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INTRODUCTION 

This report has been developed to assist U.S. Nuclear Regulatory Commission (NRC) staff in 
performing reviews of license applications for uranium recovery operations using conventional 
milling or heap leach techniques.  The focus is on providing information to address some 
uncertainties associated with the use of bottom liners under tailings impoundments at uranium 
recovery facilities.  In addition, the information can be used to provide insights regarding the 
long-term performance expectations of bottom liners at tailings impoundments.  Our literature 
search revealed that most of the information on bottom liners is related to their use in facilities 
other than uranium milling, such as milling of other metals (e.g., gold) or in impoundments or 
landfills used to isolate industrial, municipal, or other hazardous waste.  Nevertheless, the 
information can be interpreted in the context of isolating uranium mill tailings. 

NRC has the authority to regulate uranium milling under the Atomic Energy Act of 1954, as 
amended, and the Uranium Mill Tailings Radiation Control Act of 1978, as amended.  Uranium 
recovery is the process of extracting uranium from naturally occurring ore.  Uranium recovery 
produces byproduct material, which is defined as “… the tailings or wastes produced by the 
extraction or concentration of uranium or thorium from any ore processed primarily for its source 
material content.”  The largest volume of byproduct material from conventional uranium mills 
and heap leach facilities is mill tailings.  Other wastes, such as contaminated equipment, are 
also byproduct material.  NRC does not regulate the mining of uranium.  The U.S. Department 
of Interior, the U.S. Department of Labor, Mine Safety and Health Administration, and the 
individual states regulate mining operations. 

An NRC source and byproduct material license is required under the provisions of 10 Code of 
Federal Regulations (CFR) Part 40, Appendix A to recover uranium from ore (physical and/or 
chemical processes).  General provisions for issuance, amendment, transfer, and renewal of 
NRC licenses are contained in 10 CFR Part 2, Subpart A, and 10 CFR 40.31.  An applicant for a 
new operating license for a uranium recovery commercial-scale facility is required to provide 
detailed information on the facilities, equipment, and procedures it plans to use  and to state the 
effects of proposed operations on public health and safety.  The applicant’s technical report 
providing this information serves as a basis for a detailed review by NRC staff to determine 
whether the proposed activities will be protective of public health and safety and whether the 
applicant has addressed the applicable NRC regulations in 10 CFR Part 20; 10 CFR Part 40; 
and 10 CFR Part 40, Appendix A. 

This report supplements existing NRC guidance documents for uranium recovery operations by 
providing additional information on some aspects of bottom liners of tailings impoundments at 
uranium recovery facilities.  The minimal maintenance requirement of 10 CFR Part 40, 
Appendix A, Criterion 1 is addressed, as well as the dewatering requirement applicable to new 
sites as per 10 CFR Part 40, Appendix A, Criterion 5E(3).  This report addresses potential 
chemistry of seepage waters or leachate in tailings impoundments, performance of clay and 
polymer liners, potential system failures of bottom liners, and dewatering techniques in tailings 
impoundments.  The information is synthesized from reviews of pertinent literature.  The last 
chapter of this report addresses long-term performance expectations for bottom liners.  An 
appendix with additional literature citations provides further resources for NRC staff use.
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1 LEACHATE CHEMISTRY 

 Introduction 1.1

Leachate is defined in 10 CFR Part 40, Appendix A as “any liquid, including any suspended or 
dissolved components in the liquid that has percolated through or drained from the byproduct 
material.”  The definition pertains to the migration of leachate away from the “byproduct 
material” into the surrounding environment, where it is a potential source of contamination.  To 
consider how leachate may interact with the engineered covers or bottom liners used in a 
tailings impoundment, for the purposes of this report, the meaning of leachate is expanded to 
include the “unmigrated” fraction of the liquid, also termed the tailings effluent, which has 
remained in contact with the tailings or other byproduct material. 

Uranium ore deposits contain the three naturally occurring isotopes of uranium (U-238, U-235, 
and U-234).  Of these, U-238 is by far the most abundant, accounting for more than 99 percent 
of the total.  U-238 is long-lived, with a half-life of more than 4.4 billion years, so its radioactive 
decay rate is low, but the decay of each U-238 atom initiates a chain of additional decays to 
other radionuclides.  The milling process typically extracts 90 to 95 percent of the uranium from 
the ore, but most of the radioactivity associated with a uranium ore deposit is retained in the 
tailings by the various U-238 decay chain daughters.  The radioactivity of uranium mill tailings 
varies according to the grade of the ore, but the total activity [total decays per second (s)] 
associated with a tailings impoundment as a whole is likely to be considerable, simply due to the 
many tons of tailings that are generated by the uranium milling operations (Abdelouas, 2006; 
IAEA, 2004).  Depending on the properties of a specific ore deposit, the milling process may 
also mobilize non-radioactive elements present in the ore, such as molybdenum, vanadium, 
selenium, iron, lead, or arsenic, but these are seldom extracted for their economic value and 
typically are disposed with the tailings and processing fluids. 

The three main radionuclides of concern in uranium mill tailings are thorium (Th-230 with a 
half-life of 77,000 years), which decays to radium (Ra-226 with a half-life of 1,600 years), which 
in turn decays to radon (Rn-222 with a half-life of 3.8 days), which is a gas-phase alpha emitter.  
Radon decay also produces a rapid decay sequence of several other radionuclides that have 
half-lives of only minutes or seconds, which increase the radiological hazard radon poses when 
it is present in or near the surface environment.  In addition to the potential release of radon gas 
to the atmosphere from a tailings impoundment, the other radionuclides that are exposed at the 
surface of an uncovered tailings deposit may be transported long distances as windborne dust 
particles and deposited as contamination elsewhere.  Radionuclides also may be transported by 
the seepage of leachate from a tailings impoundment, either as dissolved species or as 
suspended colloidal particles in the leachate. 

 Chemistry of Leachate Formation 1.2

The two main factors contributing to the composition of the leachate are (i) the physical and 
chemical properties of the crushed and chemically processed ore (i.e., tailings) and (ii) the 
chemically aggressive chemicals that are used in milling or heap leach operations to process 
ore.  Most mined uranium deposits in the United States occur in clastic sedimentary rocks, 
namely in (i) medium- to coarse-grained sandstones, (ii) lignite deposits in clay and sandstone, 
and (iii) organic-rich or pyritic black shales (World Nuclear Association, 2012).  The most 
abundant minerals in these rocks are common silicates (primarily quartz, feldspars, and clays), 
with small amounts of carbonates, sulfates, and redox-sensitive accessory minerals, such as 
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pyrite (FeS2) and other metallic sulfides or oxides.  The host rock mineralogy determines 
whether an acidic or alkaline leaching process is used in the mill to separate and concentrate 
the uranium fraction from the ore.  In most cases, uranium ore is processed by leaching the 
crushed rock in strong sulfuric acid (H2SO4), which causes the uranium to dissolve and complex 
with sulfate ions in the solution.  The uranium is subsequently removed from the leachate and 
concentrated by solvent extraction or ion exchange, followed by reaction with gaseous ammonia 
to precipitate the uranium as ammonium diuranate (referred to as “yellow cake”).  If an ore 
deposit host rock has a high proportion of carbonate minerals (e.g., a limestone or perhaps 
a calcite-cemented sandstone), the sulfuric acid milling treatment is less effective because 
much of the sulfuric acid is consumed by reaction with the carbonate minerals instead of the 
uranium ore minerals.  In those cases, the uranium ore may be leached with a strongly alkaline 
(high pH) sodium carbonate solution, which dissolves the uranium and causes it to complex 
with carbonate ions.  The dissolved uranium is ultimately precipitated as a sodium or 
magnesium diuranate. 

At many milling facilities, the extreme acidity of the postprocessing tailings slurry is neutralized 
by adding reagents such as magnesium oxide (MgO), calcium oxide or lime (CaO), or calcium 
carbonate (CaCO3) to the slurry, or by combining acid-leach and alkaline-leach waste streams.  
Addition of reagents to raise the pH can produce voluminous hydroxide sludges containing 
secondary solid phases, such as hydrated ferrous or ferric iron hydroxides, gypsum, and 
various coprecipitated metals.  These amorphous or finely crystalline precipitates effectively 
scavenge dissolved and colloidal contaminants from the leachate in a process that is similar to 
iron-coagulation treatment methods that are used in water treatment plants (Landa, 2004).  
Even if special reagents are not added postprocessing to the leachate to adjust its chemistry, 
continued reactions over time between leachate and the minerals in the tailings are likely to 
adjust acidic compositions to more neutral pH values. 

At other uranium mill tailings facilities and heap leach pads, low pH conditions are not adjusted, 
so the leachate remains acidic.  This increases the solubility of iron oxyhydroxides, which 
otherwise act as an important control on the mobility of many radionuclides and heavy metals, 
because contaminants either sorb to the surfaces of the iron oxyhydroxide phases or become 
incorporated as trace elements in the mineral structure itself.  At the other extreme, alkaline 
(high pH) leachates in a tailings impoundment can pose health and environmental concerns, 
because other potentially toxic trace elements in the tailings, such as arsenic, can be mobilized 
in high concentrations under alkaline conditions.  The geochemistry of arsenic mobilization has 
been studied extensively in uranium mill tailings in western Canada (e.g., Shaw, et al., 2011; 
Donahue and Hendry, 2003; Langmuir, et al., 1999). 

Another factor influencing leachate chemistry is the potential reactivity of pyrite (FeS2) and other 
sulfide minerals in the tailings that contribute to acid rock drainage, which is an environmental 
concern in the industry as a whole (e.g., Price and Aziz, 2012).  Wherever sulfide minerals, such 
as pyrite, are part of the mined waste rock that is disposed at the Earth’s surface, interactions 
between atmospheric oxygen and the exposed sulfides can generate sulfuric acid.  The 
acidification process is catalyzed by bacterial activity, which lowers the pH of surface waters or 
near-surface groundwater to acidic values that can severely affect entire ecosystems.  However, 
if mine tailings are submerged rather than exposed to air, rates of sulfide oxidation and acid 
production decrease markedly because the concentration of molecular oxygen in water is 
significantly lower than the concentration in air.  Also, the diffusion rate of oxygen in water is 
much slower than in air, so the sulfide reactions tend to deplete the dissolved oxygen in the 
water, which further slows the reaction.  The larger volume of water in submerged tailings also 
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may dilute and buffer the pH to more neutral values, so that the sulfide minerals are less soluble 
(CANMET, 1998). 

Microbial activity can also influence leachate chemistry, even for the extreme chemical 
conditions associated with uranium processing fluids (Wolfaardt, et al., 2008; Landa, 1999).  
Biostimulation is sometimes part of deliberately targeted remediation treatments to produce 
chemical conditions that inhibit the migration of leachate contaminants in groundwater  
(e.g., Komlos, et al., 2007).  However, most microbes in tailings facilities occur naturally 
(Miller, et al., 1987).  Mine tailings in general are typically nutrient poor, but different microbial 
populations can flourish in tailings deposits depending on the specific conditions present.  For 
example, if organic matter is available for microbes to degrade, the sulfate ions that typically are 
abundant in uranium leachates can serve as an energy source for sulfate-reducing bacteria 
(CANMET, 1998).  These bacteria produce hydrogen sulfide as a reaction byproduct, which in 
turn can react in the leachate with many dissolved metals, such as arsenic, molybdenum, nickel, 
iron, lead, and cadmium, sequestering these contaminants in solid form as highly insoluble 
metal sulfides.  Other microbes use manganese or iron oxide solids as energy sources to break 
down organic matter and release manganese and iron to solution as reduced chemical species.  
In the top layer of tailings deposits, the manganese and iron ions may then bind with molecular 
dissolved oxygen near the air–water interface and reprecipitate as solids on the tailings surface.  
Because the manganese and iron oxides also act as sorption substrates for other contaminants, 
the overall effect limits the mobility of metals dissolved in the leachate. 

Ammonia is used in large quantities at many uranium mills to precipitate the extracted uranium 
from its final solution, and elevated nitrate concentrations are common in some mill tailings 
leachates.  Most of the nitrate, an environmental contaminant in high concentrations, appears to 
be generated in tailings deposits by bacteria that use the abundant ammonia in the leachate as 
a substrate for energy production (Landa, 2004).  Anaerobic, nitrate-dependent microbial 
oxidation of ferrous iron can increase pyrite oxidation, increasing leaching of uranium and 
thorium (Wu, et al., 2010).  Elevated nitrate concentrations also hinder the microbial reduction of 
dissolved U(VI) because anaerobic bacteria prefer nitrate over U(VI) as an electron acceptor 
(Landa, 2004). 

 Ranges of Leachate Chemistry 1.3

Given the natural and engineered variations that are part of each milling operation, there is no 
single reference composition or simple range of compositions for uranium tailings leachates.  
Each geographic location and every ore body, mining operation, milling treatment process, 
tailings impoundment design, and milling operation’s history influence the leachate composition 
in the tailings impoundment.  However, some generalizations can be made about likely 
components and chemical factors affecting leachate chemistry.  This discussion focuses 
particularly on the geology, climate, and recent uranium milling procedures used in the western 
part of the United States, which represents most of the nation’s uranium recovery operations, 
and in western Canada, from which some of the most complete data sets are available for 
tailings management facilities.   Table 1.1 lists selected examples of published leachate 
compositions for geographic areas.  As the table indicates, publicly available comprehensive 
chemical analyses of individual leachates are not common. 

The leachate chemistry in a tailings impoundment is established by the milling process and by 
subsequent reactions in the tailings after emplacement.  As described in a guide for the 
management of tailings facilities (Mining Association of Canada, 2011), the key factors include 
the types of reagents used in the mill to extract and process the uranium; additional fluid 
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Table 1-1.  Tailings Leachate Compositions and Associated Mill Process Liquids 

Source Mill Location—Western USA 

Concentration (mg/L) 

pH Al As Ca Cl HCO3 Fe Na NH4 NO3 Si SO4 U 
1* Quivira (NM), mill process liquid 1.1 - - - 1,540 - - - - - - 34,600 - 
2† Exxon Highland (WY) 1.8 577 3.5 484 97 - 2,215 330 - 16.5 233.5 12,850 100 
3‡ Exxon Highland (WY) 2.4 261 - 584 272 - 775 262 - - 240 7,850 9 
4§ Shirley Basin (WY) 3.3 - 0.05 - 5,457 - 1342 - - - - 14,461 23 
5‖ Bear Creek (WY) 3.8 37.8 - 7.7 15.5 - 34.9 3.9 - - 0.67 172 - 
1* Quivira (NM), tailings 4.0 - - - 2,300 - - - - - - 16,000 - 
6¶ Monticello (UT) - - 0.3 340 1,000 466 - 3,529 - - - 6,300 13 
7# Moab (UT), under tailings pile - - - - 2,150 - - 3,020 297 181 - 4,910 4 
7# Moab (UT), under millsite - - - - 7,460 - - 6,850 511 152 - 15,300 23 
8** Bear Creek (WY) - - - - 600 - - - - - - 19,300 - 
9†† Split Rock (WY)—maximum values - 578 2.6 - - - - - 0.16 362 - - 4 

  Mill Location—Saskatchewan, Canada 
             10‡‡ McClean Lake, mill process liquid 0.8 393 275 126 30 - 950 32 - 36 - 26,100 <0.05 

11§§ Rabbit Lake, tailings at 56.5-m depth 9.6 0.2 21 532 390 - 0.13 463 - - 1.9 1,840 - 

12‖‖ 
Key Lake, Deilman ore, mill discharge 
liquid  9.8 - 3.7 613 - - 0.03 - - - - 1,638 - 

13¶¶ 
Key Lake, Deilman tailings, below 410-m 
depth 9.8 0.5 5.8 636 - 214 0.03 127 - - - 1,779 - 

13¶¶ 
Key Lake, McArthur tailings, above 410-
m depth 9.9 0.2 0.6 631 - 133 0.01 54 - - - 1,567 - 

14## Rabbit Lake, tailings at 1-m depth 10.0 1 3.8 561 - - 1.9 - - - - - 1 

12‖‖ 
Key Lake, McArthur ore, mill discharge 
liquid 10.1 - 0.2 634 - - 0.03 - - - - 1,574 - 

11§§ Rabbit Lake, tailings at 27.8-m depth 10.3 0.3 11 500 735 - 0.02 882 - - 3.2 2,090 - 
14##  Rabbit Lake, mill discharge liquid 11.2 1.3 2.1 658 - - 3.7 - - - - - 0 

Data Sources 
Al – aluminium; As – arsenic; Ca – calcium; HCO3 – hydrogen carbonate (bicarbonate); Fe – iron; Na – sodium; NH4 – ammonium; NO3 – nitrate; Si – silicon;  
U – uranium 
*Maxim Technologies, Inc.  “Application for Alternate Concentration Limits in the Alluvial Materials at the Quivira Mill Facility, Ambrosia Lake, New Mexico.”  
Prepared for Quivira Mining Company.  2001. 
†Gee, G.W., A.C. Campbell, D.R. Sherwood, R.G. Strickert, and S.J. Phillips.  NUREG/CR–1494, PNL–3381, “Interaction of Uranium Mill Tailings Leachate 
with Soils and Clay Liners.”  Table 1.3.  Prepared by Pacific Northwest Laboratory, Richland, Washington, for the U.S. Nuclear Regulatory Commission, 
Washington, D.C.  1980. 
‡Exxon Production Research Company.  “Highland Uranium Tailings Impoundments Seepage Study.”  Table 1.  EPR.5ES.82.  Houston, Texas:  Exxon Production 
Research Company.  1982. 
§Pathfinder Mines Corporation.  “Application for: Alternate concentration limits, Pathfinder Mines Corporation, Shirley Basin Mine.”  Table 2.1-1.  TW4–10C 
(1995 sample).  License No. SUA–442.  Docket No. 40-6622.  2000.  
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Table 1-1.  Tailings Leachate Compositions and Associated Mill Process Liquids 
Data Sources 
‖Zhu, C., G.M. Anderson, D.S. Burden.  “Natural Attenuation Reactions at a Uranium Mill Tailings Site, Western U.S.A.”  Table 1, Well TS–3 (1994 sample).  
Ground Water.  Vol. 40, No. 1.  pp. 5–13.  2002. 
¶Morrison, S.J. and R.R. Spangler.  “Extraction of Uranium and Molybdenum from Aqueous Solutions:  A Survey of Industrial Materials for Use in Chemical 
Barriers for Uranium Mill Tailings Remediation.”  Table I. (1984 sample).  Environmental Science and Technology.  Vol. 26, No. 10.  pp. 1,922–1,931. 1992. 
#DOE.  “Moab Project:  Groundwater and Tailings Pile Characterization Activities to Support the Plan for Remediation.”  Table 1-1.  ML022030301.  Grand 
Junction, Colorado:  U.S. Department of Energy.  2002. 
**Tetra Tech GEO.  “Re-Evaluation of Metals Transport at Bear Creek Uranium Converse County, Wyoming, Part 1 of 2.”  Well TS-5 (1997 sample).  
ML12046A856.  Prepared for Anadarko Petroleum Corporation.  Louisville, Colorado:  Tetra Tech GEO.  2011. 
††Western Nuclear, Inc.  “Site Ground Water Characterization and Evaluation: Split Rock Mill Site.”  Table 3.  1999. 
‡‡Langmuir, D., J. Mahoney, A. MacDonald, and J. Rowson.  “Predicting Arsenic Concentrations in the Porewaters of Buried Uranium Mill Tailings.”  Table 3.  
Geochimica et Cosmoschimica Acta, Vol. 63, Issue 19–20.  pp. 3,379–3,394. 1999. 
§§Donahue, R. and M.J. Hendry.  “Geochemistry of Arsenic in Uranium Mine Mill Tailings, Saskatchewan, Canada.”  Table 4.  Applied Geochemistry.  Vol. 18.  
pp. 1,733–1,750.  2003. 
‖‖Shaw, S.A., M.J. Hendry, J. Essilfie-Dughan, T. Kotzer, and D. Wallschläger.  “Distribution, Characterization, and Geochemical Controls of Elements of Concern 
in Uranium Mine Tailings, Key Lake, Saskatchewan, Canada.”  Table 6 (mean value).  Applied Geochemistry.  Vol. 26.  pp. 2,044–2,056.  2011. 
¶¶Cameco.  “Key Lake Extension Project Environmental Impact Statement.”  Main Report, Annex III, Attachment 1, Table 8.  Saskatoon, Saskatchewan:  Cameco 
Corporation.  2013. 
##Hollings, P., M.J. Hendry, and R. Kerrich.  “Sequential Filtration of Surface and Ground Waters from the Rabbit Lake Uranium Mine, Northern Saskatchewan, 
Canada.”  Table 1.  Water Quality Research Journal of Canada.  Vol. 34, Issue 2.  pp. 221–247.  1999. 
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treatment processes, such as neutralization of acidic leachate; and the occasional 
miscellaneous inflow to the tailings basin, resulting from the occasional disposal of other 
solutions used in mill operations or from chemical excursions due to malfunctions in the milling 
operations.  The characteristics of tailings at each facility vary in terms of their mineralogy; 
grain-size distribution; annual input rates; reactive nonradiological accessory minerals, such as 
sulfides; and leachable nonradiological elements of concern, such as arsenic, selenium, 
vanadium, and molybdenum.  Tailings management facilities may also contain other solids, 
such as waste rock, overburden, or subgrade (uneconomic) uranium-mineralized rocks, and 
differences in the physical and chemical properties of these materials may cause them to react 
with the tailings slurry in ways that modify leachate chemistry.  For example, if a leachate is 
strongly acidic, and if limestone was an overburden or waste rock placed in the tailings 
impoundment, the limestone would react vigorously with the low-pH leachate, producing a 
leachate with a more neutral pH and with elevated concentrations of calcium (Ca) and 
carbonate ions.  Leachate composition also is influenced by factors related to the geographic 
location and local environment of the tailings impoundment, such as the local climate, 
temperature, geology, hydrology, ecosystem, and the subsurface microbial community.  During 
the operational lifetime of a tailings management facility, interactions with meteoric precipitation 
(rain, snow, or ice), surface waters, or groundwater may also influence leachate chemistry. 

Even if the tailings impoundment remains essentially a closed system during and after the mill 
operations phase (i.e., limited geochemical interaction with the surrounding environment), the 
composition of the leachate in a tailings impoundment is likely to evolve over long time periods 
as the tailings and the leachate continue to equilibrate with each other.  The tailings are more 
reactive than their host rock because the milling process disaggregates solid rock and 
decreases the grain size of the individual particles, greatly increasing the total reactive surface 
area of the minerals.  Moreover, the composition of the leachate in contact with the tailings 
differs markedly from the composition of groundwater that previously contacted the host rock, so 
the solid and liquid phases are likely to be strongly out of equilibrium with each other.  In 
addition to the dissolution of some mineral phases in the tailings, other amorphous or finely 
crystalline secondary solids, such as ferric hydrous oxides, may precipitate during chemical 
processing in the mill; these fine-grained, iron-bearing solids can effectively sequester certain 
elements, such as thorium, from solution.  For example, Landa (2004) described a uranium mill 
in Slovenia where the mill process applied lime (CaO) to neutralize an acidic uranium-bearing 
solution.  In addition to separating the uranium for further processing, this step yielded a 
“red mud” precipitate, presumably a ferric hydrous oxide, with a very high thorium content 
{65,100 Bq/kg [1.76 µCi/kg] in the mud vs. 8,780 Bq/kg [0.24 µCi/kg] in ore} that was disposed 
of separately from the other tailings. 

Landa (1999) described laboratory studies of mill tailings and leachate compositions that 
produced overgrowths of alkaline earth sulfates (e.g., barite and gypsum) and lead sulfates on 
quartz.  The precipitation of barite was noteworthy because it removed a substantial proportion 
of dissolved Ra-226 from the leachate solution by a combination of coprecipitation and sorption.  
These studies simulated reactions that would be expected to affect the tailings particle surfaces 
during the sulfuric acid leaching process or during aging of the tailings effluent.  Landa (2004) 
also cited studies describing the precipitation of uranium (uranyl ion) in biogenic and abiotic 
calcium carbonate, and the coprecipitation of Ra-226 in CaCO3.  Column studies indicate 
that even under oxidizing conditions, apatite (a phosphate mineral) can react with acidic, 
uranium-bearing mine drainage water to sequester uranium in a U(VI) phosphate mineral that 
is probably autunite, Ca(UO2)2(PO4). 
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Iron oxyhydroxide and alkaline earth solids in tailings have been demonstrated to restrict 
contaminant mobility, but silicate minerals, which comprise most of the solids in the tailings 
facilities, also may sequester contaminants by reacting with leachate.  Under natural conditions, 
quartz (SiO2) is one of the most chemically stable minerals in the Earth’s crust, but its solubility 
increases under very low pH and high pH conditions, such as those associated with uranium 
milling processes.  Landa (2004) described laboratory experiments simulating the reaction 
between tailings and sulfuric acid in which the partial dissolution of quartz and other silicate 
minerals produced a leachate solution that was strongly supersaturated with respect to 
amorphous SiO2.  Subsequent precipitation of the amorphous silica also caused concentrations 
of Ra-226 and Th-230 to drop sharply, either by coprecipitation or by sorption.  Nirdosh, et al. 
(1984) similarly determined that quartz grains, when reacted with sulfuric acid, developed an 
amorphous silica overgrowth that apparently allowed the grains to adsorb significant quantities 
of radium from solution compared to radium exposed to untreated quartz.  Morrison and Cahn 
(1991) studied mill tailings from an alkaline (high pH) carbonate leaching process and identified 
that amorphous silica also precipitated in high pH tailings and was a major scavenger of Ra-226 
from the leachate. 

In submerged tailings, locally elevated metals concentrations can develop in the tailings closest 
to the water interface due to reactions with oxygen at the air–water interface, facilitated by 
microbial or plant activity in some cases.  Similarly, if tailings are left uncovered during 
operations, they are exposed to air and to meteoric precipitation and are subject to acidification 
by dissolution of the sulfides in the tailings, which lowers pH and leads to high concentrations of 
ferrous (reduced) iron in solution, followed by the precipitation of hydrous ferric oxides at the 
air–water interface.  The upper few centimeters of tailings in such a case can be a highly 
dynamic chemical environment, whereby the retention or release of radionuclides and metal 
ions from the tailings depends on multiple factors (Landa, 2004). 

The leachate chemistry and associated mineral phases of tailings deposits can be expected to 
vary over time.  For example, Landa (2004) described that in recently deposited uranium mill 
tailings treated by an acid leach process in which the acidic leachate was neutralized by 
addition of lime before emplacement, secondary gypsum precipitates initially acted as a major 
host to sequester Ra-226 from solution; however, this fine-grained gypsum dissolved within a 
few years and was exposed to fresh (dilute) rainwater, releasing the radium to solution again.  
In older, deeper tailings, the radium became sequestered by more stable secondary mineral 
phases, such as iron oxyhydroxides and barium and lead sulfates. 

In the past 30 years or so, many of the research activities involving uranium mill tailings and 
leachate chemistry in the United States have focused on remediating legacy sites in response to 
the Uranium Mill Tailings Radiation Control Act (UMTRCA) of 1978.  Mill tailings at these legacy 
sites were not subject to the current requirements for long-term protection, including the use of 
engineered covers or bottom liners.  Also, investigations at these sites focused primarily on 
conditions outside the tailings deposits; particularly, the release and migration of contaminants 
into the surrounding groundwater and biosphere.  Laboratory studies (e.g., column experiments) 
have examined the leaching behavior of radionuclides from the tailings, and a number of field 
and modeling studies have examined the migration of contaminants in the groundwater around 
tailings deposits, but few data are available about the evolution of conditions within existing 
tailings deposits, particularly over extended timeframes (e.g., Camus, et al., 1998; Fang, et al., 
2009; Zhu, 2003; Curtis, et al., 2004).  In many cases, although the contaminated groundwater 
plumes around the sites have been extensively sampled, the tailings deposits themselves have 
been removed and disposed elsewhere, so there are no data about the in-situ chemistry of 
leachates in these older deposits.  Modeling studies typically have used a leachate composition 
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as a starting endmember and initiated the modeling with the transport of the leachate out of the 
facility and into the ambient groundwater.  Consequently, the models are not representative of 
the evolution of leachate chemistry within a tailings impoundment. 

More data about chemical conditions over long time periods in modern tailings management 
facilities are available from studies in western Canada, which produces about one-third of the 
world’s uranium.  Large uranium mines and milling facilities have operated in northern 
Saskatchewan for decades, and detailed production records about the operation of the mills and 
releases of effluent have been maintained for decades.  The geochemistry and mineralogy of 
the tailings deposits are a particular focus of research because many of these tailings have a 
high concentration of arsenic (up to 10 percent by weight) that has contaminated local 
ecosystems.  Studies have included laboratory tests and geochemical modelling to examine 
methods to reduce the mobility of arsenic in leachate in the tailings, some of which have been 
buried for 50 years or longer (Langmuir, et al., 1999).  The Rabbit Lake uranium mill tailings 
management facility in northern Saskatchewan has monitoring wells and regularly samples 
leachate compositions at various depths over a 90-m [295-ft] interval in the tailings, and the 
stratigraphy and age of the tailings with depth has been determined from historical tailings data 
and solids sampled at eight drill sites in the tailings impoundment (Donahue and Hendry, 2003).  
Similar studies using samples from drill sites in the Key Lake uranium mill tailings management 
facility (Shaw, et al., 2011), which has been in operation for nearly 20 years, determined that the 
geochemistry of the tailings solids had the most significant influence on the leachate chemistry 
over time. 

 Leachate and Engineered Materials 1.4

Engineering approaches have been developed that mitigate the radiological and environmental 
effects of uranium mill tailings.  Dispersal of contaminants in wind-blown dust, and onsite 
exposure to gamma and radon emissions from the tailings, are controlled by placing engineered 
covers over the tailings or, in some countries, by submerging the tailings in bodies of water such 
as ponds or lakes.  Covering or submerging the tailings also mitigates acid rock drainage by 
restricting the exposure of sulfide-bearing tailings to atmospheric oxygen.  Seepage of leachate 
from an engineered tailings impoundment is minimized by various methods.  United States 
regulations for uranium tailings facilities now require all above-ground impoundments that are 
not managed as part of the UMTRCA program to have a low permeability double-layered 
liner with a seepage collector system between the two layers (IAEA, 2004).  Additional 
complementary approaches to controlling seepage include (i) placing a cover over the 
impoundment to prevent infiltration of precipitation, (ii) reducing the water content of tailings 
before they are emplaced, (iii) installing a permeable reactive barrier to filter seepage, or 
(iv) placing tailings in a permeable surround that diverts groundwater around the facility 
(Waggitt, 1994; Hollings, et al., 1999). 

The composition of leachate associated with uranium mill tailings differs substantially from the 
chemistry of most naturally occurring groundwater, particularly in terms of pH and, depending 
on the milling operations, elevated concentrations of sulfate, nitrate, carbonate, iron, 
magnesium, trace metals, and radionuclides.  Preventing seepage of leachate and its 
associated contaminants from a containment structure relies primarily on the physical integrity 
of the tailings enclosure system; particularly, the bottom and sides of the impoundment.  These 
barriers restrict the movement of groundwater into the facility and of leachate out of the facility.  
Gee, et al. (1980) published an early laboratory study of interactions of an acidic (pH 1.8) 
uranium mill leachate and clay liners, using tailings, leachate, and clay liner material from the 
Morton Ranch uranium mill in central Wyoming.  The study indicated that tailings with a low pH 
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leachate will remain acidic for a long time, even if many pore volume equivalents of near-neutral 
groundwater (pH of about 8) pass through the system, so the use of a low pH solution was valid 
for the tests to represent long time periods.  The clay liner material tested was taken from strata 
at a uranium mill site, and results of column tests were compared with equivalent tests over a 
90-day period using two other materials:  Wyoming bentonite and a sodium-treated Wyoming 
bentonite obtained from a commercial vendor.  Compacted sodium bentonite, in particular, has 
desirable swelling properties that reduce its permeability in a confined environment.  The solid 
materials were examined to evaluate physical and mineralogical changes after their exposure to 
the acidic leachate.  The results indicated that the leachate would have a nondispersive effect 
on the tested clay, so the authors concluded that the clay liner would be unlikely to fail by clay 
dispersion over time.  Chemical analysis of the clay before and after exposure to the acidic 
leachate revealed an increase in iron content in the clay, perhaps related to the precipitation of 
secondary iron solids.  The most significant change in the bentonite and sodium-treated 
bentonite was a reduction of sodium in both materials, indicating ion exchange with the 
leachate.  Finally, the analyses in the Gee (1980) study indicated that no substantial changes to 
the liner material occurred over the study period, and reaction rates for the low pH leachate 
appeared to be very slow. 

Compacted clays and geosynthetic liners have been widely used for many years as barrier 
materials at municipal, commercial, and industrial landfill sites.  Although landfill leachates differ 
from uranium mill leachates, the need for stability, chemical resistance, and low permeability of 
clay liners to restrict the migration of landfill leachate is analogous to the requirements for 
containment of uranium tailings leachate.  Spooner and Giusti (1999) summarized the available 
information about the performance of compacted bentonite as an engineered liner material in 
contact with landfill leachate.  Sodium bentonite has a high swelling capacity, so it absorbs 
water, and a high cation sorption capacity.  Other clays, such as kaolinite, have a lower affinity 
for water and a lower cation sorption capacity, but they also have low permeability and provide 
more rigidity as a liner than sodium bentonite.  There have been few long-term field studies of 
landfill leachate and liner interactions, but according to Spooner and Giusti (1999), the reported 
examples over 4 to 15 years of monitoring indicated that leachate had little effect on the 
performance of the liners during this period.  In some cases, permeability in the liners actually 
decreased over time, an effect that was attributed to (i) the precipitation of dissolved solids and 
plugging of void spaces in the liner and (ii) secondary compression of the liner as the volume of 
solids emplaced in the landfill increased.  Examples of contaminants that were poorly 
attenuated by the liners included chlorine and sodium, as well as some organic acids.  Many 
other contaminants were strongly attenuated by sorption.  However, the studies also reported 
that leachates with pH less than 3 or greater than 11 were the most aggressive in terms of 
interactions with the clay materials.  Microbial reactions have been observed to play a role in the 
alteration of clay minerals and, due to the high organic content of landfill leachates, might have 
a long-term effect on the integrity of clay liners under these circumstances.  Spooner and Giusti 
(1999) concluded their assessment by noting that short-term laboratory tests are not necessarily 
adequate to reproduce the conditions to which liners and leachate are exposed, and more field 
studies are needed.  Benson, et al. (2011) exhumed and examined samples of geosynthetic 
clay liners at field test facilities and at operating waste containment facilities to evaluate how the 
material properties of the liners had changed between 4 and nearly 9 years of service.  
Geosynthetic clay liners that were emplaced with low saturated hydraulic conductivity on a moist 
subgrade (water content >10 percent) and promptly covered with a geomembrane and cover 
soil performed well, even when sodium had been replaced by calcium and magnesium over 
time in the clay liner samples. 
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Sodium bentonite has been evaluated as a low-permeability engineered barrier material for use 
in nuclear waste management programs.  For these programs, characteristics of compacted 
sodium bentonite have been extensively studied to evaluate its performance as a barrier when 
exposed to strongly saline groundwater in deep geologic repositories (e.g., Karnland, et al., 
2006).  For the mechanical properties of compacted sodium bentonite as a barrier material, the 
main concerns identified are (i) high groundwater salinities, which could affect the swelling 
properties of the bentonite (e.g., Dixon, 2000; Karnland, 1997) and (ii) temperatures exceeding 
100 °C [212 °F], which could potentially alter montmorillonite, the main expanding clay mineral 
in bentonite, to a nonswelling clay mineral such as illite, accompanied by the precipitation of 
amorphous silica (Grindrod, et al., 1999).  A modeling study of bentonite interactions with a 
hyperalkaline fluid (pH greater than 12) typical of porewater in some concrete showed complex 
fronts of mineral dissolution and ingrowth (Savage, et al., 2002).  The study predicted that for 
the highest pH solution, the bentonite would experience complex fronts of mineral dissolution 
and ingrowth, with total dissolution of the main phases in bentonite and replacement 
by secondary, porosity-occluding phases over a distance of about 60 cm [23.6 in] after 
1,000 years.  Cement porewater is similar to some uranium mill leachate solutions, particularly 
in terms of pH and elevated carbonate concentrations, suggesting that more detailed studies for 
leachate and bentonite interactions could help evaluate the long-term integrity of clay-based 
liners in tailings management facilities. 

 Summary 1.5

Minimization of leachate volume, prevention of leakage from the tailings impoundments, and 
selection of engineering materials that do not deteriorate when contacted by leachate are prime 
considerations in the design of uranium mill tailings facilities.  The chemical composition of the 
leachate depends on the nature of the ore, ore extraction process, milling process, and 
geographic location.  As is apparent from Table 1-1, the leachate composition varies 
significantly from site to site.  Therefore, it is not possible to define a single “reference” leachate 
chemistry.  Many times chemical mediation is used to balance the pH of the leachate to make 
it less reactive to the geosynthetic liners often used as leakage barriers.  As reported in 
Chapters 2 and 3 of this report, the oxidation process causes most geosynthetic liners to fail 
over the long term.  Therefore, leachate components that can act as oxidizing agents should be 
of special concern. 
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2 IDENTIFICATION OF RESEARCH RESULTS 

 Introduction 2.1

In tailings impoundments, a liner primarily acts as a barrier to the transport of potentially harmful 
liquids and/or vapors to the human environment (e.g., water, soil, and atmosphere).  
Regulations in 10 CFR Part 40 require use of liners to prevent any migration of waste to the 
environment during the active life (including the closure period) of the tailings impoundments.  In 
heap leach piles, liners primarily function to preclude loss of leachate that must be directed to 
outlet points for recovery of the metal being mined.  Leached ore may be left in place as a 
tailings impoundment or removed and disposed in a tailings impoundment at another location.  
The latter practice is called either an on/off scheme or dynamic heap leaching.  A large amount 
of publicly available literature related to liners exists, although it is not necessarily directly 
focused on uranium mill tailings or uranium heap leach facilities. 

There are two types of geosynthetic barriers:  (i) geomembranes, which are planar, low 
permeability polymeric membranes with densities varying from 0.88 to 0.96 g/cm3 [5.5 to 
6.0 lb/ft3] (Scheirs, 2009) and (ii) geosynthetic clay liners (GCLs) or compacted clay liners 
(CCLs) that contain bentonite clay.  GCLs or CCLs are generally used in double liner systems 
as shown in Figure 2-1. 

 

 

 

 

 

 

 

 

     (a)         (b) 

Figure 2-1.  (a) Single Composite Liner System and (b) Double-Liner System 
(Composite + Geomembrane) 

Of the two applications of liners—for heap leach piles or tailings impoundments—the heap leach 
piles are subject to by far the more severe service conditions.  Heap leach facilities have the 
potential of having high mechanical stresses {>4 MPa [>580 lb/in2 (psi)]}, higher temperatures 
{>60 °C [140 °F]}, more extreme pH conditions, and liquids of higher ionic strength.  However, 
compared to dynamic heap leach facilities where the leached ore is removed and disposed in 
an impoundment, the tailings impoundments have to continue to safely function for a much 
longer period. 

Requirements in 10 CFR Part 40, Appendix A, Criterion 5E(1) state that if synthetic liners are 
used, a leakage detection system must be installed immediately below the liner to ensure that 
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any major failures are detected.  Such a system would be installed in the underliner, as shown 
in Figure 2-1. 

 Commercial Geosynthetic Liners 2.2

A geosynthetic is a polymeric (plastic) material that is widely used in geotechnical and civil 
engineering projects.  A GCL has a layer of bentonite clay between two geotextiles or a clay 
layer glued to a geomembrane.  Bentonite has a high swelling capacity.  Water is adsorbed until 
crystal sheets dissociate and form a gel with thixotropic properties.  The hydraulic conductivity 
of the clay is on the order of 10−9 cm/s [4 × 10−8 in/s].  Geosynthetic liners are produced in 4- to 
5-m [13- to 16-ft] panels, 20 to 60 m [65 to 200 ft] long.  The barrier properties of the liner are 
direct functions of its structural integrity.  Thus, the barrier properties deteriorate as the liner 
deteriorates structurally. 

In most commercial polymers, the essential ingredient of geosynthetics is long chain 
hydrocarbon molecules containing thousands of carbon atoms bonded covalently along the 
length of the chain (Kay, et al., 2004).  The reactive parent hydrocarbon, called the monomer, 
from which the polymer is polymerized, defines its chemical composition.  For example, 

Polyethylene structure is [─CH2─CH2─] 

and Polypropylene structure is [─CH2─CHCH3─] 

in which the information inside the brackets indicates a repeating structure. 

Most geomembranes are either polyethylene or plasticized polyvinyl chloride (PVC) or 
polypropylene.  Geotextiles are either polyethylene or polyester.  Polymers can be 
depolymerized back to the low molecular weight state (monomer) if sufficient thermo-chemical 
driving energy is available.  However, such degradation is usually negligible at ambient 
temperatures. 

About 98 percent of all polymers used today are one of eight types:  (i) polyethylene; 
(ii) polypropylene, (iii) PVC), (iv) polyethylene terephthalate (PET), (v) polystyrene, 
(vi) polycarbonate, (vii) poly(methyl methacrylate), or plexiglass, or (viii) chlorosulphonated 
polyethylene (CSPE),  or hypalon.  Polyethylene, polypropylene, and poly(methyl methacrylate) 
are sensitive to oxidation and ultraviolet (UV) radiation.  At high temperature, PVC may lose 
hydrogen chloride as gas and become brittle.  PET is sensitive to hydrolysis and attack by 
strong acids.  Polycarbonate depolymerizes when exposed to strong alkalis.  Polyethylene, the 
most common polymer used for liners, usually degrades by random scission (i.e., random 
breakage of the bonds that hold the atoms together).  Polyethylene properties are a function of 
its density, which is conceptually depicted in Figure 2-2. 

Table 2-1 shows the general properties for three types of liner material. 
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Figure 2-2.  Conceptual Relationship Between Density of Polyethylene and Its Common 

Properties (Hsuan, et al., 2008) 

 
Table 2-1.  Properties of Common Geomembrane Materials 

Material→ High-Density 
Polyethylene 

Chlorosulphonated 
Polyethylene Polyvinylchloride  Property↓ 

Heat Resistance ↑↑↑↑ ↑↑↑↑ ↑ 
Microbial Resistance ↑↑↑ ↑↑ Not known 
Chemical Resistance ↑↑↑↑ ↑↑↑ ↑↑↑ 

UV Resistance ↑↑↑↑ ↑↑↑↑ ↑ 
Puncture Resistance ↑ to ↑↑ ↑ to ↑↑ ↑↑ 
Ease of Placement ↑ ↑↑ ↑↑↑ 

Cost Moderate High Low 
Tensile Strength ↑↑↑↑ Not known ↑↑↑ 

Cold-weather Problems Not known ↑↑ ↑ 
Note:  Number of arrows indicates quality of the property; the higher the number of arrows, the higher the quality.  
Adapted from:  McBean, E.A., F.A. Rovers, and G.J. Farquhar.  Solid Waste Landfill Engineering and Design.  Upper 
Saddle River, New Jersey:  Prentice Hall PTR.  1995. 
 
In addition to polymers that are essential ingredients of a geosynthetic liner, geomembranes 
may contain various amounts of fillers, plasticizers, carbon black, additives, and scrim 
reinforcement.  Fillers are small mineral particles that are used to reduce cost and increase 
the stiffness of the liner.  On the other hand, plasticizers are materials that are added to 
increase liner flexibility.  Carbon black (a material produced by the incomplete combustion of 
heavy petroleum products) is used to increase stiffness and retard degradation from UV 
radiation:  UV radiation breaks polymer chains and makes the membrane brittle.  Additives 
serve multiple functions:  (i) retard UV degradation, (ii) control swelling (exposure to liquids 
causes the polymer to swell), (iii) reduce oxidation or aging (oxygenation makes polymers 
brittle), (iv) control extractive degradation (extraction or leaching of particular components, such 
as plasticizer, increases brittleness), (v) control chemical degradation due to chemical 
components in the leachate (especially oxidation reactions), and (vi) scrim reinforcement 
(embedded nylon or polyester fiber) to increase tensile strength and reduce tears and 
punctures.  In addition to antioxidants, additives may include fungicides and biocides to prevent 
fungal and/or bacterial activity.  The high density polyethylene (HDPE) is a common liner.  It is 
typically 97 percent polyethylene, about 2.5 percent carbon black, and has traces of stabilizers 
and antioxidants.  The most widely used liners vary in thickness from 1 to 3.5 mm [30 to 140 mil 
(one mil is equal to 0.001 in)] and are considered to have good chemical resistance, high 
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resistance to UV radiation, and low permeability.  Because oxidation is the main degradation 
mechanism for polymers, the antioxidants are probably the most important additives.  The 
primary antioxidants used are hindered phenols and hindered amines (HALS).  The antioxidants 
act by either donating an electron or accepting one.  The rate of antioxidant depletion increases 
with temperature. 

The primary question when faced with the design of a liner is, “how long will the liner perform its 
function?”  In uranium production facilities, the effect of chemical reaction between the leachate 
and the liner and any effect of radiation on liner properties are of interest in answering this 
question.  Liner construction and chemical properties clearly play an important role in their 
lifespan.  As stated previously, typical geosynthetic liners are made up of polymer sheets with a 
layer of bentonite clay in the middle.  The potential degradation of these two components—and 
therefore the liner—is discussed in the following sections. 

 Degradation of Properties of Bentonite Clay 2.3

The hydraulic conductivity of GCLs depends upon the type of bentonite, the type and 
concentration of chemicals in the leachate, initial water content, and confining stress.  Sodium 
bentonite can swell to several times its original volume; although in a liner, the actual swelling 
may also be a function of compression caused by the load on it.  Great compression can reduce 
the swelling by reducing the pore space and, therefore, the volume into which the clay can 
swell.  The swelling reduces the permeability of the liner overall.  However, if the leachate 
contains cations, such as calcium and magnesium, then exchange of sodium with calcium or 
magnesium can significantly reduce swelling and increase the hydraulic conductivity (Bouazza, 
et al., 2013; Shackelford, et al., 2000; Jo, et al., 2001).  Laboratory hydraulic conductivity tests 
using flexible wall permeameters on GCL have been reported:  Jo, et al. (2001) used dilute 
CaCl2 solution [<0.1 molar (M)] and Bouazza, et al. (2013) used H2SO4 (<1.5 M).  The test 
results showed that after nearly 1 year of permeation, the hydraulic conductivity was still 
changing, indicating that equilibrium was not yet attained.  Given the low diffusivity, such 
equilibrium will likely take hundreds of years to attain.  Gulec, et al. (2005) concluded that 
prehydration of the GCL could be used to minimize this effect because the mass transfer rate 
during the service life would be smaller than if the GCL was not prehydrated.  The tests also 
found that low pH (<3) increases the dissolution rate of some minerals, thus increasing the 
porosity and permeability.  Hydration of GCLs occurs as an unsaturated flow process.  Beddoe, 
et al. (2010) conducted measurements on a specially designed apparatus to formulate the 
following constitutive relationship between moisture content and suction pressure of a GCL. 

𝜽 =  𝜽𝒔 �𝟏 −
𝒍𝒍�𝟏 − 𝝍

𝝍𝒓
� �

𝒍𝒍(𝟏+ 𝟏𝟏𝟔𝝍𝒓)� �
𝟏

𝒍𝒍 �𝒆 + �𝝍 𝒂𝒇� �
𝒍𝒇
�
�

𝒎𝒇

 (2-1) 

 
In Eq. 2-1, 𝜃 is the volumetric moisture content (m3/m3); 𝜃𝑠 is the saturated volumetric moisture 
content; 𝜓 is the capillary pressure (kPa); 𝜓𝑟 is the residual capillary presuure; and 
𝑎𝑓 ,𝑛𝑓 ,𝑎𝑛𝑎 𝑚𝑓 are fitting parameters.  Based on tests on four GCLs, the parameter values in 
Eq. 2-1 were determined and are given in Table 2-2. 

The low level of radiation present in the tailings impoundments has little effect on the 
clay material.  
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Table 2-2.  Fitting Parameters for Equation 2-1 
 

𝜽𝒔 
Drying Curve Parameters Wetting Curve Parameters 

𝒂𝒇 
(kPa) 

𝒍𝒇 𝒎𝒇 𝝍𝒓 
(kPa) 

𝒂𝒇 
(kPa) 

𝒍𝒇 𝒎𝒇 𝝍𝒓 
(kPa) 

GCL1* 0.73 ±  
0.03 

36.6 2.01 0.36 2,269 13.1 0.84 0.51 2,559 

GCL2† 0.70 ±  
0.02 

7.2 0.67 0.63 938 2.1 0.73 0.51 637 

GCL3‡ 0.74 ±  
0.03 

67.1 1.80 0.40 3,489 25.5 0.92 0.55 2,386 

GCL4§ 0.78 ±  
0.02 

13.6 0.93 0.59 1,083 4.3 1.23 0.48 411 

*Thermally treated, needle punched with a woven carrier and a nonwoven cover geotextile containing fine-grained 
bentonite (𝒅𝟓𝟏 = 0.3 mm) 
†Similar to GCL1 but scrim-reinforced, nonwoven geotextile carrier 
‡Needle punched GCL with a woven carrier and a nonwoven cover geotextile with coarse-grained bentonite 
(𝒅𝟓𝟏 = 0.7 mm) 
§Similar to GCL3 but with nonwoven cover and carrier geotextiles  
NOTE:  1 kilopascal (kPa) = 0.145 pounds per square inch (psi) 
 
Chapter 1 previously discussed results of column tests whereby Gee, et al. (1980) reacted a 
pH 1.8 (highly acidic) uranium mill tailings leachate with clay.  Those tests concluded that clay 
liners were unlikely to fail by clay dispersion.  Chapter 1 also describes results of relatively 
longer term (up to 15 years) studies of Spooner and Giusti (1999) that showed landfill leachate 
composition has little effect on bentonite clay liners. 

Kolstad, et al. (2004) also reported the results of their experiments in which they reacted 
non-prehydrated geosynthetic liners containing bentonite clay with solutions containing several 
inorganic species.  Ionic strength and the relative abundance of monovalent and divalent 
cations in the permeant solution were found to influence swelling properties of the bentonite and 
the hydraulic conductivity of the liner.  A strong relationship between hydraulic conductivity and 
swelling was found.  The regression model based on observed data indicated that high 
hydraulic conductivities {i.e., >10−7 cm/s [4 × 10−6 in/s]} are not likely for geosynthetic clay base 
liners.  However, for wastes with stronger leachates or leachates dominated by polyvalent 
cations, high hydraulic conductivities may occur. 

 Degradation of Properties of Polymers 2.4

Polymer degradation is a change in the properties of the polymer, such as its tensile strength, 
shape, or color, under the influence of one or more environmental factors (such as heat or light) 
or chemicals (such as acids, alkalis, or some salts).   Retaining and maintaining a liner’s tensile 
strength are paramount to preserving its effectiveness.  Polymers are viscoelastic materials, and 
mechanical stress can cause irreversible creep strain.  However, creep failure (or ductile failure) 
is less frequent than brittle failure, which occurs because of localized stress in the presence of 
some lubricant.  The chemical reactions and rate of degradation of liner properties will also 
depend upon service temperature.  These changes are usually undesirable as they cause 
cracking or chemical change leading to lower molecular weight and, therefore, reducing the 
liner’s strength.  These changes are generally termed “aging.”  Polymeric molecules are 
relatively large, and their unique properties are mainly a result of their size.  Any process that 
lessens chain length lowers a liner’s tensile strength, which is the primary cause of cracking. 
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Thermodynamics governs the interaction between the leachate and the polymer (Kay, et al., 
2004).  Such interactions are usually based on electric polarity: the higher the polarity, the 
higher the rate of interaction.  Polyethylene and polypropylene have low electric polarity and are 
resistant to most chemicals.  During leachate–polymer interactions, fluid molecules can enter 
the polymer, weakening its chain cohesion and reducing its strength.  Normally, the polymer will 
swell if such interactions take place.  In some cases, leachate fluid penetration can lead to crack 
formation; this process is called crazing.  Crazing occurs if the mechanical stress direction is 
aligned with the direction of the molecular chain and cracking begins at a notch e.g., a 
preexisting defect such as a tear.  Based on data in Table 1-1, the constituents of leachate can 
be categorized into four groups (concentrations are in mg/L, where 1mg/L = 9.8 × 10−6 lb/gal 
=  7.3 × 10−5 lb/ft3):   

(i) carbon compounds (130 < HCO3 < 470) 

(ii) nitrogen compounds (4 < NH4 < 510 and 15 < NO3 < 360) 

(iii) anions (30 < Cl < 658, 170 < SO4 < 35,000) 

(iv) metals (8 < Ca < 700, 4 < Na < 7,000, 0 < U < 100, 0 < Fe < 2500, 0 < Al < 600, 0 < As 
< 300, 1 < Mn < 50, 0 < Pb < 100, 0 < Se < 0.6, 0.5 < Mb < 100) 

In addition, the pH varied between 1 and 11.  The metal ions help oxidize the polymer by 
promoting peroxide breakdown.  The low pH can also affect the oxidation reaction.  For 
polymers, organic solvents are the most aggressive, but these are not present in the leachate 
as presented in Table 1-1.  Of the four groups, the presence of metals can enhance oxidation. 

In tests Gulec, et al. (2005) conducted, geomembrane, geotextile, and geosynthetic samples 
were immersed in synthetic acid mine drainage.  Gulec, et al. (2005) did not observe significant 
changes in the mechanical properties of the liner materials in response to leachate composition, 
temperature, or immersion time.  On the other hand, Thiel and Smith (2004) reported loss of 
mechanical strength of HDPE and very low density polyethylene [(VLDPE), sometimes used in 
tailings impoundments] when exposed to sulfuric acid used in heap leach pads in copper mines.  
Abdelaal (2013) conducted laboratory immersion tests on HDPE using synthetic leachate 
with properties similar to the leachate from municipal landfills.  Abdelaai (2013) found that a 
surfactant (surface-active chemical agents such as detergents that are added to a liquid to 
increase spreading, or wetting, by reducing surface tension) was the key constituent that 
depleted the antioxidant in the HDPE, thus increasing the potential of subsequent oxidation.  
Abdelaai (2013) reported experimental results indicating that the failure times were functions of 
liner thickness and operating temperatures.  The relationship between failure time and thickness 
was found to be nonlinear.  For example, failure time increased only 12 percent when the 
thickness was increased from 1.5 to 2.0 mm [60 to 80 mil], but it increased 62 percent when the 
thickness was increased further to 2.5 mm [100 mil] in the Abdelaal (2013) experiments.  
Temperatures above 100 °C [212 °F] were found to accelerate the depletion of antioxidants.   

Many investigators (e.g., Hsuan and Koerner, 1995; Müller, 2007; Benson, et al., 2010) have 
concluded that oxidative degradation is the most detrimental of the various degradation 
mechanisms and can eventually result in embrittlement and loss of strength of the 
geomembrane.  Loss of antioxidants, either by leaching or by chemical reactions, is usually the 
first step in the oxidation process.  Auto-oxidation reactions (also called disproportionation) 
produce hydroperoxides.  Once the hydroperoxides reach a critical level, bonds break and new 
radicals are formed that accelerate the degradation process.  Temperature during operations is 
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one of the key factors controlling the rate of degradation of an HDPE geomembrane in a landfill 
bottom liner (Hihara, et al., 2013).  Laboratory tests, such as ASTM D3895 and ASTM D5885, 
have been devised to quantify the rates of oxidative degradation.  A change in melt flow index 
(an index for molecular weight) as per ASTM D1238 can be used to infer a change in the 
molecular weight as a result of chain-scission.  Another test often used to quantify degradation 
is the notched constant tensile load stress crack resistance as per ASTM D5397. 

The literature also includes a description of the potential effect of radiation in uranium tailings 
impoundments.  In the literature, it is generally established that inorganic components, such as 
bentonite clay, are not affected by even high radiation doses; this is one of the reasons that it is 
used as a barrier in high-level nuclear waste repositories.  Organic linings, such as polymers, 
may be destroyed if they adsorb >106 Gy [>108 rads] (Kays, 1978).  Note that Gray (Gy) is a unit 
of ionizing radiation; 1 Gy denotes absorption of one joule of radiation energy by 1 kg [2.2 lb] of 
matter.  The liners in uranium tailings will likely adsorb about 0.01 Gy per hour [1 rad per hour].  
Therefore, it will take a long time for sufficient radiation to be adsorbed to significantly affect 
the liner properties.  In our literature search, we did not find any reports indicating concerns 
regarding effects of radiation.  We note that some articles identified during our search 
reported beneficial effects of low radiation on properties of polymers, especially those used 
in medical applications. 

The UV radiation from solar radiation is the most damaging component of the outdoor 
environment.  The energy is a function of wave length as per the Planck–Einstein law, 

𝑬 = 𝒉 ∙ 𝒗 =  𝒉𝒉 𝝀�  (2-2) 
 
where 𝐸, ℎ, 𝑣, 𝑐 and 𝜆 are energy, Planck’s constant, frequency, and wavelength, respectively. 

The Earth’s atmosphere prevents radiation of wavelengths less than 290 nanometer (nm)  
[9.6 × 10−11 ft] from reaching Earth’s surface.  The energy of an ultraviolet photon is comparable 
to the energy required for breaking polymer covalent bonds, which is approximately  
290–460 kilojoules per mole (kJ/mole) [70–110 calories/mole].  Such photons can alter 
the polymer’s chemical structure.  The process is initiated when a proton strips away a labile 
proton from the polymer, leaving behind a free radical (Rᵒ and Hᵒ in the following equations) that 
is highly unstable and reacts with oxygen to form hydroperoxides: 

𝑹𝑹 → 𝑹ᵒ + 𝑹ᵒ (2-3) 
 

𝑹ᵒ + 𝑶𝟐 → 𝑹𝑶𝑶ᵒ (2-4) 
 

𝑹𝑶𝑶ᵒ + 𝑹𝑹 → 𝑹𝑶𝑶𝑹 + 𝑹° (2-5) 
 
Microbial attack can also be problematic in high humidity environments, as evidenced by 
observed bacterial and fungal growth.  This could be an issue for liners buried at depth 
(e.g., mill tailings).  The basic process is, of course, still that of oxidation. 

Hihara, et al. (2013) described a kinetic model for polymer degradation.  In the model, 
degradation is handled as a kinetic process in which the material strength decreases 
gradually because of either the chemical bonds being consumed or some material diffusing 
in (e.g., oxygen) or out (e.g., antioxidant) of the bulk material.  A first order mechanism is 
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postulated for bond scission in which the number of intact bonds decreases at a rate that is 
proportional to intact bonds remaining: 

𝒅𝒍
𝒅𝒅

=  −𝑲 ∙ 𝒍     𝒐𝒓    
𝒅𝒍
𝒍

=  −𝑲𝒅𝒅     𝒐𝒓    𝒍 =  𝒍𝟏𝒆−𝑲𝒅 (2-6) 

 
where n is number of intact bonds remaining and K is the rate constant.  It was proposed that 
the lifetime to failure could be scaled with the average time 〈t〉 for bond scission, which can be 
computed as 

𝒅𝒇 =< 𝒅 > =  
∫𝒍 ∙ 𝒅 𝒅𝒅
∫𝒍 𝒅𝒅

=  
𝟏
𝑲

 (2-7) 

 
Alternatively, one could assume that failure time is when n = ½ n0 (see discussion later), in 
which case, 𝑡𝑓 = 0.693/𝐾 .  Treating the process as thermally activated and stress aided, the 
rate constant K can be written as an Arrhenius–Eyring expression: 

𝑲 =  𝑲𝟏 𝒆𝒆𝒆
−(𝑬∗ − 𝝍𝑽∗)

𝒌𝒌
 (2-8) 

 
where 𝐸∗ and 𝑉∗ are activation energy and volume, ψ is the mechanical stress on the bond, and 
k is Boltzmann’s constant.  Determining ψ is nontrivial, as ψ obviously varies over the 
distribution of bonds and is dependent on the material’s microstructure.  But as another 
approximation, the atomic stress can be assumed to scale with the externally applied stress or 
𝜓 ≈ 𝜎, giving 

𝒅𝒇 =  𝒅𝟏 𝒆𝒆𝒆
(𝑬∗ − 𝝈𝑽∗)

𝒌𝒌
 (2-9) 

 
In the Eq. 2-9, 𝑡0 =  1

𝐾0� .  Zhurkov (1965) proposed a similar relation and conducted several 
important and innovative studies of the physics of thermo-mechanical degradation.  He argued 
that mechanical fracture is in fact a thermal degradation process in which an applied stress acts 
to lower the energy barrier to thermo-fluctuational bond dissociation.  A problem in applying 
Eq. 2-9 is that the activation energy is not known for most polymers. 

Because activation energies for various types of polymers are not known, instead of Eq. 2-9, an 
Arrhenius equation is generally used to extrapolate test data to estimate the durability of a 
polymer liner, as explained below. 

In 2012, the Geosynthetic Institute (2012) issued a standard guide for Lifetime Prediction of 
Geosynthetics Using Time-Temperature-Superposition (TTS) and Arrhenius Modeling 
(www.geosynthetics-institute.org/grispecs12.pdf).  The procedure described in the guide is 
based on conducting multiple incubations at different temperatures of representative coupons of 
geosynthetics and taking specimens from these coupons for testing in the laboratory.  Other 
environmental conditions, such as stress and pressure, can also be changed during incubation.  
Test results are extrapolated to predict “half-life,” which is considered a 50 percent change in 
physical or mechanical properties from the initial values (as manufactured).  The most common 
properties monitored as incubation time progresses are tensile strength and tensile elongation.  
Other properties that may be monitored are density, melt flow index, thickness, antioxidant 
depletion, plasticizer content, puncture resistance, burst resistance, tear resistance, and 
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cracking.  The guide references Clough, et al. (1996), Grassie and Scott (1988), Martin, et al. 
(2009), Koerner (2012), and Nelson (1990) in support of the procedures. 

We note that, in the context of laboratory evaluations of the properties and degradation 
mechanisms of geosynthetics, there are several applicable ASTM standards.  These 
include D638:  Tensile Strength; D1004:  Tear Resistance; D4833:  Puncture Resistance; 
D746:  Low-temperature Brittleness; D1693:  Stress-crack resistance; D1603 and D2663: 
Carbon Black Content and Diffusion; D573 and D1349:  Accelerated Heat Aging; D1505 or 
D792:  Density; D1238:  Melt Flow Index; D5199:  Thickness; and D413:  Poly-adhesion. 

Further, ASTM standards are also available for testing apparatuses.  For example, D4355:  
Test Method for Deterioration of Geotextiles by Exposure to Light, Moisture and Heat in a 
Xenon Arc Type Apparatus; D7238:  Test Method for Effect of Exposure of Unreinforced 
Polyolefin Geomembrane Using Fluorescent UV Condensation Apparatus; E145:  
Specification for Gravity-Convection and Forced Ventilation Ovens; and E715:  Specification 
for Gravity-Convection and Forced Circulation Water Baths. 

The Geosynthetic Institute (2012) identifies the primary (P in Table 2-3) and secondary (S in 
Table 2-3) degradation mechanisms and then makes recommendation regarding the 
appropriate test for use in evaluating that degradation process  The objective of the tests is to 
obtain parameters that can be used in an equation to estimate the life of a liner.  Table 2-3 lists 
the degradation mechanisms for commonly used geosynthetics. 

Table 2-3.  Degradation Mechanisms for Commonly Used Geosynthetic Resins and the 
Test Methods Recommended by the Geosynthetic Institute 

Mechanism PE PP PET PVC EPDM PS Effect Test 
Thermal P P P P P P High temperature 

exacerbates effect of all 
other mechanisms 

Incubate coupons at 
least three 
temperatures 

Oxidation P P S P S P Full oxygen at 21 
percent is more 
aggressive than buried 
situations at lower 
oxygen values 

Forced air ovens set 
at fixed temperatures 
are used (see ASTM 
E145) 

Ultraviolet P P P P P P Only acts when exposed 
to atmosphere 

Xenon arc apparatus 
(ASTM D4355) or 
Fluorescent ultraviolet 
apparatus (ASTM 
D7238) is used 

Hydrolysis S S P S T S Both very high and very 
low pH values are 
important considerations 

Forced-circulation 
water baths are used 
(see ASTM E175) 

Chemical S S S S S S Refers to water and mild 
leachate; hydrocarbons 
are much more 
aggressive 

Synthetic leachate is 
used 

Radioactive T T T T T T Refers to low-level 
radioactive waste liquids 

Generally not tested 
due to expected low 
effect 
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Table 2-3.  Degradation Mechanisms for Commonly Used Geosynthetic Resins and the 
Test Methods Recommended by the Geosynthetic Institute 

Mechanism PE PP PET PVC EPDM PS Effect Test 
Biological T T T S T T Refers to bacteria and 

fungi, but not to 
burrowing animals 

Generally not tested 

Stress ? ? ? ? ? ? Compressive, tensile, or 
bending stresses are 
usually involved 

Extremely difficult to 
test coupons under 
stress, but stress may 
be applied during 
incubation 

NOTE:  P = primary, S = secondary, and T = tertiary  
PE:  Polyethylene 
PP:  Polypropylene 
PET:  Polyethylene Terephthalate 
PVC:  Polyvinyl Chloride 
EDPM:  Ethylene Propylene Diene Monomer (also called liquid rubber) 
PS:  Polystyrene 
?:  Not fully known 
 
Additional degradation mechanisms can be superimposed on coupons being incubated in 
ovens, baths, or UV devices to study synergetic effects.  For example, the incubation of a 
simulated landfill geomembrane under constant compressive stress and immersed in leachate 
(all under constant temperature) has been evaluated and is shown in Figure 2-3.  This 10-year 
study conducted at 85, 75, 65, and 55 °C [185, 167, 149, and 131 °F] used 20 such columns:  
5 at each constant temperature (Koerner, 2012).  The added complexity of incorporating applied 
stress of any type makes any type of incubation very difficult, cumbersome, and expensive. 

 
Figure 2-3.  Test Columns for Laboratory Tests (Geosynthetic Institute, 2012) 
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In the next step of the Koerner (2012) study, the incubated coupons are periodically removed 
and evaluated according to standard test methods.  The Geosynthetic Institute recommends 
that as an alternative, one may take specimens from the coupons for testing.  Multiple coupons 
must be incubated at different temperatures to have sufficient material for testing at the later 
stages.  As an example of the observations, the following figure shows property retention 
(tensile strength or elongation) as a function of time and temperature.  Testing is usually 
performed at temperatures that are much higher than the temperature expected at the actual 
site.  This is because the testing time can be shorter at higher temperatures.  Extrapolation to 
lifetime data at lower temperatures is considered safer, although extrapolation of experimental 
data can be controversial and should be used cautiously. 

From Figure 2-4(a), half-lives (time at which retained property gets to 50 percent of its initial 
value—the horizontal dotted line at 50) are read at different aging times (e.g., t55 to t85).  The 
reciprocal of these times are then the reaction rates plotted on the y-axis of Figure 2-4(b) 

 
Figure 2-4.  Time-Temperature-Superposition Data at Four Elevated Temperatures and 

Arrhenius Modeling For Lifetime Prediction (Koerner, 2012) 
  



 

2-12 

corresponding to the reciprocal of the temperatures.  The curve in Figure 2-4(b) can be 
extrapolated to lower temperatures or estimated half-lives obtained from the Arrhenius equation: 

𝒓𝒌𝒅𝒆𝒔𝒅
𝒓𝒌𝒔𝒔𝒅𝒆

= 𝒆𝒆𝒆 �−
𝑬𝒂
𝑹
�
𝟏

𝒌𝒅𝒆𝒔𝒅
−

𝟏
𝒌𝒔𝒔𝒅𝒆

�� (2-10) 

 
where  

Ea/R = slope of Arrhenius plot 
𝑇𝑡𝑡𝑠𝑡 = any of the specific incubated (high) temperatures 
𝑇𝑠𝑠𝑡𝑡 = site-specific (lower) temperature 

Celina (2013) presents a recent review of polymer degradation and stability, which is relevant 
to the applicability of Eq. 2-10.  He states that high temperature coupled with oxygen is the 
most common way of accelerating polymer degradation under test conditions.  Oxidation is an 
auto-accelerating process, which means that the rate is slow in the beginning, but accelerates 
after some time.  The time before the process accelerates is called induction time.  Celina 
(2013) warns that the oxidation rate may be higher at lower temperatures than that predicted by 
using the aforementioned Arrhenius equation.  Another issue (Celina, 2013) that often arises in 
laboratory tests is the difficulty of measuring the mechanical properties of interest (e.g., tensile 
strength, elongation, fracture resistance) of small samples.  Chemical properties, such as 
molecular weight or percentage of oxidation, are often measured instead, and are then 
correlated to mechanical properties.  Celina (2013) also discusses the thermo-gravimetric 
analysis (TGA) that is sometimes used to predict expected change in properties of a polymer.  
However, the applicability of TGA is problematic to conditions normally expected in uranium 
milling applications because the TGA measures weight loss at very high temperatures. 

In a separate experiment that analyzed melt flow index and oxidative induction time, Gulec, 
et al. (2004) conducted laboratory experiments in which they immersed a 1.5-mm [60-mil]-thick 
HDPE sample in simulated acid mine solution (from a metal mine and not a uranium mine) at 
20, 40, and 60 °C [68, 104, and 140 °F] for up to 22 months.  The samples were taken out 
periodically and tested for melt flow index, oxidative induction time, and structure using Fourier 
Transform infrared spectroscopy.  The oxidative induction time was measured using the 
differential scanning calorimetry as per ASTM D3895.  The results showed little change in melt 
flow index or polymer structure.  However, the oxidative induction time (OIT) did change 
appreciably.   The experimental results are shown in Figure 2-5.  In this figure, OIT is the 
oxidative induction time for unexposed membranes and S is the rate of antioxidant depletion 
(function of temperature), which is represented by the slope of the straight lines.  The curve at 
80 °C [176 °F] represents only 3 months’ data.  The depletion rate will depend on leachate 
chemistry, but much more strongly on temperature.  From Figure 2-5, the depletion rate at 60 °C 
[140 °F] is 18 times the rate at 20 °C [68 °F]. 
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Figure 2-5.  Oxidative Induction Time Plotted As a Function of Exposure Time and 

Temperature [Gulec, et al., 2004, Figure 6(a)] 
 

Gulec, et al. (2004) used the Arrhenius equation for extrapolation: 

𝑳𝒍 𝑺 = 𝑳𝒍 𝑨 −  �
𝑬𝒂
𝑹
� �
𝟏
𝒌
� (2-11) 

 
where A is a constant, estimates of parameters were Ea = 51.75 kJ/mol [12 cal/mol], 
A = 7.2 × 106 min/month, and R = 1.2 kJ/mol [0.3 cal/mol].  Temperature T is in degrees Kelvin. 

Using the Arrhenius model, Gulec, et al. (2004) projected the time for depletion of antioxidants 
to range between 46 and 426 years assuming exposure on both sides.  The minimum 
antioxidant depletion time was estimated to be 136 years, if exposure was assumed to be on 
one side only.  The predicted broad range shows the uncertainties inherent in the extrapolation, 
but the method can provide a preliminary estimate of a liner’s performance.  

Based on the primary function of the bottom liner, that is, controlling potential infiltration rates, 
the potential increase in its hydraulic conductivity due to aging remains of great interest.   Based 
on discussion by La Touche and Garrick (2012), conceptually, one may envision the evolution of 
the hydraulic conductivity of polymers as depicted in Figure 2-6.  Abdelaal (2013) indicates 
development of a numerical computer code (the Large-Scale Geosynthetic Simulator) used to 
study liner performance, but details of this computer code are not yet available in literature.  It 
may be reviewed further once it becomes available.  
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Figure 2-6.  Conceptual Illustration of Variation in Permeability of a Geosynthetic Base 
Liner with Time (Based on a Figure in La Touche and Garrick, 2012) 

 Summary 2.5

A large amount of literature is available on both components of the geosynthetic clay and 
polymers.  Even though most of that literature is not focused on uranium mill tailings or on heap 
leach facilities, it contains much useful information on applications of bentonite clay and 
polymers in other fields. 

For clay, the primary property of interest is the hydraulic conductivity, which may increase due 
to chemical reactions with the leachate.  There are relatively simple methods for measuring 
such a change, although because of the low diffusivity of clay, it may take a long time for 
changes to occur.  For polymers, slow thermal oxidative reaction is the primary degradation 
mechanism.  All testing methods employ accelerated degradation at temperatures much higher 
than service temperatures.  Arrhenius behavior is assumed to extrapolate the degradation rate 
at lower temperatures.  We did not find any studies indicating any negative effect of the low 
level of radiation that is characteristic of the effect of uranium mill tailings on properties of either 
the clay or the polymer.  
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3 BOTTOM LINER SYSTEM FAILURES 

 Introduction 3.1

The bottom liner system used in heap leach facilities, uranium tailings impoundments, 
landfills, and waste lagoons depends on site-specific conditions, but according to Lupo and 
Morrison (2007) a liner system usually consists of:  (i) foundation materials, (ii) underliner 
materials for monitoring and controlling leakage, (iii) a liner, (iv) overliner materials to protect 
the liner, and (v) a drainage subsystem for collection of leachate solution or drainage fluid.  
Failure of the bottom liner system should be examined in terms of the failure of one or more of 
these components. 

To minimize settlement, the foundation of the facility should consist of homogeneous and firm 
materials.  The design loads can be very large, especially in the case of heap leach facilities 
where the ore weight can cause pressure on the liner system that exceeds 3 MPa [435 lb/in2] 
(Lupo and Morrison, 2005).  Differential settlement of the foundation could result in strain on the 
liner and the piping networks over the liner.  Ideal conditions are seldom encountered at mine 
sites, and appropriate geotechnical investigations and proper design are necessary to reduce 
the risk of bottom liner system failure.  The underliner provides a low-permeability layer beneath 
the liner to minimize leakage from the facility.  Underliners for heap leach pads are made of 
soils with graded particle-size distribution such that their hydraulic conductivity is less than 
1 × 10−6cm/s [3.94 × 10−7 in/s] (Lupo and Morrison, 2007).  As the liner is placed just above this 
underliner, frictional strength of the interface, as well as the overall shear strength of the 
material, is important for good performance.  The overliner usually consists of a compacted, 
low-permeability protection layer that may be overlain by a permeable drainage layer with or 
without a solution collection piping system.  Any air injection piping system to enhance 
evaporation will be in this permeable layer (Lupo and Morrison, 2007).  The most critical 
component of the liner system is the liner itself, for which a variety of materials and a variety of 
configurations are used, as described in the next section. 

 Types of Bottom Liners 3.2

The bottom liner can be a single, single-composite, double, or double-composite liner.  A 
single liner system includes only one liner; a single-composite liner consists of two or more 
low-permeability materials in direct contact with each other (Reddy and Butul, 1999; Lupo and 
Morrison, 2005).  A double liner system comprises two liners separated by a leak detection 
layer, and a double-composite liner has two composite liners placed one above the other 
(Reddy and Butul, 1999).   Use of more than one liner provides greater protection against leaks, 
but the cost increases.  Three general types of liners are compacted clay liners, geosynthetic 
liners, and geosynthetic clay liners (GCLs).  A brief description of each type follows: 

(i) Compacted Clay Liners:  Compacted clay can be used as a single liner or as a 
component of a composite or a double liner system.  These liners are composed of 
natural soils rich in clay, bentonite-soil blends, and other materials, such as shales and 
other argillaceous rocks (Bonaparte, et al., 2002; Aughenbaugh, 1990; Keith and 
Murray, 1994; Daniel, 1993).  Compacted clay liners can be designed to be effective 
hydraulic barriers.  The U.S. Environmental Protection Agency (EPA) recommends that 
the saturated hydraulic conductivity of the compacted clay liners should be less than 
1 × 10−9 meters/second (m/s) [4 × 10−8 in/s] and the materials used should have (i) a 
minimum plasticity index between 7 and 15 percent, (ii) a minimum amount of fines 
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between 30 and 50 percent, (iii) a maximum amount of gravel between 20 and 
50 percent, and (iv) a maximum particle size less than 25 to 50 mm [1 to 2 in] 
(Bonaparte, et al., 2002).  Waste can interact with the liners in two ways.  Soil minerals 
can be dissolved when interacting with acidic or alkaline waste.  For example, silica in 
the soil minerals can be dissolved by bases, and acids in waste can dissolve as well as 
aluminum and iron in soil.  Interaction of waste and clay materials can also change the 
clay structure so that clusters may form, resulting in an increase in the permeability.  
Failure can occur if clay liners are subjected to severe weather.  Clay soil shrinks while 
drying, resulting in deep cracks, which can have serious impact on the liner’s 
effectiveness to be a hydraulic barrier.  Freezing also alters the pore structure, which 
can increase the hydraulic conductivity of the liner. 

(ii) Geosynthetic Liners:  Geosynthetics are generally made of different types of polymers.  
They include geotextiles, geomembranes, GCLs, geogrids, geonets, geocomposites, 
geocells, and geofoams (Greenwood, et al., 2012).  Each type is suitable for a slightly 
different end use.  Because this report primarily focuses on milling and landfill 
operations, only geomembranes and GCLs are discussed. 

Polymers used in manufacturing geomembrane liners include thermoplastic, 
elastomeric, or modified bituminous materials, including high-density polyethylene 
(HDPE), linear low-density polyethylene (LLDPE), low-density polyethylene (LDPE), 
very low-density polyethylene (VLDPE), polypropylene (PP), polyvinyl chloride (PVC), 
and polyester (PRT) (Greenwood, et al., 2012; Needham, et al., 2004).  In addition, 
carbon black, plasticizers, fillers, and other additives are used to achieve the desired 
properties (see also Chapter 2).  Generally, geomembranes are used in conjunction 
with other types of liners (e.g., compacted clay liners or GCLs) to form a single- or a 
double-composite liner system (Needham, et al., 2004; Touze-Foltz, et al., 2008; Lupo 
and Morrison, 2005).  HDPE liners are primarily used at the base or bottom and side 
slopes of a landfill.  LDPE is generally not used in landfill applications due to poor 
chemical resistance and durability.  VLDPE also is not generally used in landfills.  The 
thickness of geomembrane liners varies from 0.51 to 3.05 mm [0.02 to 0.12 in].  The 
thickness of the liner is based on the shear load that the geomembrane will be required 
to withstand during construction and service life of the liner.  The mechanical and 
physical properties of polyethylene are strongly dependent on its density.  As the density 
increases, the liner’s hardness, tensile strength, and chemical resistance increase while 
its flexibility, permeability, and resistance stress cracking decrease. 

Both LLDPE and HDPE are used as liners.  LLDPE geomembranes are generally very 
flexible and can undergo larger deformation under localized differential settlement and, 
consequently, are more likely to be used in environmental applications where large 
settlements are anticipated, such as landfill covers (Islam, et al., 2011).  In addition, they 
generally do not suffer from stress cracking.  However, HDPE geomembranes have 
better resistance to ultraviolet (UV) light and chemicals (Islam, et al., 2011).  PVC is 
often used for pipes used in tailings-related construction. 

(iii) Geosynthetic Clay Liners:  GCLs are made up of a polymer and clay.  A relatively thin 
layer of bentonite is either bonded to a geomembrane using an adhesive or it is fixed 
between two sheets of geotextile.  In the latter configuration, adhesives, stitch bonding, 
needle punching, or a combination of the three can be used (Needham, et al., 2004; 
EPA, 2001).  GCL products are generally thin, typically about 10 mm [0.4 in], and are 
delivered to the job site in a “dry” state (moisture content varying from 5 to 23 percent) 
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(Bonaparte, et al., 2002).  Bentonite, an expanding clay, rapidly hydrates and swells, 
giving it the ability to “self-heal” holes in GCLs (EPA, 2001).  In laboratory tests, a hole 
up to 75 mm [3 in] in diameter will seal itself, preserving the effective hydraulic barrier 
characteristics of the GCL (EPA, 2001). 

The hydraulic conductivity of a GCL depends on the type and amount of bentonite, 
amount of additives, the type of geosynthetic materials used, and the configuration 
based on placing the bentonite layer in between two geosynthetic layers.  The hydraulic 
conductivity of most GCLs ranges between 1 × 10−11 and 5 × 10−11 m/s [4 × 10−10 to 
2 × 10−9 in/s] (Bonaparte, et al., 2002).  Laboratory and field tests show that the hydraulic 
conductivity of a GCL does not increase in freeze–thaw cycling, because thawed 
bentonite will close any cracks formed by freezing (Kraus, et al., 1997; Bonaparte, et al., 
2002).  Chemical compatibility of the liner materials with the waste should be verified 
because the hydraulic conductivity of bentonite will increase due to chemical alterations, 
particularly with wastes rich in calcium or other multivalent cations (Bonaparte, et al., 
2002).  Although the hydrated bentonite has low shear strength (friction angle between 
5 and 10 degrees), stitch-bonded GCLs can provide more stability.  Needle-punched 
GCLs offer even higher frictional strength, partly because of the nonwoven geotextile on 
at least one side. 

Proper subgrade preparation influences the success of a facility using a GCL as one of 
the components of the bottom liner.  This includes removing any large particles and/or 
tree roots.  The soil immediately below the GCL should have a hydraulic conductivity of 
1 × 10−7 m/s [4 × 10−6 in/s] or less.  The thickness of the hydrated GCL may become 
thinner under uneven loading because hydrated bentonite can migrate (Stark, et al., 
1998), which can cause stress concentrations.  Minimizing such stress concentration 
zones in the GCL (e.g., avoiding wrinkles during installation) and placing a layer of cover 
soil above the GCL during installation can prevent changes in liner thickness. 

Breitenbach (1999) reported that typical liners used in heap leach facilities in North America 
include clay liners, geomembrane liners, and composite liners.  Geomembrane liners also are 
used in copper and gold leach mines in Chile (Smith and Welkner, 1995).  Ulrich, et al. (2003) 
reported that polyethylene-based geomembrane liners are used at almost all sites in Western 
South America as the primary liner beneath the heap leach pads.  Several sites use LLDPE 
underneath the leach pad and an HDPE liner on exposed areas for its superior resistance to 
UV rays.  As an example of a more complex design of a bottom liner system, consider the 
specifications used at the Sweetwater uranium tailings impoundment (Shepherd Miller, Inc., 
1997).  Different layers of the composite liner are—from top to bottom—(i) a smooth, 1.5-mm 
[0.060-in]-thick HDPE as the primary liner to prevent waste migration; (ii) a 5-mm [0.2-in]-thick 
HDPE geonet; (iii) a secondary HDPE liner, 1 mm [0.04 in] thick, to provide a barrier to further 
downward migration of leakage; (iv) a sand filter with a 150-mm [6-in] nominal thickness;  
(v) a gravel drainage layer with a 300-mm [12-in] nominal thickness to act with 63-mm  
[2.5-in]-diameter slotted HDPE pipes as the drainage layer; and (vi) a compacted clay layer 
of 0.9 m [3 ft] as the engineered base. 

 Failures during Construction and Operation 3.3

As stated in Section 3.1, differential settlement of the foundation can damage all the 
components of the bottom liner system.  Therefore, it is important to gather sufficient information 
about the soil conditions at the site and assure that the foundation will be stable for the design 
life.  The drainage system can fail because of clogging; its functioning needs to be monitored 
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and remedial action taken as needed.  As stated in Chapter 2, the primary cause of liner failure 
is the depletion of antioxidants in the geosynthetic liner and subsequent reduction of mechanical 
strength.  Literature indicates that a low level of radiation dose, such as that expected in 
uranium milling operations, does not impact geosynthetic liners.  The eventual failure of a 
bottom liner system can be attributed to mechanical failure of the liner (see also Section 3.4). 

Typical performance life of liners varies from the regulatory minimum for municipal waste of 
30 years (Hsuan and Koerner, 1998; Hsuan, et al., 2008) to at least 200 to 1,000 years for 
uranium tailings impoundments (10 CFR Part 40, Appendix A, Criterion 6).  Several arbitrary, 
but measurable definitions of the service life of a liner have been reported in the literature.  
For example, service life has been defined as (i) a 50 percent reduction in a specified design 
property (Hsuan and Koerner, 1998; Hsuan, et al., 2008; Needham, et al., 2004), (ii) a 
10 percent increase in permeability of a PVC geomembrane (Greenwood, et al., 2012), and 
(iii) exceeding a specified leakage rate {e.g., 16 m3/hectare-day [1,700 gal/acre-day]} (Koerner 
and Koerner, 2009). 

Geosynthetic liners can sustain mechanical damage at all stages of life, starting from 
manufacturing to the end of service life (Haxo and Haxo, 1989).  Needham, et al. (2004) and 
Rowe (2012) provided a list of potential causes of geomembrane liner damage, as given 
in Table 3-1. 

Table 3-1.  Typical Defects and Potential Causes Affecting Geomembrane Liners During 
and Post-Installation 

Stage of Operation Type of Defect(s) Potential Cause(s) 
Manufacturing Pinholes, poor stress 

cracking resistance, 
excessive variation of 
geomembrane thickness 

Poor quality control 

Liner placement Scratches, cuts, holes, 
tears, crimps 

Rough subgrade, dragging the liner along ground, 
use of construction equipment on top without 
protective layer, large wrinkles, folds, wind-related 
damages, damage by lifting bars 

Welding/Seaming Cuts, scoring, poor 
adhesion, overheating, 
crimping 

Careless edge trimming, incorrect welding 
temperature or speed, dirt or damage in weld 
areas, excessive roller pressure, excessive 
grinding 

Protection layer 
placement and traffic 
over liner and/or 
protection layer 

Tears, cuts, scratches, 
holes, stress in liner 

Earthmoving machinery, careless proving of 
protection layer depth, thermal crack due to 
temperature reduction 

Postinstallation 
(includes subsequent 
stress cracking) 

Holes, tears, slits, cracks Puncture from drainage materials or waste, pulling 
apart at poor quality welds, opening of partial cuts, 
settlement due to waste pressure, differential 
settlement 

Once 1 or 2 m [3 to 6 ft] of materials have been placed over the liner, the only way to check the 
integrity of the liner is to monitor leaks via a leak detection system.  The leakage volume can 
indicate the mechanical damage to the liner, and the chemistry of the leakage can provide 
information about the integrity of the drainage system.  Needham, et al. (2004), Phaneuf and 
Peggs (2001), and Nosko and Touze-Foltz (2000) reported on the timing and location of 
mechanical damage for in a survey of approximately 300 sites.  The survey reported that 
24 percent of the holes were caused during the installation of the liner and 73 percent during 
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the rest of the construction activities; only 3 percent were found to have occurred during the 
post-construction phase.  The National Research Council (2007) estimated the average 
frequencies of holes in geomembrane liners, based on survey results of a large number of 
geomembrane installations, to be between 0.7 and 11 holes/hectare [0.3 to 4 holes/acre] for 
landfills and up to 15 holes/hectare [36 holes/acre] for leachate impoundments.  The hole 
frequency was found to be lower in hazardous waste landfills compared to municipal solid waste 
landfills.  No correlation was observed between the thickness of the geomembrane liners and 
the number of holes (National Research Council, 2007). 

Assuming 2.5 to 5 holes per hectare with a radius of 1 mm [6 to 12 holes per acre with a radius 
of 0.04 in], Rowe (2012) calculated the leakage through a geomembrane liner to be 1,000 to 
2,000 L/hectare-day [107 to 214 gal/acre-day].  Leakage rates calculated using analytical 
methods (e.g., Rowe, 2012, 2005) assume that the geomembrane liners are in direct contact 
with the other liners, such as a secondary geomembrane liner in the case of a double liner 
system or a geosynthetic clay liner/clay liner for a composite liner system.  This assumption may 
lead to a significant underestimation of the leakage rates.  In typical North American landfills, 
Rowe (2012, 2005) observed that the geomembrane liners are not in direct contact throughout 
the landfill, because of formation of wrinkles during construction and exposure to sun.  The 
presence of wrinkles causes redistribution of vertical stresses on the liner with increased 
stresses at both sides, but zero stress directly beneath the wrinkles (Brachman and Gudina, 
2008).  Exposure to sun can also expose the liner to UV rays, which can cause deterioration via 
oxidation.  Consequently, the literature recommends covering the liner with another material 
until it is covered by the disposed material. 

Because most of the defects in the liner form during construction, it is extremely important to 
implement an effective construction quality assurance (CQA) program to minimize the number 
of defects in the installed liner.  Based on information gathered over 10 years from leak 
detection systems in 89 projects, Forget, et al. (2005a,b) reported that approximately 80 percent 
of the projects with rigorous CQA programs had between 0 and 7 leaks/hectare [0 and 
3 leaks/acre] with the average of 4 leaks/hectare [1.6 leaks/acre].  However, projects without a 
rigorous CQA program averaged 22 leaks/hectare [9 leaks/acre].  The number of tears and 
faulty seams were found to be six times higher for the 1-mm [0.4-in]-thick geomembranes 
without a CQA than with a CQA program.  The number of punctures would be 21 times greater 
without a CQA program.  Leak density decreased as the thickness of the geomembrane 
increased; however, the decrease was not inversely proportional to the geomembrane thickness 
if a rigorous CQA program was implemented.  An essential CQA practice is to protect 
geomembrane liners from damage during construction and waste placement with a layer of soil, 
geosynthetics, or a combination thereof.  This layer also protects liners from temperature 
fluctuations, freeze–thaw cycles, and the UV rays of the sunlight.  Field experiments by 
Richardson and Johnson (1998) indicated that a uniform, 30-cm [1.2-ft]-thick layer of gravel over 
the geomembrane was effective in preventing construction damage.  Reddy, et al. (1996) 
reported similar results. 

 Failure after Closure 3.4

Needham, et al. (2004) and Haxo and Haxo (1989) have categorized the stresses affecting 
long-term durability of the geosynthetic liners into (i) chemical, (ii) mechanical, and (iii) biological 
categories.  The radiation-related stresses, either from sunlight’s UV rays or from radioactive 
materials, are included into the chemical stresses.  The effects and the extent of the stresses on 
a particular liner are dependent on its polymeric composition, design of the liner, and 
environmental conditions.  In addition, Needham, et al. (2004) include degradation of the 
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polymer due to hydrolytic and ultrasonic causes.  These degradation causes are limited to 
specific polymer types, are not typically used in milling-related applications, and will not be 
discussed further. 

Chemical stresses on a bottom geosynthetic liner are caused by exposure to chemical 
constituents of the leachate.  Chemical stresses can degrade the liner by breaking down the 
polymer structure through oxidation, cross linking, and gelling of the polymer; extraction of 
plasticizers; swelling and dissolution of amorphous polymers; or increasing crystallinity (Haxo 
and Haxo, 1989).  Temperature has a significant effect on the degradation processes.  Energy 
from the gamma-ray radiation from decay of radioactive materials can affect the polyethylene in 
the geomembrane liner by splitting the polymer chains and increasing its crystallinity and 
density (Badu-Tweneboah, et al., 1999; Needham, et al., 2004).  A large number of heap leach 
projects are currently located at altitudes as high as 3,000-m [10,000-ft] elevation.  
Consequently, the geosynthetic materials used are subjected to increased solar radiation as 
well as harsh temperatures and wind (Lupo and Morrison, 2007) for some time, until the bottom 
liner is covered with the ore or waste material.  Details of the oxidation process are provided in 
Chapter 2 and are not repeated here. 

Generally, chemical reactions between solid particles are slower than those involving liquid 
phases.  Consequently, the presence of moisture or leachate can enhance the degradation 
process of the geosynthetics.  Many reactions occur at the polymer surface and, therefore, 
thicker geomembranes will be more resistant to degradation than thinner ones (Rowe, et al., 
2010a; Greenwood, et al., 2012).  Information on how geomembrane thickness affects service 
life is sparse, although Rowe, et al. (2010a,b) investigated this.  Three commercially available 
HDPE geomembranes with nominal thicknesses of 1.5, 2.0, and 2.5 mm [0.06, 0.08, and 0.1 in] 
were tested in the laboratory at temperatures of 85, 70, 55, and 22 °C [185, 158, 131, and 
72 °F] in synthetic leachate.  The geomembrane samples were retrieved at specified time 
intervals and tested for oxidative induction time (OIT), crystallinity, melt index (MI), tensile 
properties, and resistance to stress cracking (Rowe, et al., 2010a,b).  The rate of antioxidant 
depletion from the geomembrane was highest for the 1.5-mm [0.06-in]-thick geomembrane and 
the lowest for the 2.5-mm [0.1-in]-thick ones at all temperatures.  Therefore, the time to 
completely deplete the antioxidants in the geomembrane increases as the thickness of the 
geomembrane increases.  Additionally, the time to completely deplete the antioxidants 
increases as the leachate temperature decreases.  At 60 °C [140 °F], antioxidants will be 
completely depleted in 2.2 years for the 1.5-mm [0.06-in]-thick geomembranes, while it would 
take 3.4 years for the 2.5-mm [0.1-in]-thick geomembranes.  However, it would take 45 and 
66 years for the 1.5- and 2.5-mm [0.06- and 0.1-in]-thick geomembranes, respectively, if the 
leachate temperature is only 20 °C [68 °F].  The crystallinity increased relatively more for the 
1.5-mm [0.6-in]-thick geomembrane than for others, indicating physical aging.  The MI 
decreased slightly more for 1.5-mm [0.06-in]-thick geomembranes.  Decrease in MI values 
indicates cross-linking reactions taking place in the polymers due to oxidation.  The tensile 
strength remained more or less constant for about 10 months and then decreased as the 
geomembranes aged in leachate.  Reduction of tensile strength was observed along both 
machine and cross-machine directions; the largest decrease took place for the 2.5-mm 
[0.1-in]-thick geomembranes.  Decrease in tensile strength suggests that the geomembranes 
were in Stage 3 (i.e., when oxidation process accelerates).  Delamination was observed for the 
2.5-mm [0.1-in]-thick geomembranes, probably because they were exposed to a greater 
temperature differential cooling rate during manufacturing.  The rate of decrease of the stress 
crack resistance is highest for the 1.5-mm [0.06-in]-thick geomembranes and lowest for the 
2.5-mm [0.1-in]-thick ones (see also Chapter 2). 
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Mechanical stresses can develop in geosynthetic liners due to overburden, penetrations, 
hydraulic head, stress cracking (brittle fracturing), settlement, and sliding along slopes.  They 
can also develop due to wind, temperature (especially due to rapid fluctuation of temperature), 
and freeze–thaw cycles.  In addition, creep failure at stresses well below the mechanical 
strength is possible under sustained loads.  Current geomembrane-lined heap leach facilities 
are approaching 200 m [660 ft] in height resulting in stresses of 3.3 MPa [435 lb/in2] or more on 
the liner from the crushed ore (Lupo and Morrison, 2007). 

The geosynthetics can develop stress cracks, a brittle cracking phenomenon, due to tensile 
stresses less than the short-term mechanical strength (Needham, et al., 2004).  At low stresses, 
the crystalline linking chains of the polymer molecules can untangle themselves to develop a 
smooth break.  These cracks typically occur at the crest of the wrinkles, and along the edge of 
extrusion seams in the liner sheet of the geomembrane, or as the “star” cracks at the contact 
points of the protruding stones (Needham, et al., 2004).  Although these cracks are short, 
generally around 50 mm [2 in] long, several of these small cracks can link to form a large crack.  
Eventually, excessive stress cracking could result in large leakage and lead to the end of 
service life of the liner as an effective hydraulic barrier (Needham, et al., 2004).  These cracks 
can propagate very rapidly with associated crack branching generally at subzero temperatures 
and exposed HDPE geomembranes.  Stress cracking also can accelerate at elevated 
temperatures and in the presence of corrosive fluid (Needham, et al., 2004; Reddy and Butul, 
1999).  Environmental stress cracks can form in a geomembrane liner especially in areas that 
had scratches or were subjected to fatigue stress.  Any exposure to atmosphere and 
temperature changes makes the geomembrane vulnerable to environmental cracks.  In addition, 
UV rays can stiffen the geomembranes, especially the PVC materials, and thereby enhance the 
brittle behavior. 

Long-term degradation of the waste in a landfill (and any potential rearrangement of the 
particles in heap leach facility) would control the lining system behavior.  Potentially large 
displacement along the interface between the geomembrane and geotextile/GCL/clay layer is 
possible.  A common approach for landfill design is to have the weakest interface above the 
primary liner to avoid movement within the liner itself; this can result in leakage of leachate 
(Dixon, et al., 2012).  Displacements along interfaces can be large and exceed several meters 
[several feet] near a steep wall (Dixon, et al., 2012).  The design should have provisions for 
accommodating such large displacements without jeopardizing the integrity of the landfill or 
heap leach facility.  Note that the residual shear strength should be the minimum shear strength 
of all interfaces.  A site-specific testing program, rather than using reported values in the 
literature or other facilities, is essential. 

Biodegradation by microorganisms can occur (Haxo and Haxo, 1989), but polymers have 
generally high resistance to biodegradation. 

 Reported Case Studies 3.5

The most convincing way to assess service life of a liner would be to use case histories; 
however, the engineered barriers using geomembranes to isolate waste have not been in 
existence long enough to assess the long-term or postclosure performance (National Research 
Council, 2007).  As discussed, the postclosure performance period or the service life may 
extend hundreds of years.  However, the first generation of landfills and waste dumps utilizing 
geomembranes are only approximately 30+ years old.  In addition, the chemical formulation and 
manufacturing process, including quality control measures, change with time.  As a result, other 
approaches, such as extrapolation of measured properties and/or accelerated time-temperature 
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laboratory-based tests, may be used.  However, both approaches are difficult and introduce 
significant uncertainties in prediction of long-term performance. 

Rollin, et al. (1994) examined 2.0-mm [0.08- in]-thick HDPE geomembranes exhumed from a 
contaminated soil containment facility in Montréal, Canada.  The geomembrane, after 7 years in 
the containment facility, showed residual stress cracks related to aging.  The exhumed 
geomembrane also exhibited lower tensile resistance and elongation.  On the other hand, 
National Research Council (2007) reported on a study of HDPE geomembrane samples 
exhumed from a 7-year-old leachate lagoon.  The samples did not show any substantial 
changes in the internal structure and engineering/hydraulic properties.  Adams and Wagner 
(2000) reported on aging of a 1.0-mm [0.04-in]-thick HDPE geomembrane installed as a 
containment barrier in Ohio.  They concluded that the geomembrane liner did not appreciably 
age while in service for 10 years in the lagoons. 

Safari, et al. (2011) investigated the deterioration of HDPE geomembranes as components of 
the composite liner used in a polychlorinated biphenyl (PCB) waste landfill in Ontario, Canada.  
Upon exhumation of the landfill after 25 years of operation, they used the OIT levels in the 
geomembrane to assess the deterioration sustained by the geomembrane in the landfill cells’ 
bottom, sidewalls, and cover systems.  The OIT value correlates well with the remaining levels 
of antioxidants in the geomembrane (Safari, et al., 2011).  Unfortunately, the properties of the 
geomembranes used in different cells before installation were not available.  Assuming 
geomembranes with the same or very similar properties were used in the cells, they concluded 
that exposure conditions can significantly affect the depletion of the antioxidants resulting in 
decreased OIT values and, consequently, reduce the service life of the geomembranes.  The 
bottom liner in one cell (Cell 3) showed significant depletion of the OIT value, compared to the 
bottom liner in another cell (Cell 4), probably as a result of some interactions with the 
waste/leachate in the cell.  Safari, et al. (2011) estimated that the antioxidants in the cover and 
bottom liners of Cell 3 would be completely depleted in approximately a decade, but it would 
take another 200 years for the sidewall liners to reach the same condition.  The cover and 
bottom liners of Cell 4 would reach the end of antioxidant deterioration in approximately 40 and 
75 years, respectively. 

Brady, et al. (1994) reported a 30-year-long aging test program of PVC, LDPE, and HDPE 
under various climatic conditions.  The plastics were aged at Shawbury, United Kingdom, and 
at two sites in Queensland, Australia.  The typical daily temperature at these sites ranged from 
18 and 29 °C [64 and 84 °F]; however, temperature as high as 46 °C [115 °F] was recorded at 
the Australian sites.  The mean relative humidity varied between 35 and 80 percent.  Results 
from the aging program showed that properties of the PVC plasticized with dioctyl phthalate did 
not undergo appreciable changes during 30 years of aging.  On the other hand, PVC plasticized 
with polypropylene adipate became more brittle, accompanied by increased tensile strength and 
substantial change in appearance as the plasticizer broke down.  A 10 percent increase in 
tensile strength and a 10 percent decrease in strain at rupture were observed for LDPE.  A 
50 percent reduction of impact resistance of HDPE was observed, but the changes took place 
only in the first 15.5 years—changes after that were negligible.  The HDPE became stiffer with 
time.  Increase in tensile strength and decrease in strain at rupture were found to be more 
pronounced at the Australian sites under the hotter environment (Brady, et al., 1994). 

Mitchell, et al. (1993) reported on a landfill failure that occurred in 1988 involving a slide.  The 
landfill was about 120,000 m2 [1,300,000 ft2] and was part of a waste treatment and storage 
facility at Kettleman Hill, California.  The base was nearly level.  Placement of solid waste had 
been progressing at a constant rate since 1987.  The slide of the landfill caused a lateral 
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displacement of 11 m [35 ft] and a surface settlement of 4.3 m [14 ft].  The slide occurred over a 
period of a few hours without an earthquake, rain, or other events triggering it.  Detailed 
investigation showed that the slide occurred on the interface between the secondary clay layer 
and the secondary geomembrane layer when the waste pile reached a height exceeding the 
landfill geometry and the interface shear strength (Mitchell, et al., 1993).  Detailed investigation 
of the failure showed that the interface shear strength of the liner systems can be very low, with 
the friction angle as low as 8° between the layers of geosynthetic materials.  In addition, the 
compaction of the clay liners, resulting in low hydraulic conductivity, produced the lowest shear 
strength at the geomembrane/clay interface. 

 Summary 3.6

In summary, the most critical reason for the failure of bottom liner systems is the occurrence of 
defects (e.g., holes, tears, punctures, wrinkles) introduced in the liners during construction.  The 
second most important reason for failure is the mechanical stress caused by the load on the 
liner.  Chemical- and radiation-induced degradation are generally slow and may take hundreds 
of years to lead to failure.  The geomembrane liners commonly used in recent heap leach 
facilities and uranium mill tailings impoundments are generally made of HDPE.  Strachan and 
van Zyl (1988); Mitchell, et al. (1993); Needham, et al. (2004); Rowe and Sangam (2002); and 
many others provide guidance on proper selection of liners.  An effective quality control program 
and a leak detection survey are essential for success of the heap leach and/or waste placement 
facility, as shown in numerous actual applications.  A site-specific testing program would be 
needed to estimate the service life of a bottom liner system. 
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4 DEWATERING OF TAILINGS IMPOUNDMENTS 

 Introduction 4.1

Safe collection, conveyance, and removal of leachate and water are critical functions of a 
uranium mill tailings impoundment.  Uranium mill tailings, either from conventional mill or heap 
leach operations, consist of sand-like particles.  The tailings slurry may be made up of as much 
as 75 percent water and 25 percent solid particles.  In some cases, tailings are dewatered 
(thickened to >60 percent pulp density) or dried (to a moisture content of <25 percent) prior to 
disposal.  However, drying is expensive because of additional costs for equipment and energy 
and is therefore rarely used.  Coarse fractions of slurry tailings, separated by a method called 
cycloning, are sometimes also disposed in underground mines as backfill.  Open pit backfilling, 
such as in the Pinto Valley tailings in Arizona (EPA, 1994) where tailings are deposited into 
open pits, is also practiced.  Subaqueous disposal in a deep lake or ocean is also feasible, but 
the long-term environmental effects of such disposal are unknown.  Impoundments near the 
surface with earthen embankments are the most common method of disposal. 

The tailings slurry is usually piped to an impoundment.  The ultimate purpose of the 
impoundment is to safely contain fine-grained tailings with a possible secondary purpose of 
draining and reusing the drained water.  The impoundment may be lined or unlined.  Initially, the 
slurry is solid particles suspended in water and behaves as a slightly viscous liquid that can flow 
more or less freely.  If allowed to flow on a slightly sloping surface, the solid content will fall out 
of suspension, with coarser particles first forming intercalated river-delta-like deposits.  Drainage 
is employed mainly to (i) decrease the water content, (ii) stabilize the tailings, (iii) reduce the risk 
of release of the tailings into the environment in case of accidental failure of confinement, and 
(iv) enhance the liner life by reducing availability of oxidizing agents.  The drainage water can 
also be recycled or released into the environment after adequate treatment, if appropriate. 

As noted by the International Atomic Energy Agency (IAEA, 2004), radon emanation; windblown 
dust dispersal; and the leaching of radionuclides, heavy metal, and chemicals like arsenic, are 
typical hazards from uranium tailings impoundments.  Leaching to water bodies occurs when 
infiltration of precipitation is uninhibited, bottom liners are absent, and no drainage system is 
installed.  Even in the absence of infiltrating meteoric water, the tailings deposits may continue 
to drain for decades after they are deposited.  One example where serious groundwater 
contamination occurred is the two impoundments near Pécs in Hungary (Benkovics, 2000).  
There, seepage through the base of the unlined impoundments contaminated two aquifers that 
supplied more than 60 percent of the drinking water for the city.  Another example where 
groundwater contamination occurred, but did not require any remediation, is the Olympic 
Impoundment in South Australia (Townley, 1998).  Remediation was not required because the 
contaminated aquifer was saline and unfit for consumption. 

There have been instances where large-scale release of tailings has occurred due to failure of 
impoundments.  Such incidents include failure of the earthen dam on July 16, 1979, at Church 
Rock, New Mexico, resulting in a release of 4 × 105 m3 [108 gal] of the tailings slurry.  Other 
such catastrophic failures include the Ok Tedi disaster in New Guinea, which destroyed the 
Ok Tedi River fishery; the Buffalo Creek flood in West Virginia that killed 125 people; and the 
2000 Bala Mare cyanide spill in Romania.  Blight (1998) reported an in-depth analysis of the 
1994 failure of the Merriespriut tailings dam in South Africa in which 17 people died.  It is 
estimated that one tailings pond accident happens every year (Diamond, 2005).  Even if solid 
particles settle out from suspension, because of an absence of cohesion, there is a high 
potential of liquefaction during earthquakes and potential failure of the embankments (Charlie 
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and Wardwell, 1979; Martin, et al., 1978; and Mittal and Morgenstern, 1976).  For a list of 
historical environmental impacts from uranium mill tailings impoundments, see IAEA (2004). 

Regarding dewatering, 10 CFR Part 40, Appendix A, Technical Criterion 4, 5E(3) states that 
dewatering of tailings by process devices and/or in-situ drainage systems is required.  Further, it 
states, “At new sites, tailings must be dewatered by a drainage system installed at the bottom of 
the impoundment to lower the phreatic surface and reduce the driving head of seepage, unless 
tests show tailings are not amenable to such a system.  Where in-situ dewatering is to be 
conducted, the impoundment bottom must be graded to assure that the drains are at a low 
point.  The drains must be protected by suitable filter materials to assure that drains remain free 
running.  The drainage system must also be adequately sized to assure good drainage.” 

 Internal Drainage Systems 4.2

Most drainage arrangements depend upon gravity drainage into drains that are laid out above 
the liner and drain water into a sump, which is co-located with the impoundment.  Slotted pipes 
may be embedded into the drains.  Filters are usually used on the drains to prevent solid 
particles from entering the drain.  The basic arrangement is shown in Figure 4-1. 

 

 

 

 

 

 

 

 

 

Figure 4-1.  Conceptual Arrangement for Internal Drainage 
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In Figure 4-1, finger drains are protected by filters and laid above the liner.  Finger drains are 
essentially a discrete set of drains that discharge into a central drain.  On the other hand, a 
blanket drain is laid as a blanket over the entire surface; it is also designed to discharge the 
water into a central outlet.  In some drainage concepts, the lower permeability fraction of the 
tailings, called the slime, is deposited on the sides and the coarser fraction is in the middle of 
the impoundment.  A similar arrangement is used when tailings are disposed in mined-out open 
pits, such as at Union Carbide’s Gas Hills project in Wyoming.  Again, the slime is deposited on 
the sides; a liner is used at the bottom, and water is drained from the middle.  Where pumps are 
used, the pump is lowered in vertical manholes that extend up through the waste, or more 
commonly, in riser pipes that extend along the side slope of the landfill (see Figure 4-2). 

Under unsaturated conditions, water in the pore spaces of the tailings will not flow into drains 
unless the water approaches atmospheric pressure (i.e., water-saturated conditions).  However, 
water in the pore spaces can move under unsaturated conditions in response to water pressure 
gradients and gravity within the tailings. 

In IAEA (2004), various in-situ techniques for dewatering tailings impoundments are compared.  
Table 4-1 is based on that document. 

The in-situ dewatering techniques listed in Table 4-1 are used at many mill sites around the 
world, but information on dewatering systems is rarely presented in the published literature.  
Under-drainage has been used at Ranger and Key Lake mines, for which literature data is 
available.  At the Ranger mine in Southern Australia, a seepage interception system was 
installed around the perimeter of the impoundment, which has a pervious gravel blanket at the 
base.  Water is drawn from the gravel bed via an adit and well and is returned to the decant 
pond above the tailings for evaporative loss.  This system was found to be successful in 
achieving a density greater than 1.2 g/cm3 [63 lb/ft3] (Clifton, et al., 1984).  At the Key Lake mine 
in Canada, blanket drains are used to monitor and collect seepage (Clifton, et al., 1984).  The 
collected seepage water is pumped to the waste treatment system for treatment. 

Wicks, formed from geotextiles, and evaporation also have been used quite widely to stabilize 
existing impoundments.  A 3-m x 3-m pattern of wicks was used at the Atlas mill near Moab, 
Utah.  At the Atlas site (Henderson and Purdy, 2002), the actual dewatering obtained by the 
wicks was found to be greater than predicted.  Wicks also were used at the Nabarlek mine in 
Australia, where the wicks were inserted to about half the depth of the impoundment or about 
33 m [100 ft] into the tailings (Waggitt, 1994).  Water expelled from the wicks was evaporated 
through sprinklers located at the top of the pit wall.  At Seelingstädt and Helmsdorf tailings 
impoundments in Germany, wicks were used at a large scale to stabilize an existing layer of 
tailings before depositing another layer above it (WISMUT, 2000).  The water flow in a vertical 
wick drain depends on the pressure difference inside and outside of the drain (Wells and 
Caldwell, 2009).  The pressure outside the drain, or in the tailings, is approximately 

 

     𝑷𝒅 = 𝝆𝒅 ∙ 𝒈 ∙ 𝒉𝒅      (4-1) 

and that inside the drain is 

     𝑷𝒅 = 𝝆𝒘 ∙ 𝒈 ∙ 𝒉𝒘,      (4-2) 
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Figure 4-2.  The “Best Available Technology” Design Presented By Uranium One, Inc. 

(Based Primarily On Figure in Lersow, 2010) 
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Table 4-1.  Different In-Situ Dewatering Techniques* 
Dewatering 
Technique Advantage Disadvantage 

Under-drains (Finger 
or blanket)  

Economical to construct 
Simpler than other options 
Existing technology 
Stabilizes tailings during operation 

Must be placed before starting to 
discharge tailings 
Risk of clogging 
Allows only gravity drainage 

Horizontal drains Can be combined with vacuum 
application 
Design can be modified during 
operations 

Must be placed before starting to 
discharge tailings 
Expensive 
May require long drains drilled 
horizontally through the tailings 
Risk of clogging 

Single well system Can be used for draining existing 
impoundments 
Relatively easy to install and operate if 
access available 

Requires maintenance and equipment 
Drainage efficiency may depend on 
radius of influence 
Only effective in the saturated portions 
of the tailings 

Multiple well points May be used on the perimeter 
Flexibility in pumping positions 

More expensive  
Limited well depth 
Only effective in the saturated portions 
of the tailings 

Jet pumping Increased effective depth compared to 
well points 

Increased cost 
Only effective in the saturated portions 
of the tailings 

Electro-osmosis with 
well points 

Greater depth than with well points 
alone 
Can be used in low permeability areas 

Expensive 
Not effective if porewater chemistry is 
acidic 

Evapo-transpiration Passive system 
Inexpensive 

Limited depth 
May affect integrity of cover 

Sand drains/wicks Dissipates porewater pressure Little dewatering capacity 
Pervious surround Three-dimensional drainage Requires an open pit 
*Adapted from the following: 
1.  IAEA.  “The Long-Term Stabilization of Uranium Mill Tailings.”  IAEA–TECDOC–1403.  Vienna, Austria:  
International Atomic Energy Agency.  2004. 
2.  Wardell, R.E., J.D. Nelson, S.R. Abt, and W.P. Staub.  “Review of In Situ Dewatering and Consolidation of 
Uranium Mill Tailings.”  Proceedings of the 6th Symposium on Uranium Mill Tailings Management, Low-Level Waste, 
and Hazardous Waste, Fort Collins, Colorado, February 1–3, 1984.  Fort Collins, Colorado:  Colorado State 
University.  1984. 
 
where 𝜌𝑡  𝑎𝑛𝑎 𝜌𝑤 are densities of tailings and water, respectively, and g is acceleration due to 
gravity.  Because  𝜌𝑡 > 𝜌𝑤, the pressure gradient is from the tailings to the wick drain; hence, 
the flow is to the wick drain.  The hydraulic conductivity of the tailings is the other factor 
controlling the flow to the drains.  The water coming up the wick drain is evaporated so that the 
water head in the drain remains low. 

Permeable reactive liners and barriers are an important new development in the management of 
tailings seepage (Naftz, et al., 2000).  These make use of chemically reactive materials, such as 
zero-valent iron, peat, compost, carbonates, phosphates, and zeolites, to sequester mobile 
contaminants from the seepage water. 

We did not find much discussion regarding the design of the vertical or horizontal wells in the 
context of tailings impoundments.  However, methods for well design and analysis are well 
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established in groundwater hydrology literature; for example, the book by Freeze and Cherry 
(1979) in which the well-known Theis’ equation is derived: 

𝒉𝟏 − 𝒉(𝒓, 𝒅) =
𝑸
𝟒𝟒𝒌

 �
𝒆−𝒖

𝒖
𝒅𝒖

∞

𝒖
 (4-3) 

 
In Eq. 4-3, ℎ0 is the initial hydraulic head (fluid pressure) in the tailings, h(r,t) is the hydraulic 
head at radius r from the pumping well at time t after pumping begins, Q is the rate of pumping, 
T is the transmissivity (hydraulic conductivity times the thickness of saturated layer being 
pumped), and 𝒖 is a dimensionless variable, defined as 

𝒖 =
𝒓𝟐𝑺
𝟒𝒌𝒅

 (4-4) 

 
In Eq. 4-4, S is the storage coefficient of the saturated layer, which is equal to its drainable 
porosity.  In the case of a tailings impoundment, the design question will be to determine at what 
rate one should pump to lower the phreatic surface by a certain amount in a certain amount of 
time.  Plugging variable values into Eq. 4-4 will determine the answer.  The Theis equation is 
based on several simplifying assumptions including homogeneity of the tailings with respect to 
T and S.  Several computer codes are available to obtain much more general solutions, 
including solutions for horizontal drains, which will be modeled as water sinks in such models. 

 Hydraulics and Chemistry of Drainage 4.3

The hydraulics of drainage are relatively simple, particularly under saturated conditions.  
Flow rate depends on boundary conditions and follows the well-known Darcy equation.  
Complications could stem from time-dependent boundary conditions and any heterogeneity that 
may be present.  The heterogeneity may be expressed in the form of layering in the sense that 
as tailings are deposited, the earlier deposits may consolidate as a layer with lower hydraulic 
conductivity or be covered by later deposition of low permeability slimes.  Once conditions 
become unsaturated either as a whole or in part for the system, capillarity starts playing a role 
and the variation of hydraulic conductivity becomes a function of moisture content or capillary 
pressure, making the flow system mathematically nonlinear.  Nevertheless, the hydraulics of 
both the saturated and partially saturated media is well known, and there are established 
models and computer codes to explain, design, and manage the tailings pile.  The hydraulics of 
the heap leach pile is relatively more complex because not only hydraulics but also the chemical 
reactions, including dissolution and precipitation of constituents, must be considered. 

Infiltration of atmospheric precipitation at closure is generally managed by capping the 
impoundment.  Typically, the hydraulic conductivity of the compacted sealant layer in the cap is 
on the order of 10−9 m/s [3.3 × 10−9 ft/s].  Under a unit gradient, this permeability will allow water 
seepage of about 800 L/day/hectare [85 gal/day/acre].  However, because the cover is designed 
to drain surface water, no pool of water is expected to accumulate at the top of the cover.  
Therefore, the actual flow will be sporadic and much less than the previously described value.  
In contrast, the water flow rate through an intact (i.e., without defects) 1-mm [0.04-in]-thick 
geomembrane is estimated to be about 10 L/day/hectare [1 gal/day/acre] (Bonaparte, et al., 
2002).  However, defects will eventually develop in geomembranes and flow could be much 
larger.  In any case, a combination of compacted clay and geomembrane can be expected to 
more effectively reduce infiltration through the cover. 
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The current practice regarding chemistry is to neutralize tailings before disposal by adding 
suitable neutralizing agents.  Knowing the chemistry of the tailings can significantly help prolong 
the life of the liner and the drainage system.  The neutralizing agents are carefully selected so 
that they do not form uranium complexes, which can increase uranium mobility.  For example, 
carbonate can form uranium carbonate complexes with higher solubilities.  Slightly alkaline pH 
reduces the uranium solubility.  Adding chemical binders can also be helpful.  Such additions 
can create a chemical bond between constituent particles and increase the mechanical 
strength of the liner.  In addition, some water may be consumed during chemical reactions, 
and the pH may be raised.  Ordinary Portland cement is a common additive.  Where available, 
fly-ash-based grouts may also be used.  As was indicated in Chapter 2, the hydraulic 
conductivity of the liner itself will increase as the liner ages and antioxidants are depleted. 

Uniform grain-size distribution and gel-like physical-chemical properties of tailings lead to poor 
dewatering characteristics under gravity.  Some treatments (e.g., cycloning, centrifuging, 
filtering, and evaporation in open pans) may be used to accelerate dewatering.  Novel 
techniques, such as electro-osmosis, have also been proposed.  Mixing tailings with material to 
obtain a broader grain-size distribution is conducive to better drainage, but this will increase the 
total volume of material disposed. 

Development of large capacity vacuum and pressure filter technology has provided the 
opportunity for storing tailings in a dewatered state.  This technique, however, has not been 
applied in the uranium recovery industry.  A cheaper dewatering technique was used in the 
Stratoni gold mine in Greece (Newman, et al., 2004).  In this technique, geotextiles 
(polypropylene or polyester) were used to dewater tailings prior to putting them in an 
impoundment.  Experiments were conducted by making 0.22-m3 [8-ft3] bags of different 
geotextiles; filling them with tailings {initial solid content from 5 to 14 weight percent; 94 weight 
percent finer than 44 micrometer (μm) [0.0017 in]}; and observing them drain.  The bags 
dewatered to about 50 weight percent in 20 hours after which the rate of dewatering slowed.  A 
filter cake developed on the surface of the geotextile, but the drained water was quite clear.  
Eventually, large drainage systems {60 m × 15 m [200 ft × 50 ft]} were constructed and tailings 
were piped in during the day shift. Drained tailings were then removed and disposed in an 
impoundment.  Polyester was found to provide the best service.  Even though this drainage 
system was outside the impoundment, it seems that geotextiles could provide a reasonable 
material for forming underdrains. 

Regulations in the United States require the tailings be dewatered sufficiently to meet 
consolidation requirements, if the tailings pile is capped in place.  For impoundments already 
constructed without any in-situ drains, drainage can be implemented by using horizontal drains 
and pumping from either a single well or multiple wells. 

The decanted and drained water contains most of the suite of contaminants that is in the 
tailings.  These contaminants can escape to the environment if the water overtops the dam, 
pump lines break, or the drainage system fails.  The decant water is generally returned to the 
mill for reuse, or it is treated before releasing it to the environment. 

 Design of Drains and Filters 4.4

The water flow capacity is the primary design feature of the drains.  This can be easily 
estimated once the hydraulics of the site-specific impoundment are understood.  Of course, the 
drains should be laid out on a proper slope to lead the water to the outlet and should be made of 
material that lasts as long as drainage is needed. 
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The filters are important components of the internal drainage system.  Filters are designed such 
that water can easily flow through them (generate as small a fluid pressure loss as possible) 
and yet prevent tailings particles from passing through them.  Filters can be either aggregate or 
synthetic fiber.  The Canadian Center for Mineral and Technology (CANMET, 1977) and 
U.S. Department of the Interior (1978) devised empirical rules for the aggregate filters as 
follows.  For the drainage material to be well graded, 

𝑫𝟔𝟏

𝑫𝟏𝟏
 ≥ 𝟒 𝒇𝒐𝒓 𝒈𝒓𝒂𝒗𝒆𝒍                    

𝑫𝟔𝟏

𝑫𝟏𝟏
 ≥ 𝟔 𝒇𝒐𝒓 𝒔𝒂𝒍𝒅 (4-5) 

 

𝑫𝟏𝟓𝑭
𝑫𝟖𝟓𝑺

< 𝟓;𝟓 ≤  
𝑫𝟏𝟓𝑭
𝑫𝟏𝟓𝑺

≤ 𝟐𝟏;  
𝑫𝟓𝟏𝑭
𝑫𝟓𝟏𝑺

< 𝟐𝟓;𝒂𝒍𝒅 
𝑫𝟖𝟓𝑭
𝑫𝟏𝟓𝑺

< 𝟓 𝒇𝒐𝒓 𝒅𝒉𝒆 𝒇𝒔𝒍𝒅𝒆𝒓 (4-6) 

 

In Eqs. 4-5 and 4-6, F represents the filter material particle, S represents the tailings or base 
particle; D represents the grain size, and the subscript of D represents the fraction of particles 
that are smaller than that size.  The aggregate is laid out with the coarser particle at the top and 
the finer particles below them in layers.  The idea is that the filter is not only a filter for the 
tailings; it is also a filter for its own particles.  Applications of the empirical rules shown in 
Eqs. 4-5 and 4-6 require that the tailings be analyzed for their particle-size distribution. 

The basic objective of the design of synthetic fabric filters is the same as for aggregate filters 
(i.e., filaments of the fabric should be large enough to allow water in without much of a fluid 
pressure loss, yet not allow significant amounts of tailings particles to pass through the fabric).  
The fabric filter usually has a thickness of about 1 mm [equivalent]. 

Charlie, et al. (1983) presents an example of interior drainage design.  In the example, the 
impoundment is designed to store 20 years of tailings produced at the rate of 682 (dry) 
metric tons [750 (dry) U.S. tons] a day plus about 720 m3 [25,000 ft3] of water a day or about  
5 × 106 m3  [2 × 108 ft3] of solids occupying an area of 200,000 m2 [240,0000 square yards].  The 
impoundment is, therefore, about 25 m [82 ft] deep.  The water table at the site was 30 m [98 ft] 
below the bottom of the impoundment.  The bottom is lined with a clay liner.  The hydraulic 
conductivity of the top 50 m [165 ft] of the substrate varies from 6 × 10−7 to 6 × 10−6 m/min  
[2 × 10−6 to 2 × 10−5 ft/min] and the pH of the tailings leachate was approximately 4.  For the 
previously described case, Charlie, et al. (1983) estimated the hydraulic conductivity of 
the tailings as 3 × 10−6 m/min [10−5 ft/min].  Using a hydrostatic gradient of 1 (it could be 
greater if water is pooled above the tailings), the flow rate under saturated conditions is simply 
3 × 10−6 m/min × 1.0 × 200,000 m2 = 0.6 m3/min [160 gal/min].  The design consisted of slotted 
PVC pipes as finger drains covered with an aggregate filter with drain spacing <30 m [98 ft] and 
a 1-m [3.3-ft]-thick blanket drain with a central collector pipe.  While such designs are expected 
to function reasonably well in the short term, their performance over the long term is much 
harder to predict because of the potential change in chemical properties, potential decrease in 
permeability of the tailings, and potential plugging of the drains. 

Finger drains were also used for the tailings impoundment at the Cotter Corporation Canon City 
milling facility (MWH Americas, Inc., 2011).  The facility was constructed in the 1980s.  The 
tailings impoundment in this facility has a synthetic liner laid over a compacted clay layer 
(Wahler and Associates, 1980).  The drainage system above the liner consists of finger drains 
composed of geofabric-wrapped sand and gravel conduits.  Drainage is by gravity, and drains 
discharge to a low area of the impoundment.  The primary function of the drainage system was 
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to reduce the pressure on the liner and affect consolidation.  System function was tested in 
2011.  In the test, water was pumped from the collection sump and the pumped water pH was 
monitored.  Initially, the pumped water was from the standing free liquid and the pH was close to 
neutral.  After some time the pH became lower, reflecting the acidic nature of the tailings 
porewater and indicating that the drain was functioning after about 20 years. 

As van Zyl and Robinson (1980) discussed, vertical drains can also be installed to improve 
drainage.  The vertical drains can consist of specially formed cones or wells of coarse tailings 
deposited by a number of cyclones installed at regular spacing within the impoundment.  
However, accessing the cyclones for service could be difficult.  An easier method may be to use 
sandbags filled with coarse material to form vertical drainpipes.  The vertical drainpipes are 
connected to the blanket drain. 

Any drainage system, however well designed, is liable to be damaged during construction and 
service time.  Therefore, it is important to monitor the performance of the drainage system by 
using piezometers to measure porewater pressure.  Analysis of the pore pressure data, together 
with an analysis of the discharge at the outlet, can provide a good measure drain function.  A 
weir can be installed at the outlet to measure the discharge.  Drainage system functions can 
deteriorate from clogging and pipe breakage.  Clogging due to transport of fines or through 
mineral precipitation has been observed in landfills with a wide variety of drainage systems 
(Koerner and Koerner, 1995).  Remediation of poorly functioning drains is quite difficult, but 
mechanical means, such as Roto-Rooter® or high pressure jets, may be used to remove 
chemical buildup or vegetation, although the success of such methods is limited. 

The drained water must be processed in some manner.  A pumpback system consists of 
seepage ponds and/or seepage collection wells installed downgradient of the impoundment that 
are fitted with pumps to send the drained water back to the plant or to some other disposal 
method.  The ponds can be used to decant water where solids may be allowed to settle down 
before pumping.  The particle size in the tailings leachate is usually less than the #200 sieve 
size {0.075 mm [0.003 in]}.  Particles in the size of 50 μm [2 mil] with a settling rate of 0.12 cm/s 
[0.5 in/s] will settle in a few weeks’ time.  Particles of 2 μm [0.8 mil] or less with settling rates of 
0.025 cm/s [0.01 in/s] or less will cause a turbidity problem.  Settlement rates may also be 
affected by wave action. 

Tailings drainage can be collected and treated until it meets the applicable standards; 
impoundments may have to be moved or redesigned if such standards cannot be met. 

IAEA (2004) lists events that led to serious environmental impacts from mill tailings.  A study of 
the past events can provide information about potential failure modes, such as differential 
settlement of foundations (such settlement will first fail the liner and the drainage system), 
excessive water inflow because of large rainfall and/or snow melt, dam overtopping, leakage 
from the dam, slope slide, rupture or plugging of pipeline, seismic events, erosion, and 
subsidence.  A study of these failures indicated that tailings’ pore-water pressure and water 
management practices encountered during operation are major risk factors during operation. 

The Uranium Mill Tailings Remedial Action (UMTRA) program in the United States is focused on 
remediating 22 sites located mainly in the western states.  At many of these sites, tailings had 
been placed in poorly bounded piles on level to gently sloping ground.  The UMTRA program 
relocated these piles into well-designed storage systems that should last 1,000 years.  A 
minimum design life of 200 years is generally recommended (IAEA, 2004). 
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A variety of other techniques for dewatering have been developed, such as wick drainages and 
vibrasonic or seismic shockwaves.  Seepage may also be a problem, and special infiltration 
capping may be required to avoid geotechnical problems. 

 Best Available Technology Design 4.5

Uranium One, Inc. (Davis, et al., 2009) has presented a “best available technology design” for a 
tailings storage facility located in an arid region in the United States.  Uranium One, Inc. is a 
Canadian-based uranium production company.   The general design consists of a single cell, or 
pond, of 12 hectare [30 acre] area and with a capacity to store 6 to 8 years of tailings.  Tailings 
are supposed to be placed in the cell using convention slurry discharge methods.  No 
pre-drainage of the tailings is assumed.  Figure 4-2 shows the design of the floor of the pond 
with a starter dam.  The best available technology design must meet the design basis approved 
by the state regulating authority that regulates the facility under the Agreement State Program of 
the U.S. Nuclear Regulatory Commission (NRC) or by the NRC.  The agreement state rules 
requires the use of a liner system that is “designed, constructed, and installed to prevent 
any migration of wastes out of the impoundment to the adjacent subsurface soil, ground 
water, or surface water at any time during the active life (including the closure period) of 
the impoundment.”  The drainage system in this design consists of 10- to 20-cm [4- to 
8-in]-diameter perforated high-density polyethylene (HDPE) pipe in 46-cm [18-in]-thick gravel 
bedding.  A 15-cm [6-in] sand filter layer separates the tailings from the drainage layer.  This 
filter layers prevents clogging of the drains.  The best available technology performance 
monitoring and operating criteria set by the agreement state include a maximum head (fluid 
pressure) on the primary HDPE geomembrane of 1 m [3 ft] and a daily leak detection flow rate 
below the action leakage level.  The allowable design leak rate was set at 400 L/day/hectare 
[200gal/day/acre]. 

 Summary 4.6

The primary issues of concern to the public regarding uranium mill tailings are in regards to 
contaminant releases into the human environment due to either catastrophic failures or 
continuous seepage.  The root cause of either of these two types of releases is the poor 
drainage and settling behavior of tailings.  Consequently, research on cost efficient and 
technically feasible methods for dewatering tailings during the operational period and also after 
closure are still being conducted.  To this end, studies of well-placed geosynthetic liners 
together with underdrains are in progress, although as discussed in Chapter 2, it is difficult to 
test the long-term behavior of such liners and predicting their life is even more difficult.  
Interception drains around the impoundment perimeter, together with monitoring wells, can 
collect seepage and prevent it from contaminating groundwater. 

The presence of non-radioactive toxic components in the uranium tailings leachate, such as 
heavy metals, arsenic, and organics, may have significant environmental consequences (see 
Chapter 1).  More research exists on acid mine drainage in the mining industry, where it is seen 
as a major problem.  As stated earlier, the current practice is to neutralize the tailings before 
disposal, which can prevent the problems associated with acid leach milling. 

Once contamination spreads, it is much more costly to implement remedial action than 
to implement a sound design, monitoring, and continuous risk management system that 
prevents it.  Lersow (2010) discusses remediation for the legacy (from 1946–1990) waste of the 
Soviet–German SDAG Wismut uranium mine and estimates the cost to be over 7.5 million 
U.S. dollars [6 billion euros].  
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5 LONG-TERM PERFORMANCE EXPECTATIONS 

 Introduction 5.1

The broad objective of siting and design of uranium mill tailings impoundments is permanent 
isolation of mill tailings, as stated in 10 CFR Part 40.  The regulations at 10 CRF Part 40, 
Appendix A, Criterion 1 state, “In the selection of disposal sites, primary emphasis must be 
given to isolation of tailings or waste….”  They also state, “While isolation of tailings will be a 
function of both site and engineering design, overriding considerations must be given to siting 
features given the long-term nature of the tailings hazard.”  The regulations further state, 
“Tailings should be disposed of in a manner that no active maintenance is required to preserve 
conditions of the site.”  The “no active maintenance” phrase is an important aspect of the 
regulations.  The focus of the regulations is to limit contaminants from uranium mill tailings 
impoundments from entering the surrounding environment for up to hundreds or even a 
thousand years.  This long-term performance depends on the performance of the safety 
features in a tailings impoundment, such as surface covers, bottom liners and drainage 
systems.  Therefore, the assessment of whether a tailings impoundment will meet the desired 
long-term performance goals requires thorough analyses of the likely performance of all of the 
individual safety features under a broad range of conditions.  The performance of one 
component may be dependent on the performance of another.  For example, if covers over a 
tailings impoundment are effective in limiting precipitation from seeping into the tailings and 
transporting reactive compounds in the leachate downward to liners, then the performance of 
bottom liners is likely to be longer, and the potential to transport contaminants to the 
environment is likely to be less.  Additionally, if drainage systems are effective in limiting the 
buildup of leachate over liners, then the rate at which contaminants can pass through a liner 
(particularly if damaged) is greatly reduced.  This chapter focuses on the long-term performance 
of bottom liners. 

Characteristics that ultimately determine the long-term performance of a site are (i) geotechnical 
(shear strength, settling behavior of foundation), (ii) hydrological (groundwater and surface 
water flow), (iii) weather/climate (amount of seasonal precipitation, temperature variation, wind), 
and (iv) seismic activity (frequency and acceleration).  To assess the likely performance of a 
site, potential tailings impoundment sites should be sufficiently characterized in terms of their 
geology, hydrology, and geotechnical characteristics.  The characterization should be sufficient 
such that the design of the engineering components of the system can be optimized with 
respect to site properties.  A facility that is well designed, constructed using quality assurance 
procedures, and monitored has the best chance of meeting its long-term performance goals.  
Quality assurance measures implemented during construction should be focused on preventing 
or minimizing any damage to the liner and drainage system due to construction practices.  
Procedures for proper movement of heavy machinery over the liner are generally critical to 
proper quality assurance. 

Even though the facility, as stated in the regulations, should not require active maintenance, 
most literature studies indicate that some level of “stewardship” (Martin and Davies, 2000) 
of the site will be needed to assure long-term satisfactory performance.  Regulations in 
10 CFR Part 40, Appendix A, Criterion 12 set the requirement for long term surveillance.  
The regulations state, “As a minimum, annual site inspections must be conducted by the 
government agency responsible for long-term care of the disposal site to confirm its integrity 
and to determine the need, if any, for maintenance and/or monitoring.”  The regulations further 
state, “Any site where unusual damage or disruption is discovered during the inspection, 
however, will require a preliminary site inspection report to be submitted within 60 days.  On the 
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basis of a site specific evaluation, the Commission may require more frequent site inspections if 
necessary due to the features of a particular disposal site.”  Surveillance includes some 
measure of monitoring and risk management.  Structural monitoring of the embankment is 
perhaps the most important because failure of the embankment can have severe 
consequences.  Routine monitoring of water levels in the tailings and observation of any 
leakage can be used as a measure of the effectiveness of the bottom liner.  Long-term 
surveillance is recommended primarily because the field experience of performance of tailings 
impoundments is very limited; therefore, it is difficult to project the performance to hundreds or 
to a thousand years.  Furthermore, maintenance may be required to maintain performance, 
such as addressing clogging of drainage systems. 

This chapter summarizes, but does not repeat, the material discussed in Chapters 1–4.  
Chapters 1–4 focus on a few selected engineering aspects and do not include any discussion of 
site selection or the performance of the impoundment dam and the surface cover.  Tailings 
disposal facilities are generally located close to the uranium mill sites and, consequently, the 
design must be adjusted to existing site conditions, as stated earlier.  However, sometimes 
tailings are transported far from uranium mill sites for two reasons:  (i) to have better site 
characteristics, and (ii) to consolidate and reduce the overall number of tailings impoundment 
facilities.  These cases present an opportunity to select sites with favorable characteristics. 

 Components Affecting Performance of Tailings Impoundments 5.2

The primary components of a mill tailings impoundment are (i) foundation materials; 
(ii) underliner materials for monitoring and handling leakage; (iii) leakage monitoring system; 
(iv) bottom liner to minimize leakage; (v) overliner material to protect the liner; (vi) drainage 
subsystem to collect leachate in case of a heap leach facility or collection of drainage fluid; 
(vii) surface cover which may also have a single or double geosynthetic liner; and (viii) the 
embankment or the dam.  Regarding (vii), most existing tailing impoundments have only a soil 
cover but inclusion of a geosynthetic liner in future facilities is a possibility.  This report focuses 
only on the bottom liner and elements of the drainage system.  Clearly, all the components 
need to be considered in assessing overall system performance and gaining confidence in 
performance over the long term. 

Chapter 1 provides information about the chemistry of leachate in uranium tailings 
impoundments.  The information shows a wide variation in leachate chemistry from site to site 
(Table 1-1).  Three factors could be important to the performance of the tailings facility:  (i) the 
volume of the leachate, (ii) the chemical composition of the leachate, and (iii) the radiation 
content.  The volume of the leachate should be minimized, although pre-drying of tailings is 
expensive and generally not practiced.  Therefore, a design feature of the facilities is to 
incorporate a drainage system for safely collecting and disposing of leakage.  The drainage 
system also is used to lower the hydraulic pressure on the bottom liner.  Depending upon the 
infiltration of water through the surface cover, the drainage system will likely have to continue 
operations throughout the life of the facility.  Regarding chemical composition, extreme pH 
values are detrimental to performance of the bottom liner.  The pH is generally mediated to 
near neutral by mixing appropriate chemicals before depositing tailings in the impoundments. 

As discussed in Chapter 2, the primary reason for the deterioration of the bentonite clay 
component of synthetic liners is the cation exchange process that can reduce the swelling 
capacity of clay.  Therefore, if calcium and/or magnesium ions are present in the leachate, 
these should be accounted for in assessing clay performance.  As far as the polymeric liner 
component is concerned, it has been reasonably established that oxidation is the primary 
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mechanism that can deteriorate its performance through the weakening and eventual breakage 
of polymer bonds.  Therefore, any chemical component that can aid the already existing 
atmospheric oxygen in accelerating oxidation must be incorporated in evaluation models.  A 
very low pH also could be detrimental to the life of the polymeric liner.  However, it is not 
uncommon to add suitable agents to the tailings to balance the leachate pH to near neutral.  
Finally, literature indicates that the radiation levels in the uranium mill tailings are low enough 
that these are not an important factor in estimating the life of a liner.  Nevertheless, 
any release of radon to the environment through the top cover should be considered in 
performance evaluations. 

In Chapter 3, the potential failure modes of the bottom liner are discussed both during the 
operation period and during the closure period.  Literature information indicates that the bottom 
liners can have initial defects and that improper construction practices can cause tears and 
punctures in a liner.  Following good construction practices is essential, especially because 
once the tailings are deposited on the liner; it is not easy to verify the condition of the liner or 
perform repairs.  In the long term, the liner fails because of breaking of the chemical bonds 
between the monomers that constitute the polymer.  This occurs due to the oxidation process.  
The methods of testing the liner under simulated conditions and then extrapolating data to 
estimate its life time are discussed in Chapter 2.  Laboratory research to date indicates that the 
time required for liners to fail by chemical degradation is dependent upon site conditions, 
especially the presence of oxidizing agents in the leachate.  The laboratory tests are of limited 
duration and the time to failure is estimated via extrapolation of observed results. Information in 
the literature indicates a range of 100 to 1,000 years for chemical degradation.  The primary 
drivers of overall (not just the chemical degradation) liner performance are the construction and 
installation practices—avoiding damage before the liner is used to contain waste.   

United States regulations require solid and hazardous waste disposal facilities not managed 
as part of the Uranium Mill Tailings Remedial Action (UMTRA) program to be lined with a 
double-skinned liner and have a seepage collector system between the two liners.  The lower 
liner can be compacted clay provided it is no less than 0.9 m [3 ft] thick with a hydraulic 
conductivity less than 10−9 m/s.  In below ground containments, seepage is reduced by grouting 
fracture zones and lining porous faces with low-permeability membranes.  A more recent 
innovative approach to prevent inflow from regional groundwater is to construct a high 
permeability zone outside the containment.  This high permeability zone provides a preferential 
flow path to regional groundwater before it enters the containment.  This arrangement is used at 
the Rabbit Lake Pit mine in Canada (IAEA, 2004).  It is difficult to ensure the long life of liners 
mainly because of the depletion of antioxidants, which results in a loss of mechanical strength.  
At some point, seepage may occur through liners because of imperfect joining seals, accidental 
damage during installation, penetration by rock, and uneven settlement of the foundation layer.  
During the closure period, to assure continued safety, monitoring is required, if seepage occurs, 
then treatment may be required.  Passive treatment systems have been proposed to address 
long-term seepage.  Such passive systems generally consist of slag leach beds or oxic or 
anoxic limestone drains, depending on the acidity of the seeping water.  Various failure modes 
for the liners are described in Chapter 3. 

A variety of techniques for dewatering of tailings impoundments have been developed, such as 
wick drainages, horizontal or vertical pumping wells, and vibrasonic or seismic shockwaves.  
The various methods for draining the tailings in the impoundment are discussed in Chapter 4.  
As indicated there, real life information regarding the drainage system design is lacking from the 
literature.  However, the important design criterion for the drainage system is that it should not 
clog during operations.  This requires that the drainage system be protected by a filtering layer 
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that can prevent fine particles from entering the drains.  Seepage may also be a problem and 
special infiltration capping may be required to avoid geotechnical problems. 

 Quantitative Performance Evaluation of Tailings Impoundments 5.3

The literature does not reveal much information on approaches for assessing the long-term 
performance of a tailings impoundment.  Regulations in 10 CFR Part 40, Appendix A, also do 
not specifically require inclusion of performance assessment in license applications.  We believe 
that an approach can be developed to gain reasonable assurance that the tailings facilities will 
perform their desired functions.  Such an evaluation may be requested from the licensee in its 
technical report.  The evaluation approach should include all the components of the system to 
estimate a level of confidence in the overall system performance.  As stated before, there are 
few long-term performance data available to calibrate all the component evaluation models.  It 
may be possible to accumulate more data by designing and conducting field-scale, relatively 
long-term tests, where the response of the components can be monitored under different stress 
conditions.  In the meantime, however, quantitative evaluations can still be conducted.  
Evaluations can be deterministic or probabilistic.  In deterministic evaluations, uncertainties in 
processes and parameters can be accommodated by using suitably conservative assumptions.  
Evaluations can also employ probabilistic approaches in which uncertainties can be directly 
included in calculations.  In either case, one must first define some scenarios describing future 
evolution.  This means that based on the site location and data obtained during construction, 
one should be able to project operating conditions (e.g., precipitation, temperature variations, 
potential earthquake activity).  Potential effects of climate change will be uncertain, but 
conservative estimates can be developed. 

Sensitivity analysis approaches can be used to assess the importance of various parameters, 
including design parameters, and processes to performance.  Even if such evaluations are only 
approximate, because of a lack of field data, these analyses nevertheless can provide useful 
information regarding the potential future performance of the system.  As described next, a 
periodic assessment of risk and basing decisions regarding any future actions on the results of 
such an analysis can assure that the facility will continue to function safely. 

The risks associated with uranium mill tailings impoundments include dam failure, radon release 
to the atmosphere, and contamination of surface and groundwater by seepage.  In the literature, 
risk assessment is primarily focused on dam integrity.  As Martin and Davies (2000) noted, 
tailings dams have some significant differences from the normal earthen dams constructed to 
impound water and/or produce electric power.  In contrast to conventional dams, tailings dams 
are constructed continuously, or in stages, as milling proceeds.  The purpose of these dams is 
to contain water and solids that are considered harmful to the environment.  Finally, the tailings 
dams are expected to last much longer than conventional dams as these are supposed to serve 
their purpose not only during the service phase but also during the closure phase.  For example, 
the tailings dams constructed to contain the tailings moved to remediate the 22 UMTRA sites 
in the United States are expected to serve their function for about 1,000 years.  The 
International Atomic Energy Agency (IAEA) recommends at least a 200-year design life.  
The U.S. Committee on Large Dams (USCOLD) published a compendium of tailings dam 
incidents that cited more than 50 reported and documented failures in the United States 
(USCOLD, 1994).  Martin and Davies (2000) argue that many tailings dams fail because of 
inadequate stewardship of these dams. 

Potential deterioration of other components, such as the bottom liner, drainage system, 
foundation, and the cover, may also be included in the risk assessment of tailings dams (see 
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Szymanski, 1999).   Neither performance evaluation nor risk assessment of the entire system 
was detailed in the literature.  Methods to extrapolate short-term laboratory data to estimate life 
of liners were discussed in Chapter 2.  We believe that enough information and knowledge 
exists to similarly develop approaches for estimating the life times of other components, such as 
the surface cover and the drainage system. 

A standard risk assessment is designed to answer the following questions: 

(i) What can go wrong?  

(ii) How likely is it to happen?  

(iii) If it does happen, what are the consequences? 

(iv) From the view of providing stewardship, what can and should be done to reduce the 
likelihood and/or consequence of this potential occurrence?   

A simple flow chart for risk assessment is shown in Figure 5-1.   These four questions need to 
be asked for all components of the tailings system.  As described below significant data useful 
for risk assessment are available for surface covers and a few other components.   

The U.S. Environmental Protection Agency (EPA) initiated the Alternative Cover Assessment 
Program (ACAP) in 1998 (Smith and Athnassopoulos, 2013).  In this program, surface covers 
were tested at 12 sites throughout the United States.  In the ACAP study, the compacted clay 
covers were found to not perform well; the permeability of these covers increased by a factor of 
10,000 over 4 years.  Evapotranspiration (or water balance) covers also had variable 
performance at all 12 sites, performing better in arid climates.  Two of the sites—in Boardman, 
Oregon, and Apple Valley, California—used geomembrane/geosynthetic clay liner cover 
systems.  ACAP data showed that the geomembrane/geosynthetic cover systems were the best 
performing covers in the entire study, allowing very small amounts of percolation to pass 
through to the underlying tailings. 
 

 

 

 

 

 

 

 

 

 

Figure 5-1.  Risk Assessment Flow Chart 
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Additional data for use in risk assessment can be extracted from the IAEA (2004) list of events 
that, in the past, led to serious environmental impacts from mill tailings.  A study of the past 
events can provide information about potential failure modes, such as differential settlement of 
foundations (such settlement will first fail the liner and the drainage system), excessive water 
inflow because of large rainfall and or snow melt, dam overtopping, leakage from the dam, slope 
slide, rupture or plugging of pipeline, seismic events, erosion, and subsidence.  A study of these 
failures indicates that tailings pore pressure and water management practices encountered 
during operation are major risk factors. 

 Summary 5.4

While there is considerable information on various aspects of tailings impoundments, the 
information is not specific to uranium.  However, information from industrial, municipal, and 
hazardous waste impoundments can be useful for designing and evaluating the safety of 
uranium mill tailings impoundments.  In a licensing action, NRC staff will be required to 
determine whether the proposed facility will isolate the tailings from the surrounding 
environment for a sufficiently long period of time.  Currently, there is not sufficiently long 
experience to arrive at a conclusion regarding the long-term safety without some additional 
effort.  To aid and bolster confidence in these future decisions, we recommend (i) conducting 
well-designed field tests at tailing sites or developing a field test facility to gather data on the 
behavior of liners, drainage systems, and surface covers, and (ii) developing a quantitative 
evaluation approach as discussed in Section 5.3. 
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