition coefficient can be defined as

Kd ' =
Kd =

r
Cd '
Kd '

φ

(4)

=

r
Cd

(5)

where r is the radioactivity content per unit sediment mass (Ci/gr). The coefficient of partition (or the
distribution coefficient),

K d ' , or it porosity corrected version, K d , has the dimensions of volume per

unit mass. The values of

Kd

2

are often given in mL/g. For example the distribution coefficient for Ra-

3

226 is in the range 10 -10 mL/g with a median value of 102 mL/g. Similarly the distribution coefficient
for Th-230 is in the range 103-106 mL/g with a median value of 105 mL/g. To be consistent with units
used in CCHE1D, the median values of the distribution coefficient used for the simulations are converted
to m3/kg (1mL/g is equal to 10-3m3/kg). The

Kd

values used in the simulations are, thus, 10-1 m3/kg for

Ra-226 and 102 m3/kg for Th-230.
The particulate concentration of contaminant relative to the bulk sediment mass is given by:

C p = r c sm
where

csm

(6)

is mass density (or concentration) of sediments (kg/m3).

In the water column, the fractions of dissolved and particulate contaminants are expressed in terms of the
partition coefficient as follows:

1
1 + K d c sm

Dissolved fraction:

f dw =

Particulate fraction:

f pw = 1 − f dw =

The fractions,

f dw

and

(7)

K d c sm
1 + K d c sm

(8)

f pw , are dimensionless. The concentrations of dissolved, particulate and total

contaminant in water column are related by:

Ctw = C dw + C pw = f dw Ctw + f pw Ctw
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In bed layers there is no sediment transport. The fractions of dissolved and particulate contaminants are,
therefore, expressed in the following manner:

φ
φ + Kd ρs

Dissolved fraction:

f db =

Particulate fraction:

f pb = 1 − f db =

where

ρ s = 2,650kg / m 3

(7a)

Kd ρs
φ + Kd ρs

(8a)

is the dry density of the sediments. The concentrations of dissolved,

particulate and total contaminant in bed layers are related by:

C tb = C db + C pb = f db C tb + f pb C tb

(9a)

MODELING OF CONTAMINANT TRANSPORT AND FATE IN WATER COLUMN
The 1-D governing equation for the fate and transport of a contaminant in water column is given as:

qt ,ex
∂C tw 
J
1  ∂ ( AC tw ) ∂ (αQC tw ) ∂ 
+
−
 EL A
 = qtw + S tw + dbw +

∂x
∂x 
∂x 
h
h
A  ∂t

(10)

where
C tw

total concentration of contaminant in water column (Ci/m3)

qtw

total loading rate of contaminant (Ci/m3/s)

S tw

source/sink term due to radioactive decay, and physical, chemical, and biological reactions
(Ci/m3/s)

J dbw

vertical diffusion flux between water column and bed surface layer (Ci/m2/s)

qt ,ex

exchange rate of contaminant due to erosion/deposition (Ci/m2/s)

The source/sink term encompasses various processes and is expressed as:
Radioactive Decay

S tw = −


S rad

Hydrolysis

−


Sh

Photolysis

−


Sp

Biodegredation

−


Sb

BioticOrganisms

Volatilization

−


Sv

−




S
∑ i

i∈{a , z , f , p ,...}

(11)

In the present simulations none of the processes expressed in eq. 11 are taken into account. As explained
previously even the radioactive decay is not significant due to long half life of Ra-226 and Th-230 and
short simulation times.
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The exchange rate of contaminant due to deposited and eroded sediment is calculated by Wu (2008)

qt ,ex = max(Eb − Db , 0 )

f pw
 pm'
C tb
f dw
+ min (Eb − Db , 0 ) 
+
1 − pm '
c sv
 1 − p m ' 1 − c sv


 C tw


(12)

where
Eb

erosion rate of bed sediments (m/s)

Db

deposition rate of sediments (m/s)

pm '

porosity of the surface bed layer (-)

csv

sediment concentration by volume (-)

Erosion and deposition rates for the sediments, Eb and

Db

, are computed by the sediment transport

module.
The diffusion of contaminant at the water sediment interface is calculated by Fick’s law:

J dbw = k dbw (C db − C dw ) = k dbw ( f db Ctb − f dw Ctw )

(13)

where
k dbw

overall mass diffusion coefficient across the bed surface layer (m/s)

f db

fraction of dissolved concentration in the bed surface layer (-)

C db

dissolved concentration of contaminant in the bed surface layer (Ci/m3)

C tb

total concentration of contaminant in the bed surface layer (Ci/m3)

MODELING OF CONTAMINANT IN SEDIMENT
The fate and transport of contaminant in the bed surface layer (also called mixing layer or layer 1) is
governed by:

∂ (δ 1C tb ,1 )
∂t

= Qtb ,1

Decomposition
ltransfer ( layer1− water )
entation

 Diffusiona


 Se dim

− k tb ,1 δ 1C tb ,1 − k dbw ( f db ,1C tb ,1 − f dw C tw ) − qt ,ex

+ k db1, 2 ( f db , 2 C tb , 2 − f db ,1C tb ,1 ) +

Diffusional transfer ( layer 1− 2 )

qtb1, 2


(14)

Exchange ( layer 1− 2 )

The above equation expresses the exchanges with the water column above and the 2nd sediment layer
below. In the above equation only the term expressing the decomposition is not taken into account for the
present study. All the other terms are simulated.
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An equation similar to eq. 14 can also be written for the layer 2 under the surface bed layer:

∂ (δ i C tb ,i )
∂t

= Qtb ,i

(layer i − layer i −1)
Diffusional transfer (layer i − layer i −1)
Decomposition

 Sediment exchange



qtbi −1,i
− k tb ,i δ i C tb ,i −
− k dbi ,i −1, ( f db ,i C tb ,i − f db ,i −1C tb ,i −1 )

+

qtbi ,i +1


Sediment exchange (layer i − layer i +1)

+ k dbi ,i +1 ( f db ,i +1C tb ,i +1 − f db ,i iC tb ,i )


(15)

Diffusional transfer (layer i − layer i +1)

In the above equations, we have

Ctb ,1

total concentration of contaminant in the mixing layer (bed layer 1) (Ci/m3)

C tb , 2

total concentration of contaminant in bed layer 2 (Ci/m3)

Ctb ,i

total concentration of contaminant in the bed layer i (Ci/m3)

C tb ,i −1

total concentration of contaminant in the bed layer i-1 (Ci/m3)

C tb ,i +1

total concentration of contaminant in the bed layer i+1 (Ci/m3)

δ1

depth of the mixing layer (bed layer 1) (m)

δi

depth of sediment layer i (m)

Qtb ,1

total contaminant loading in the mixing layer (bed layer 1) (Ci/m2/s)

Qtb ,i

total contaminant loading in layer i (Ci/m2/s)

k tb ,1

decay coefficient of the contaminant in the mixing layer (bed layer 1) (s-1)

k tb ,i

decay coefficient of the contaminant in layer i (s-1)

f db,1

fraction of dissolved contaminant in the mixing layer (bed layer 1) (-)

f db , 2

fraction of dissolved contaminant in bed layer 2 (-)

f db,i

fraction of dissolved contaminant in layer i (-)

k db1, 2

diffusional transfer coefficient of the dissolved contaminant in between mixing layer (bed layer
1) and bed layer 2 (m/s)

k dbi ,i −1

diffusional transfer coefficient of the dissolved contaminant in between layers i and i-1 (m/s)

k dbi ,i +1

diffusional transfer coefficient of the dissolved contaminant in between layers i and i+1 (m/s)

qtb1, 2

sediment exchange with between the mixing layer (bed layer 1) and bed layer 2 (Ci/m2/s)

qtbi ,i −1

sediment exchange with between layers i and i-1 (Ci/m2/s)

qtbi ,i +1

sediment exchange with between layers i and i+1 (Ci/m2/s)

There is no contaminant budget equation for the third layer, which acts like an infinitely deep storage
layer. It is also important to note that, in the current version of CCHE1D, there is no sediment exchange
between layers 2 and 3; thus, in eq. we have
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Appendix D
Suspended Sediment Discharge versus Streamflow Discharge
Rating Curve Calculations for Roanoke River
Suspended sediment data was obtained from the USGS for the Altavista and Randolph gage stations
located on Roanoke River. Suspended sediment data was not available at the Brookneal station.
Logarithmic plots of the time series data is provided in Figure D-1 and Figure D-2.

Figure D-1. Time Series Plot of Suspended Sediment and Streamflow Discharge Data for Roanoke River at
Altavista, VA

Figure D-2. Time Series Plot of Suspended Sediment and Streamflow Discharge Data for Roanoke River at
Randolph, VA
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The suspended sediment data at Altavista and Randolph revealed a nearly linear relationship between the
logarithm of the sediment discharge and the logarithm of the streamflow discharge as seen in Figure D-3
and Figure D-4.

Sediment Discharge (tons/day)

1,000,000
100,000
10,000
1,000
100
10
1
1

10

100

1,000

10,000

Discharge (cms)
Figure D-3. Logarithm of Sediment Discharge versus Logarithm of Streamflow Discharge for Roanoke
River at Altavista, VA

The relationships can be given as,
Qs = 0.1778Qw1.9908

for Altavista gage station

Qs = 0.1310Qw1.8177

for Randolph gage station

Where Qs is the sediment discharge in tons per day
Qw is the streamflow discharge in cubic meters per second
The two equations can then be used to establish a sediment discharge-streamflow discharge relationship
for the entire Roanoke River watershed.
First, the two equations are raised to an average power of 1.9043 converting the equations to
Qs = 0.2452Qw1.9043

for Altavista gage station

Qs = 0.0890Qw1.9043

for Randolph gage station
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Second, the coefficients versus drainage area are plotted for the two gage locations as shown in Figure D5. A line passing through these two points can be used to develop a rating curve.

Sediment Discharge (tons/day)
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1,000
100
10
1
1

10

100
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Figure D-4. Logarithm of Sediment Discharge versus Logarithm of Streamflow Discharge for Roanoke
River at Randolph, VA
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Figure D-5. Coefficient of Suspended Sediment Rating Curve vs Drainage Area for Roanoke River

The equation of the line passing through these two points is,
C = -5.0935 x 10-5AUD + 0.48028
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Where C is the coefficient in the sediment discharge versus streamflow discharge relationship
AUD is the upstream drainage area in square kilometers
This means for any location along the Roanoke River study reach, the relationship between suspended
sediment discharge and streamflow discharge is:
Qs = (-5.0935 x 10-5AUD + 0.48028)Qw1.9043
Using the drainage area at the upstream end of the study (6,079 sq km) and the drainage area at the mouth
of Kerr Reservoir (8,358 sq km), the equations are:
Qs = 0.1707Qw1.9043

for Roanoke River at Straightstone Creek (upstream end of study)

Qs = 0.0546Qw1.9043

for Roanoke River at Mouth of Kerr Reservoir

Suspended Sediment Discharge versus Streamflow Discharge
Rating Curve Calculations for Banister-Dan Rivers
The USGS has published suspended sediment data at the Paces gage along the Dan River. A logarithmic
time series plot is shown in Figure D-6.

Figure D-6. Time Series Plot of Suspended Sediment Data and Streamflow Discharge Data for Dan River
at Paces, VA

The suspended sediment data obtained from the USGS gage at Paces revealed a nearly linear relationship
between the logarithm of the sediment discharge and the logarithm of the streamflow discharge as shown
in Figure D-7.
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Figure D-7. Logarithm of Sediment Discharge versus Logarithm of Streamflow Discharge for Dan River at
Paces, VA

The relationship can be written as:
Qs = 0.029Qw1.8812
Where Qs is the sediment discharge in tons per day
Qw is the streamflow discharge in cubic meters per second
Because measured suspended sediment data is only available at this single gage along the Banister and
Dan Rivers, a generalized rating curve could not be developed for Banister and Dan Rivers similar to the
one developed for Roanoke River.
Therefore, the same sediment rating curve equation developed Roanoke River was used for both Banister
and Dan Rivers:
Qs = (-5.0935 x 10-5AUD + 0.48028)Qw1.9043
Using the drainage area at the Paces gage (6,700 sq km), this equation becomes:
Qs = 0.1390Qw1.9043

for Dan River at Paces

A better agreement with measured data was obtained (as a result of trial and error) when the power
exponent was changed from 1.9043 to 2.05:
Qs = 0.1390Qw2.05

262

for Dan River at Paces

February 2011

Potential Downstream Impacts of Uranium Mining
A comparison of the rating curve at Paces and the observed data is shown in Figure D-8.
10,000

Discharge (cms)

1,000
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10

1
1

10

100

1,000

10,000

100,000

1,000,000

Sediment Discharge (tons/day)
Computed Rating Curve

Observed Data at Paces

Figure D-8. Comparison of Computed Rating Curve and Observed Data on Dan River at Paces

Therefore, for any given point along Banister and Dan Rivers, the suspended sediment rating curve can be
given as:
Qs = (-5.0935 x 10-5AUD + 0.48028)Qw2.05
Where Qs is the sediment discharge in tons per day
Qw is the streamflow discharge in cubic meters per second
AUD is the upstream drainage area in square kilometers
Therefore, sediment rating curves for various locations along the rivers are:
Qs = 0.4432Qw2.05

for Banister River at Whitehorn Creek (upstream end of study, drainage
area = 727 sq km)

Qs = 0.4323Qw2.05

for Banister River at Allen Creek (drainage area = 943 sq km)

Qs = 0.4181Qw2.05

for Banister River at Sandy Creek (drainage area = 1,220 sq km)

Qs = 0.4081Qw2.05

for Banister River at Halifax gage station (drainage area = 1,417 sq km)

Qs = 0.1159Qw2.05

for Dan River at Mouth/Kerr Reservoir (drainage area = 7,154 sq km)
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Appendix E
Methodology to Compute Outflow Volume, Run-Out Distance and
Hydrograph for Tailings Dams Failures
Rico et al. (2008) have provided a series of functional relationships that are summarized in Figure E-1.
These relationships can be used to estimate the outflow volume, run-out distance and hydrograph of the
tailings flow entering into the river system (Banister or Roanoke). Below, the procedure is described
below step by step:
1. Select a dam height H in m
2. Assume a surface area for the reservoir and compute the total volume of tailings impounded, VT . The
maximum surface area allowed by NRC, is

A = 161,871m 2 ( A = 40 acres ).

3. Compute the total volume of tailings impounded, VT . Assuming the maximum surface area allowed
by NRC, the total impounded volume is given by:
(1)

VT = A H = 161,871 H
Total volume reservoir volume in millions of m3 will be demoted by a special symbol

VT ' = VT / 10 6
4. Figure 1.a shows the relationship between the outflow volume, V F , in millions of m3 (which will be
denoted as V F ' ) and the total volume of the reservoir, VT , in millions of m3 (which will be denoted
as VT ' ). Use the following best fit equation developed for tailings dam to compute V F ' :

VF ' = 0.354 (VT ')

1.01

(r

2

= 0.86 )

(2)

This equation indicates that approximately 35-percent of the total volume impounded in the reservoir
will flow downstream following a failure. The upper limit for the outflow volume is of course the
total impounded volume, i.e.

VF max = VT

and/or

VF max ' = VT '

(3)

5. Calculate the dam factor, D F , defined by Rico et al (2008) as the product of the dam height, H , in
meters and the outflow volume in millions of m3, V F ' :
(4)
DF = H VF '
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(a)

(b)

(c)

(d)

(e)

(f)

Figure E-1. Empirical relationships proposed by Rico et al. (2008) to estimate the outflow volume, runout distance, and the maximum discharge in case of a tailings dam failure.

These relationships are based on the data available from past dam failures.
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6. Figure E-1.b shows the relationship between the run-out distance,

Dmax , in km and the dam factor,

D F . Use the following best fit equation developed for tailings dam to estimate the run-out distance:

Dmax = 1.61 (DF )

r 2 = 0.57

0.66

(5)

Envelop curve of the run-out distance of all historical failures is given by:

Dmax = 12.46 (DF )

0.79

(6)

7. Figure E-1.c shows the relationship between the maximum discharge,

Qmax ,

in m3/s and the dam

factor, D F . Use the following best fit equation developed for constructed dams to estimate the
maximum discharge:

Qmax = 325 (DF )

0.42

(7)

8. Figure E-1.d shows the relationship between the run-out distance,
3

Dmax ,

in km and the outflow

volume, V F ' , in millions of m . Use the following best fit equation to estimate the run-out distance:

Dmax = 14.45 VF ' 0.76

(r

2

= 0.56 )

(8)

The above best fit equation has a standard error of 0.62-percent. The upper limit for the run-out
distance is given by:

Dmax = 112.61 VF ' 0.81

(9)

which corresponds to water impounding dams.
Although the scatter of the data is greater and the correlation coefficients are lower, Rico et al. (2008) also
provides relationships to calculate run-out distance and the maximum discharge based on directly the
height of the dam. These are explained below
9. Figure E-1.e shows the relationship between the run-out distance, Dmax , in km and the dam height,
H , in m. Use the following best fit equation to estimate the run-out distance directly from dam
height:

Dmax = 0.05 H 1.41
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2
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The poor correlation coefficient is due to the fact that the run-out distance is also governed by various
other factors such as slope, yield stress, plastic viscosity, etc.
The run-out distance for water retention curves constitute the envelope curve for run-out distance of
tailings dams:

Dmax = 0.01 H 3.23

(11)

10. Figure E-1.f shows the relationship between the peak discharge, Qmax , in m3/s and the dam height,
H . Use the following best fit equation, established for constructed dams, to estimate the maximum
discharge directly from the dam height:

Qmax = 10.5 H 1.87
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Appendix F
COMPUTATION OF URANIUM LOADINGS INTO A RIVER/RESERVOIR SYSTEM DUE TO
FAILURE OF A TAILINGS DAM
•

Density of sediment is defined as the sediment mass per unit volume of sediment. We assume that:
(1)
ρ s = 2650kg / m 3

•

Specific weight of sediment is defined as the sediment weight per unit volume of sediment. We have:
(2)
γ s = g ρ s = 25,996.5 N / m 3
where g = 9.81m / s 2 is the gravitational acceleration.

•

•

•

The density of water is:
ρ w = 1000kg / m 3

(3)

The specific weight of water is:
γ w = g ρ w = 9,810 N / m 3

(4)

Specific density of the sediment is a dimensionless quantity defined as the ratio of density of
sediments to density of water:

ss =
•

ρ s 2650
=
= 2.65
ρ w 1000

(5)

Sediment concentration by weight (also called sediment content) is the weight of solids divided by the
total weight of solids and water.

c sw =

Ws
Ws
=
Wm W s + W w

(6)

where Ww , Ws , and Wm represent the weight of water, solids and the mixture, respectively.
We will assume that the sediment concentration by weight of the tailings is:

c sw = 0.5 (−)
•

(7)

Sediment concentration by volume is the volume of solids divided by the total volume of the
sediment-water mixture.

c sv =

∀s
∀s
=
∀m ∀s + ∀w

(8)

where ∀ w , ∀ s , and ∀ m represent the volume of water, solids and the mixture, respectively. It is
important to note that csv and csw are related by the following expression:
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c sw =

s s c sv

1 + (s s − 1) c sv

(9)

One can also write:

c sv =

c sw

[s s − (s s − 1) c sw ]

(10)

We have thus:

c sv =
•

•

•

0.5
= 0.274 (−)
[2.65 − (2.65 − 1) 0.5]

(11)

Density (kg/m3) of water-sediment mixture is computed from:
ρ m = ρ s c sv + ρ w (1 − c sv ) = (2,650 ) (0.274 ) + (1,000 ) (1 − 0.274 ) = 1,452.05 kg/m 3

(12)

Specific weight (N/m3) of water-sediment mixture is given by the following expression:
γ m = gρ m = (9.81) (1,452.95) = 14,244.66 N/m 3

(13)

Mass density (or concentration) of sediments is defined as the ratio of the mass of sediments divided
by the volume of the water-sediment mixture. It has the units of kg/m3. This quantity is frequently
used in sediment transport models. It can be related to sediment concentration by volume using the
following expression:

c sm =

ρ s ∀ s ρ s c sv ∀ m
=
= ρ s c sv
∀m
∀m

(14)

In the present case the numerical value is calculated as:
c sm = ρ s c sv = (2,650 ) (0.274 ) = 726.03 kg/m 3

(15)

•

Weight of sediments per unit volume of the water-sediment mixture, which has the units of N/m3, can
be calculated as follows:
(16)
(c s )W = γ s c sv = g c sm = (9.81) (726.03) = 7,122.33 N/m 3

•

Assume that the grain size distribution of tailings is represented by Gee et al. (1980). The percentages
of slimes and sands are as follows:
(17a)
f s lim e = 0.375

f sand = 0.625

(17b)

Thus the weight of the slimes and sands per unit volume of water-sediment are calculated as:

(c s )Ws lim e
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= f s lim e (c s )W = (0.375) (7,122.33) = 2,670.87 N / m 3
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(c s )Wsand

= f sand (c s )W = (0.625) (7,122.33) = 4,451.46 N / m 3

(18b)

Figure F-1. Separation of Sand and Slime Percentages.

•

•

270

Now consider the lower and upper limits of uranium content in sands and slimes given in Table F-1.
Lo
(19a)
a sand
= 0.004 % by weight = 0.00004
a Up
sand = 0.01 % by weight = 0.0001

(19b)

a sLolim e = 0.008 % by weight = 0.00008

(20a)

a Up
s lim e = 0.02 % by weight = 0.0002

(20b)

Using these, we can calculate the lower and upper limits of the weight of the uranium in sands and
slimes per unit volume of the water-sediment mixture:
Lo
(WU )sand

Lo
(c s )Wsand = (0.00004) (4,451.46) = 0.18 N / m 3
= a sand

(21a)

(WU )Upsand

3
= a Up
sand (c s )Wsand = (0.0001) (4,451.46 ) = 0.45 N / m

(21b)
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(WU )sLolim e = a sLolim e (c s )Ws lim e = (0.00008) (2,670.87 ) = 0.21 N / m 3

(22a)

3
(WU )Ups lim e = a Up
s lim e (c s )Ws lim e = (0.0002 ) (2,670.87 ) = 0.53 N / m

(22b)

Table F-1. Chemical and radiological properties of the three classifications of uranium mill tailings
(sand, slime, and liquid).

This table is taken from EPA (2008), which in turn was adapted from NRC (1980) and found in EPA
(2006).
Tailings
Component

Sands

Slimes

Liquids

Particle Size
(μm)

Chemical Composition

Radioactivity Characteristics
0.004 to 0.01 wt % U3O8a

75 to 500

SiO2 with <1 wt% complex silicates
of Al, Fe, Mg, Ca, Na, K, Se, Mn,
Ni, Mo, Zn, U, and V; also metallic
oxides

45 to 75

c

Small amounts of SiO2, but mostly
very complex clay-like silicates of
Na, Ca, Mn, Mg, Al, and Fe; also
metallic oxides
Acid leaching: pH 1.2 to 2.0;
Na+,NH4+, SO42, Cl, and PO43;
dissolved solids up to 1 wt %
Alkaline leaching: pH 10 to 10.5;
CO32 and HCO3; dissolved solids 10
wt %

Acid Leaching: 26-100 pCi
226
Ra/g; 70 to 600 pCi 230Th/g
U3O8 and 226Ra are almost twice
the concentration present in the
sands
Acid leaching:b 150 to 400 pCi
226
Ra/g; 70 to 600 pCi 230Th/g
Acid leaching: 0.001 to 0.01% U;
20 to 7,500 pCi 226Ra/L; 2,000 to
22,000 pCi; 230Th/L Alkaline
leaching: 200 pCi 226Ra/L;
essentially no 230Th (insoluble)

a

U3O8 content is higher for acid leaching than for alkaline leaching

b

Separate analyses of sands and slimes from alkaline leaching process are not available. However, total
226
Ra and 230Th contents of up to 600 pCi/g (of each) have been reported for the combined sands and
slimes.

c

Particle size does not apply. Up to 70 % vol. of the liquid may be recycled. Recycle potential is greater
in the alkaline process.
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•

The lower and upper limits of mass concentrations of U3O8 from sands and slimes can be calculated
as:
Lo
Lo
(23a)
M U 3O8 sand = (WU )sand / g = (0.18) / (9.81) = 0.0182 kg / m 3

(

)

(M

Up
U 3O8 sand

)

(M

Lo
U 3O8 s lim e

)

= (WU )s lim e / g = (0.21) / (9.81) = 0.0218 kg / m 3

(24a)

(M

Up
U 3O8 s lim e

)

= (WU )s lim e / g = (0.53) / (9.81) = 0.0545 kg / m 3

(24b)

= (WU )sand / g = (0.45) / (9.81) = 0.0454 kg / m 3
Up

(23b)

Lo

Up

Note that, in Equations 23a,b and 24a,b the m3 in the units represent m3 of the volume water-sediment
mixture (tailings volume). By knowing the hydrograph of the tailings outflow from the dam, we can
calculate the amount of uranium inject into the river/reservoir system from the fractions of sands and
slimes.

Figure F-2. Periodic table

(taken from http://www.bpc.edu/mathscience/chemistry/images/ periodic_table_of_elements.jpg)
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•

Referring to the periodic table presented in Figure F-2, the atomic weights of uranium and oxygen are
238.93 and 15.999, respectively. Thus the percentage of uranium in a given amount of U3O8 can be
calculated as:

αU =

(3) (238.03)
= 84.8 %
(3) (238.03) + (8) (15.999)

(11)

Accordingly, the lower and upper limits of mass concentrations of uranium from sands and slimes
are:

•

Lo
(M U )sand
= αU

(M

Lo
U 3O8 sand

)

= (0.848) (0.0182 ) = 0.0154 kg / m 3

(25a)

(M U )Up
= αU
sand

(M

Up
U 3O8 sand

)

= (0.848) (0.0454 ) = 0.0385 kg / m 3

(25b)

(M U )sLolim e = α U

(M

Lo
U 3O8 s lim e

)

= (0.848) (0.0218) = 0.0185 kg / m 3

(26a)

(M U )Up
= αU
s lim e

(M

Up
U 3O8 s lim e

)

= (0.848) (0.0545) = 0.0462 kg / m 3

(26b)

To calculate the amount of uranium loading into the river reservoir system from of the liquids parts of
the tailings, consider first the volume concentration of sediments in the water-sediment mixture,
which was previously calculated as follows:

c sv =

0.5
= 0.274 (−)
[2.65 − (2.65 − 1) 0.5]

(11)

Volume concentration of liquids in the water-sediment mixture is then:

c wv = 1 − c sv = 1 − 0.274 = 0.726 (−)

(27)

Assuming that the density of the liquids is approximately equal to the density of water, the mass
concentration of liquids in the mixture is:
c wm = ρ w c wv = (1,000 ) (0.726 ) = 726.00 kg/m 3

(28)

The term cwm represents mass of liquids per m3 of sediment water mixture (tailings). According to
Table F-1, the upper and lower limits of solute concentration of uranium in the liquids part of the
tailings are given as follows:
Lo
bliquids
= 0.001 % by weight or by mass = 0.00001

(29a)

Up
bliquids
= 0.01 % by weight or by mass = 0.0001

(29b)
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Based on this data, the lower and upper limits of mass concentrations of uranium from liquids can be
calculated as:
Lo
(M U )liquids

Lo
c wm = (0.00001) (726.00 ) = 0.0073 kg / m 3
= bliquids

(30a)

(M U )Up
liquids

Up
= bliquids
c wm = (0.0001) (726.00 ) = 0.0726 kg / m 3

(30b)

Note that, in Equations 30a,b the m3 in the units represent m3 of the volume water-sediment mixture
(tailings volume). By knowing the hydrograph of the tailings outflow from the dam, we can calculate
the amount of uranium injected into the river/reservoir system from the liquids.
•

To summarize, lower and upper limits of total uranium loading into the river/reservoir system will be:
Lo
Lo
Lo
Lo
(M U )total
= (M U )sands + (M U )s lim es + (M U )liquids =
(31a)
0.0154 + 0.0185 + 0.0073 = 0.0412 kg / m 3
Up
Up
Up
(M U )Up
= (M U )sands + (M U )s lim es + (M U )liquids
total

=

0.0385 + 0.0462 + 0.0726 = 0.1573 kg / m 3
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(31b)
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