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1 Introduction 
Tailings are the waste from ore beneficiation (milling). Raw ore extracted from the mine contains 
gangue, which is the part of the ore that does not contain the desired target mineral (cf. Fig. 1.1). In 
ore beneficiation the target mineral is separated as far as possible from gangue usually using 
mechanical steps like grinding and floatation. In the case of uranium ore beneficiation also oxidation 
and extraction with sulfuric acid is applied. After beneficiation gangue becomes a watery suspension 
sludge called tailings (cf. Fig. 1.2). Tailings are stored in artificial pools, so called tailings 
impoundments, ponds or dams. In the impoundment the solids of the tailings sludge are allowed to 
settle while the excess water is pumped off and usually recycled in the beneficiation process. The 
present study is only concerned with the fate of the stacked tailings after milling operations have 
ceased. All operational aspects of uranium milling such as the gradual piling up of tailings 
impoundments must be heeded in the process inventory of uranium milling. 

 

Fig. 1.1 Schematic representation of an underground mine indicating different materials (redrawn from IPPC 2004) 

 

Fig. 1.2 Generation of tailings within the mining & beneficiation process. 
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Fig. 1.3 The Australian Ranger uranium mine with a tailings pond in the foreground. Ranger is one of the world's 
largest uranium mines and provides approximately 10% of the world uranium production. The tailings pond 
in the foreground has an area of approximately 1 km2. Photo is copyright by Sam Moskwa, Darwin. 

The generation of tailings strongly depends on the ore grade, i.e. the amount of target mineral in the 
mined ore. The world average ore grade for uranium mining is currently 0.2 w-% U3O8 with a range of 
0.018% (South Africa) to 4% (McArthur River, Canada). So on average 500 kg of tailings are 
generated per kilogram uranium oxide1. The global production of uranium tailings is approximately 
21 million tons per year from a production of 40'000 tons of uranium in processed ore (the latter figure 
includes production from in-situ leaching, cf. synopsis in Tab. 3.2). 

After mining operations have ceased the tailings impoundments – now a solid waste deposit similar to 
a landfill – should be remediated, i.e. stabilised, covered with suitable materials and possibly re-
vegetated. Depending on topography and climate impoundments can also be transformed into artificial 
water bodies or backfilled into underground workings (back-fill). In the case of uranium tailings the 
main purpose of remediation is the mitigation of radioactive Radon-222 emissions to air. Submerging 
or back fill is not considered in this report. 

This report establishes a coarse model to estimate the long-term non-radioactive emissions from a 
generic, worldwide industry average uranium tailings impoundment. 

 

                                                        
1  In-situ leaching (ISL), where ore undergoes a wet extraction process without being hauled to the surface, has much lower 

waste generation rates. Some solid waste is generated in ISL from excess bleed solution. Data in (Mudd 2000) suggests 
approximate waste generation of only 0.05 kg per kg uranium. For the purposes of this report, waste or tailings production of 
ISL is set to zero, i.e. the in-situ rock remaining after ISL extractions is not included in the waste category 'tailings'. This is 
no prejudice on the environmental impacts of in-situ leaching, which would have to be assessed with a different 
(underground) model. Especially in Kazakhstan large volumes of in-situ leached rock of approximately 8 million tons are 
generated per year. ISL methods are outside the scope of this report and also of the nuclear cycle inventories generated in the 
ecoinvent database (Dones 2007). 
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The place of uranium tailings models in LCA 
It is important to note that the calculations presented here are devised for the use in generic Life Cycle 
Assessment calculations. The goal is to obtain a generic, non-specific magnitude of the global industry 
average burdens from uranium tailings in order to complement burdens from the rest of the nuclear 
fuel chain. Such data is used as background process to asses the environmental burden of electricity 
use in consumer products. The model does not intend to specifically assess the exact impacts of any 
one existing tailings impoundment site. The latter is often required in Environmental Impact 
Assessment (EIA). There are important differences in LCA and EIA. The goal of LCA is to devise 
flows per functional unit, e.g. emitted milligrams of cadmium per kilogram produced uranium ore, or 
ultimately per kilowatt-hour nuclear electricity. Flows of various industrial processes are usually 
added up across time and space in LCA; and below-threshold emissions are heeded. Fate and impact 
analysis in current LCA are at best based on generic average, unspecific conditions. On the other hand, 
the goal of EIA is to judge if the estimated pollutant concentrations are acceptable for the current local 
surroundings of a specific site. Fate and impact analysis in EIA are very much site-specific, but unlike 
in LCA it is usually limited to the direct and local effects of a project. Much detailed knowledge, that 
is necessary to calculate Environmental Impact Assessment results is therefore not necessary in LCI 
models or can be replaced with generic averages. It is important to understand these characteristics of 
LCI data, when applying its results.  
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2 Models in LCI for landfill emissions 
2.1 Concepts for landfill models in LCA 
Landfilled waste is hardly ever completely inert. As open systems, landfills have the potential to emit 
their contents into the environment. The mobility of landfilled solid waste is usually low. Because 
subsurface media (podosphere) has less dynamic changes than the hydrosphere or the atmosphere, 
emissions from landfill might be comparatively slow. Within the framework of LCA such emissions 
need to be heeded, since they are caused by the (unwanted) waste of desired processes and products, 
just like any other emissions that occur during the production phase of the life cycle. The slow rate of 
landfill emissions makes them difficult to consider. Emissions from landfills persist for millennia. 
How can such future emissions be inventoried for LCA? Obviously, any future process cannot be 
measured today. The future emissions of landfills have to be modelled and the applied landfill models 
are always based on certain assumptions. These assumptions and necessary simplifications are 
however similar to those of other process inventory models used in LCA. 

Any landfill is a massively heterogeneous system with complex chemical and hydrological processes 
which are currently not fully understood. In earlier landfill models for LCA, thermodynamical 
calculations were used to simulate long-term landfill behaviour (e.g. Hellweg 2001, Sundqvist et al. 
1997). Such models are similar to the ones that are applied in Environmental Impact Assessment EIA2. 
These are bottom-up approaches that require that the comprehensive mineralogical composition, 
climatic and hydrological parameters of the landfill to be known in order to forecast the probable 
landfill behaviour. Problematic for LCA is the required level of detail in these models: The minerals 
determining the solubility of different elements need to be known in order to predict accurate 
porewater concentrations of those elements. The thermodynamic properties of these bottleneck 
mineral phases must be determined. For any given waste composition those bottleneck minerals are 
often still unknown and the identified phases fail to predict the measured concentrations. If in addition 
microbiological processes are relevant in the landfill, thermodynamic models are conceptually not 
capable to account for them.  

Other, more simple landfill models for LCA were based on availability tests. Here 24h-laboratory tests 
are used on waste materials to determine which fraction of the pollutants can be dissolved from a 
waste material. It is then assumed that the landfill emissions occurring in the long-term are equal or 
proportional to this lab-leachable amount (Zimmermann et al. 1996, Frischknecht et al. 1996). This 
concept pre-supposes that there is a limited fraction of leachable pollutants in the waste, which can be 
emitted, and a remaining, un-leachable part, that will not be emitted and stay within the landfill 
indeterminately. This notion is deemed inaccurate by the findings of landfill research. The easily 
soluble phases are potentially mobile now, but given enough time all phases can be altered by 
geochemical weathering processes and turned into leachable phases. But such prolonged geochemical 
weathering cannot be measured accurately in instant laboratory set-ups. There is no fundamental stop 
to leaching in real landfills (Leuenberger 1999, Sabbas et al.1998, Huber et al. 1996, Lechner 2001, 
Sundqvist 1999). The thermodynamic landfill models support these findings. 

To circumvent the problems of bottom-up models described above, Doka (2003) applied a 
comparatively simple top-down model. Instead of trying to simulate the landfill in order to calculate 
porewater concentrations, field measurement data of leachate and porewater in existing landfills is 
used. Several models for different landfill types were developed in (Doka 2003): municipal landfills 
for untreated residential solid waste; slag compartments for bottom ash of municipal solid waste 
incinerators; and residual landfills for various polluted inorganic industrial waste. These waste models 
were applied in the ecoinvent LCI database. 

                                                        
2  The goal of EIA is to predict the actual burdens imposed on a specific site and its surroundings in order to judge the adequacy 

of the environmental protection measures of a certain project.  
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3 Uranium tailings model 
A simple disposal model for the long-term emissions from a uranium tailings impoundment is 
developed here. The focus is on post-operation and the long-term emissions after remediation. The 
models are based on the ecoinvent framework presented in (Doka 2003)3. At the core of the models 
are transfer coefficients for chemical elements. A transfer coefficient TKe determines how much of the 
pollutant mass inputted into the disposal process me will be emitted Ee over a certain timeframe t. Each 
emission media – to groundwater or to air – has its specific set of transfer coefficients. 

Eq. 3.1 

! 

E
e
(t) = m

e
" TK

e
(t) 

Ee(t) Emissions of element e from over time [mg / per kg waste] 
me initial concentration of element e in the landfilled waste  [mg / per kg waste] 
TKe(t) Transfer coefficient for element e and timeframe t [kg/kg] 
t time [a] 

 
Transfer coefficients are a means to calculate LCI data of the disposal of a certain waste fraction with 
a given specific composition, i.e. emissions from one specific waste fraction e.g. in a residual landfill 
as opposed to emissions from average waste in residual landfill. Such data is needed for product-
specific inventories of disposal. In the uranium tailings model currently only one average generic 
composition is considered with one generic set of emissions. The calculation of transfer coefficients of 
uranium tailings would not really be necessary. But since transfer coefficients are also a convenient 
way to describe behaviour of chemical elements within a certain type of landfill in a compact way, 
transfer coefficients of uranium tailings impoundments are devised here in order to compare them to 
other types of landfills. 

Water percolating through a landfill transports pollutants from the landfill. The speed of this process 
depends on the water availability within the landfill. Water availability depends on rainwater 
infiltration rates and the extent and efficiency of remediation covers like clay barriers. At dry sites, 
water availability depends on groundwater being evaporated at the surface. In the present study the 
generic tailings site is modelled as a weighted mixture of wet sites and dry sites (47:53) according to 
the current uranium tailings production (cf. Tab. 3.2 on page 12; chapter Weathering in wet and dry 
climates on page 13). 

How large the emissions in water are, depends also on the concentration of pollutants in the 
percolating water. The concentration of pollutants on leachate in turn depends on the chemical 
conditions within the landfill. Mineralogy of the waste determines how well a certain pollutant is 
transferred into mobile leachate and reprecipitated. So in its simplest form, the emissions from tailings 
over time Ee(t) can be calculated by multiplying the annual leachate volume by the leachate 
concentration and time. For the purposes of this report the leachate volume V is related to one 
kilogram of tailings.  

Eq. 3.2 

! 

E
e
(t) =V " c

e
" t                Linear emission dynamics 

Ee(t) Emissions of element e from over time [mg / per kg waste] 
ce Mean concentration of the element e in the leachate [mg/l] 
V Mean annual leachate output from the landfill per kilogram waste [l/a per kg waste] 
t time [a] 

                                                        
3  The applied concepts are presented thoroughly in (Doka 2003). A description of the landfill models is available also for non-

ecoinvent members at http://www.lcainfo.ch/DF/DF22/LandfillModelDoka2003.pdf. 
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When both variables ce and V are independent of time, this results in a fully linear emission dynamic 
and the transfer coefficient simply increases in a linear fashion with time. Of course all TK values 
must remain under 100% due to mass conservation.  

Eq. 3.3 
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TK
e
(t) =

V " c
e

m
e

# 

$ 
% 

& 

' 
( " t                Linear transfer coefficient 

V Mean annual leachate output from the landfill per kilogram waste [l/a per kg waste] 
ce Mean concentration of the element e in the leachate [mg/l] 
me Amount of the element e initially deposited in the landfill [mg/kg waste] 
t time [a] 
 

For some elements a linear characteristic is not appropriate. For easily soluble elements like chlorine 
Cl– or sodium Na+ it is more appropriate to assume exponential decay of leachate concentrations. The 
formula derived in (Doka 2003) is displayed below. Please note that the leachate concentration ce in 
this formula signifies only the initial concentration at the starting time (t=0) which will then decline. 
The TK asymptotically approaches the fraction of ultimately leachable pollutant TK e ∝. This is the 
maximal possible transfer coefficient. TK e ∝ are 100% for all elements4. Below, we will develop the 
model further and assume changes of the mean annual leachate output V and mean concentration ce 
over time. 

Eq. 3.4 

! 

TK
e
(t) = TK

e" # 1$ e
$ V #c

e
m
e
#TK

e"( )# t( )          Exponential transfer coefficient 

TK e ∝ Fraction of the element that can be ultimately mobilised [kg/kg]. 
 

While the composition of the deposited waste material me represents a pollutant potential that might be 
emitted into the environment, the transfer coefficients determine how much of these emissions actually 
do occur over a certain period of time. So while waste composition represents an initial state at the 
time of the deposition of the waste, the transfer coefficients represent the elements tendency to be 
mobilised and emitted outside the landfill. 

 

3.1 Generic tailings composition and leachate concentrations 
Uranium is a globally traded commodity. Thus any unspecified kilogram of mined uranium ore can be 
assumed to be produced by a mix of the uranium mining operations worldwide. The geological 
conditions of mining sites are very variable. This results in a large variability in the composition of the 
mined material and the resulting mine waste. Even material from one single mining site can have very 
variable composition. It is presently not possible to create a detailed weighted average of tailing waste 
compositions that represents the worldwide uranium production mix, due to many data gaps in data for 
individual sites. To circumvent this problem the following approach is applied: literature data on 
elemental composition of tailings from various mining sites is compiled and for each chemical element 
the geometric mean of this data is calculated5. No weighting amongst different sites is performed. It is 

                                                        
4  In the slag compartment landfill model of (Doka 2003) the maximal transfer coefficient for chromium was set to 25% on 

account of 75% of chromium being bound in chromite (FeCr2O4) which is extremely resistant to weathering and not 
leachable even under most aggressive conditions. There is no indication that this finding for incinerator slags is transferable 
to tailings (which are not thermally treated) and so the TK Cr ∝ is set to 100%. This assumption is uncritical for the LCIA 
result of tailings diposal. 

5  That procedure is common in determining generic, industry-mix waste compositions, e.g. in the waste disposal inventories of 
the ecoinvent database. Literature data of field measurements – given as mean or median values – are used. If ranges 
 → 
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assumed that this procedure yields a composition that is representative of a generic worldwide average 
tailings composition. Similarly data on porewater or leachate concentrations in tailings impoundments 
are complied to yield a generic worldwide average tailings porewater composition. The compiled data 
incorporates approximately 800 data points for 39 core model elements6. The results of the literature 
survey are shown in Tab. 3.1. 

                                                                                                                                                                             

representing minimal or maximal values are indicated in the literature, e.g. 50 – 600 mg/kg, these extrema values are 
included as such in the compilation. An alternative here would be to calculate a geometric mean value from this range, and 
include only this mean value in the compilation, e.g. 173 mg/kg = geomean(50,600). The chosen method of including 
extrema has however no effect on the calculated mean, since geomean(geomean(x1,x2), geomean(x3,x4), ...) is equal to 
geomean(x1,x2,x3,x4...). For calculation of the geometric standard deviation these extrema are excluded. 

6  Literature sources are: Asenjo 1999, Biehler 1999, DOE 1994a, DOE 1996, DOE 1994b , DOA 1995, Donahue 2000, 
Dreesen et al. 1982, Fernandes  et al. 2004, Fernandes et al. 2003, Gregor et al. 2003, IAEA 2003, Landine 2004, Langmuir  
et al. 2002, Leigh et al. 1992, Levens et al. 1996, Logar et al. 1999, Mallants et al. 2000, Marchi 1996, Mbudi et al. 2005, 
McLeary 2004, Moldovan  2001, Moldovan et al. 2003, Moldovan et al. 2000, Mudd 2000a, Mudd 2000b, Mudd 2002, 
NUREG 1980, Sinclair 2004, WMC 2001, Xenidis et al. 2004, Zhang et al. 1999. 
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 Tailings 
composition 

Data 
points 

Geometric 
Standard 
Deviation 

Lechate 
concentrations 

Data 
points 

Geometric 
Standard 
Deviation 

 mg/kg   mg/l   
Organic 
Carbon 1000 2 267% 28.4 6 167% 
Sulfur 14500 11 231% 6930 2 163% 
Nitrogen 100 1 - 600 1 - 
Phosphor 480 6 185% 73.1 11 216% 
Boron 105 4 139% 0.183 7 443% 
Chlorine 486 6 907% 222 21 493% 
Bromium n.a. 0 - 0 0 - 
Fluorine 13300 1 - 6.38 9 2394% 
Iodine n.a. 0 - 0 0 - 
Silver 5.75 9 371% 0.00264 3 378% 
Arsenic 232 25 680% 1.03 30 1232% 
Barium 454 19 472% 0.0488 17 282% 
Cadmium 5.24 11 314% 0.0284 15 538% 
Cobalt 30.8 15 224% 0.68 4 3159% 
Chromium 67.7 12 209% 0.0567 9 1214% 
Copper 325 20 388% 0.407 12 1056% 
Mercury 2.65 5 1028% 0.00383 3 1871% 
Manganese 862 15 566% 17.4 28 1089% 
Molybdenum 66.9 9 260% 2.96 23 1177% 
Nickel 70.5 10 560% 0.268 17 555% 
Lead 344 18 438% 0.121 18 2242% 
Antimony 3.6 3 - 0.283 1 - 
Selenium 19.2 8 247% 0.72 12 1981% 
Tin 8 1 - 0 0 - 
Vanadium 244 10 755% 1.61 8 1102% 
Zinc 246 18 596% 0.663 9 824% 
Beryllium 4.85 4 238% 0.042 1 - 
Scandium 137 1 - 0 0 - 
Strontium 140 9 336% 0.681 7 180% 
Titanium 2500 12 530% 3.6 1 - 
Thallium n.a. 0 - 0 0 - 
Tungsten 15.5 2 - 0 0 - 
Silicon 148000 13 147% 7.57 9 397% 
Iron 41700 22 226% 18.3 24 2419% 
Calcium 12500 20 547% 247 28 381% 
Aluminium 38300 16 205% 66.4 16 3989% 
Potassium 18900 19 271% 20.1 14 376% 
Magnesium 3830 14 387% 87.9 21 1080% 
Sodium 2270 13 329% 351 17 565% 

Tab. 3.1 Generic average composition of uranium tailings and porewater concentrations from uranium tailings 
impoundments based on literature survey. 

 

3.2 Leachate volume 
Climate, natural precipitation and thus water availability at the disposal site is an important aspect of 
leaching speed. The exchange of water in the tailings heap is essential to estimate the occurring 
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emissions, i.e. transfer of pollutants out of the tailings body. While the deposited composition 
represents the pollutants present in tailings body, and the porewater concentrations represent the 
tendency of these pollutants to be transferred into the solution phase, it is water availability and the 
exchange rate of water that ultimately determines the actually occurring emissions. The parameter 
expressing the water exchange in the landfill is the annually emitted leachate volume V introduced 
above. It depends strongly on climate and precipitations rates, as well as effects of remediation covers. 
The original landfill models in (Doka 2003) relate only to Swiss disposal sites and climate. For the 
uranium tailings model an effort was made to specify the average water availability at current uranium 
tailings deposit sites. Some uranium mines are located in very dry areas, e.g. Rössing in the African 
Namib desert, others are in tropical climates with large precipitation rates, e.g. Ranger mine in 
Northern Australia. Based on tailings production estimates for the world's major uranium mining sites 
and climate data, average leachate rates are devised. 

The leachate volume V is expressed in liters per year and per kilogram tailings. Important parameters 
in the calculation of V are  

- the precipitation rate in l/m2a 

- the evapotranspiration rate in l/m2a 

- height of landfill [m] and density of waste [kg/m3] 

Some water percolating though the landfill finds preferential flow paths. Such preferential flow is only 
in little contact with the tailings mass and it is assumed here that it does not contribute to pollutant 
transport7. For the tailings landfill it is assumed that 5% of the water flow preferentially. The inclusion 
of preferential flow in the model results in reduced flow of the non-preferentially flowing, pollutant-
carrying leachate. The pollutant-carrying leachate is called effective leachate Veff 8. 

                                                        
7  If impoundments dry out periodically, then preferential water might wash out evaporates that have formed along leachate 

paths. In this case preferentially flowing water can be significantly burdened. This effect is not heeded here. 
8  The effective leachate is calculated according to formulas given in (Doka 2003:III.30ff.). The necessary parameters for 

tailings are: density = 1800 kg/m3, water content=25 w%, residence time for preferential water = 18 weeks. 
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Tab. 3.2 Uranium and tailings production in the world. Calculation of generic annual leachate volumes in tailings 
deposits. 

 World 
uranium 
production 
2006 

 Ore 
grade 

 Tailings 
generation 

 Rain-
water 
infiltration 

Height 
of 
tailings  

Effective 
leachate 
volume 

 in % of total  % U  t/a  mm/a m l/(kg*a) 
     calculated  14) 15) 16) 

Canada total 24.9% 1 1.830% 4 450'546     
McArthur River Canada 15.4% 2 3.39% 2 152'700  200 10 0.01056 
McClean Lake Canada 4.5% 2 2.04% 2 74'610  200 10 0.01056 
Rabbit Lake Canada 5.0% 2 0.75% 2 223'300  200 10 0.01056 
Australia total 19.1% 1 0.090% 4 450'546     
Ranger, Australia 10.0% 3 0.170% 2 1'978'000  750 7.84 0.05068 
Olympic Dam, 
Australia 7.5% 3 0.042% 2, 5 3'469'000 10 100 7.84 0.006735 
Beverley, Australia 1.6% 3 0.153% 2 - 11 100 7.84 0.006735 
Kazakhstan 13.3% 1 0.064% 7 - 11 150 12.1 0.006568 
Niger 8.7% 1 0.200% 4 1'717'000  - 50 10 0 17 
Russia 8.6% 1 0.185% avg 1'840'000  150 11.8 0.00669 
Namibia Rössing 7.8% 1 0.031% 4 9'824'000  - 100 10 0 17 
Uzbekistan 5.7% 1 0.185% avg - 11 ~0 5 0 
USA 4.3% 1 0.327% 4 16'490 12 150 10 0.007921 
Ukraine 2.0% 1 0.185% avg 432'900  50 19 0.001393 
China 1.9% 1 0.288% 2 260'100  600 10 0.03174 
South Africa 1.3% 1 0.016% 6, 8 605 13 50 10 0.002639 
Czech Republic 0.91% 1 0.185% avg 194'300  950 7.34 0.06869 
India 0.58% 1 0.185% avg 124'500  900 10 0.04766 
Brazil 0.48% 1 0.185% avg 102'800  100 2.5 0.02114 
Romania 0.23% 1 0.185% avg 48'700  450 12.2 0.01956 
Pakistan 0.11% 1 0.185% avg 24'350  50 10 0.002639 
Germany 0.13% 1  - 9 - 9    
Total 39'655 t U/a  0.185% ≡avg 21'460'000  159  0.0090530  
  in dry locations 16.4%  0.056%  11'541'000  0  0 17 
  in wet locations 83.6%  0.334%  9'919'000  320  0.0196 

 
avg generic, global average value used 
1) Data from (WNA 2007) 
2) Data from (Wikipedia 2007) 
3) Data from (UIC 2007) 
4) Data from (Mudd & Diesendorf 2007) 
5) Co-mined with copper, gold and silver 
6) Co-mined with gold 
7) Weighted average from (Diehl 2007a) 
8) From (IAEA 2001) 
9) Production from decommissioning 
10) Co-mining of U-Cu-Ag-Au. 58% of tailings generation 

allocated on uranium based on approximate revenues 
 

11) In-situ leaching operation. Tailings production assumed 
negligible 

12) 97% In-situ leaching operation. Tailings only from 3% 
conventional mining. 

13) Co-mining of U-Au. 0.018% of tailings generation 
allocated on uranium based on approximate revenues 

14) From (FAO 2000, UNEP GRID 1994) 
15) From (IAEA 2004) 
16) Leachate figures here relate only to downward flowing 

leachate from rainwater 
17) No leachate from precipitation, but from groundwater 

evaporation 

 



Generic global uranium tailings emissions model 3. Uranium tailings model Doka LCA, November 2008 

 

  - 13 - 

3.3 Weathering in wet and dry climates 
Ten million tons per year or almost half of the worldwide uranium tailings are produced in the Rössing 
mine of Namibia, which has a very low ore grade. Rössing is located in the very dry climate of the 
Namib desert. In wet climates leachate transports pollutants downward through the tailings body 
towards groundwater. In dry climates, evaporation at the surface is so strong that an upward pressure 
gradient results, which draws leachate from groundwater to the surface. On the surface the water 
evaporates and leaves behind solid, but brittle precipitates from the dissolved elements, called 
evaporites or efflorescent salts. Evaporites are prone to surface erosion by wind. Wind erosion is a 
relevant emission pathway in arid climates. A large part of uranium tailings are created in arid 
climates, i.e. Rössing mine in the Namib desert (45% of annual uranium tailings production) and Niger 
(8% of annual uranium tailings production).  

 

Fig. 3.1 Conceptual differences in emissions from tailings sties in wet climate and in dry climate.  

 

Fig. 3.2 As an illustration: evaporites forming on tailings from copper mining at Bahia de Ite, Peru. Photo taken from 
(Diaby et al. 2006)  

To correctly model the effects of an average tailings impoundment, it is proposed that a "site mix" is 
modelled which incorporates results from 47% "wet sites" and 53% "dry sites", according to the 
generic split of tailings generation. A wet site is defined as having positive net infiltration and 
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downward flowing leachate. A dry site is defined as having "negative" infiltration, i.e. larger 
evaporation than precipitation and upward flowing leachate. For the wet site model the average 
leachate volume is taken from wet tailings sites only which results in 0.0196 l/(kg·a). For the dry site 
the weighted average of the Namibia and Niger sites9 is used: 0.0051 l/(kg·a). 

 

3.4 Barrier effects 
During the remediation of tailings impoundments clay covers can be applied, which limit the emission 
of radioactive radon gas emissions. The barriers also reduce the infiltration rate of water into the 
tailings body and thus reduce leachate volume and emission rates. For the present model it is assumed 
that a 1 m clay barrier is applied, which reduces the infiltration water to 9.6%10. Although such 
remediation cannot be assumed for all tailings sites (Dones 2007), it is applied here for the generic 
industry average. The clay barrier cannot be expected to operate indeterminately. Erosion, 
geoturbation, or vegetation can compromise the barrier function and increase water infiltration to the 
tailings body. It is assumed that after a period of 2000 years the barrier becomes ineffective in slowing 
down water infiltration. This time frame is approximately twice as long as designed technical lifetime 
of tailings remediation measures required in U.S. legislation11. Thus for the first 2000 years an 
effective leachate volume Veff1 of 0.00188 l/(kg·a) is assumed for a wet site, while for the time 
afterwards a value Veff2 of 0.0196 l/(kg·a). The latter value is used in Eq. 3.5 and Eq. 3.6 on page 17. 
For a dry site the annual leachate evaporation is 0.00049 l/(kg·a) for the first 2000 years, and 
0.0051 l/(kg·a) afterwards. Eq. 3.4. 

 

3.5 Time frame 
Emissions from landfills can occur over a very long timeframe. Within the framework of LCA it has 
become customary to include long-term emissions as well as short-term (or immediate) emissions, in 
order to avoid burden shifting into the future and onto future generations. In earlier studies the 
considered timeframe for radioactive radon air emissions from tailings impoundments was 110'000 
years (Frischknecht et al. 1994:VII.45) or more recently 80'000 years (Frischknecht et al. 1996:VII.46, 
Dones 2007:54). That timeframe was chosen based upon the expected dynamics of radon flux. Radon 
emissions in turn depend on the exponential decay of Thorium-230, the precursor species for Radon-
222. Thorium-230 has a half-life of 80'000 years. In (Dones 2007), the radon emissions from tailings 
impoundments are devised for a timeframe of 80'000 years12. Therefore, in this study the emissions are 
modelled over a timeframe of 80'000 years as well. In the inventory the emissions are discerned into a 
short-term horizon of 100 years after present and the remaining period afterwards (long-term 
emissions). 

The time horizon of 80'000 years is comparable to the time horizon of 60'000 years of the established 
Swiss landfill models used for the ecoinvent database (Doka 2003). The latter was chosen to represent 
an 'ecological planning horizon': by that time the Swiss midlands will probably be covered again with 

                                                        
9  The difference between precipitation and evaporation at the Namibia and Niger sites is -50 and -100 mm/a respectively. 

Negative numbers indicate larger real evaporation than precipitation and thus evaporation of groundwater. 
10  Based on a water balance of the tailings site of Canonsburg , Pennsylvania, USA (Wise 2007). 
11  See (EPA 2002). The 1000-year timeframe is the upper boundary limit for the required designed lifetime; the lower boundary 

being 200 years. The timeframe was chosen for practical reasons, since it was believed that no engineered structure could be 
proven to remain protective for longer periods of time (Diehl 2007b). The functional lifetime of 2000 years assumed in the 
model of this study is therefore a conservative estimate. 

12  Over 80'000 years half of the Thorium-230 in uranium tailings decays and over that time approximately 50% of the total 
Radon-222 potential of the uranium tailings is emitted to air. 
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glaciers, that remodel the Swiss landscape. The Swiss ecosphere will be redefined, creating new 
boundary conditions for environmental goals. The emissions over 60'000 years therefore represent a 
coarse mean expectation value of the burden inflicted on the ecosphere as we know it now and are 
concerned about also for the sake of our long-term descendants. In other regions this ecological 
planning horizon might be dissimilar. Especially in tropical regions very long periods of climatic 
stability can be expected13. Despite these variations, the timeframe for the uranium tailings model is 
set to 80'000 years in this study. 

 

3.6 Variations in leachate concentrations over time 
The pH within the impoundment is a chief parameter for the solubility of some elements. If the pH of 
tailings leachate turns acidic the leachate concentrations of certain elements such as copper, zinc, lead 
or nickel can increase by a factor of one hundred or more. The pH depends on the presence of acid-
producing and acid-buffering minerals. Through the milling process tailings are finely ground, mixed 
with water, and exposed to atmospheric oxygen. After this treatment the remaining minerals are in a 
entirely different setting than they were in the ore vein. Consequently, they react in quantitatively and 
qualitatively different ways. Especially sulfide minerals, when exposed to surface oxygen, are known 
to microbially create sulfuric acid and move the pH into acidic regions14. This problem is known under 
the term acid rock drainage ARD or acid mine drainage AMD (see e.g. Smith & Wildeman 2003)15.  

                                                        
13  In such regions ecological planning horizons might be defined by very rare events like climate changes after meteorite impact 

(cf. Cretaceous-Tertiary impact winter 65 million years ago) or by very slow processes (glaciation after continental drift). For 
example, about 400 million years ago most regions that are tropical today were close to the south pole. However, currently 
tropical regions drift towards the equator and not towards the poles. 

14  The presence of relevant microbial activity within the impoundment is a strong reason not to rely on thermodynamical 
simulation models to predict emissions, since microbes often work against the thermodynamic equilibrium. 

15  Acid rock drainage not only affects tailings piles, but also piles of waste rock or overburden, as well as groundwater entering 
the created voids in mines (mine drainage). Younger (2002) argues that the latter source is of even larger concern for the 
environmental effects of mining than mining waste. The scope of the present report is only tailings impoundments. 



Generic global uranium tailings emissions model 3. Uranium tailings model Doka LCA, November 2008 

 

  - 16 - 

 

Fig. 3.3 The area of the Australian Olympic Dam copper-uranium underground mine with several large operational 
tailings impoundments on the left showing apparent signs of acid rock drainage (wine-red colour). Olympic 
Dam began production in 1988 and provides now approximately 8% of the world's uranium production. 
Photos are copyright Google Earth. 

 

 

Fig. 3.4 A surface close-up of an operational tailings impoundment of the Olympic Dam copper-uranium mine in 
July 2006. Olympic Dam began production in 1988 and provides now approximately 8% of the world's 
uranium production. Photo from (Cook 2006). 

Within the tailings there are acid-producing materials such as sulfides (S2-) and acid buffering 
materials such as carbonates (CO3

2-). With acid-base accounting the risk of an impoundment turning 
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acidic can be estimated. A simplified acid-base accounting of the generic tailings compositions is 
performed here. All sulfur is assumed to be sulfidic and producing two protons; all calcium is assumed 
to be present as carbonate and assumed to buffer one proton. Different stochiometries of proton 
production in the range of zero to four are possible depending on the sulfide mineral (Walder & 
Schuster 1998, Plumlee 1999). The value of two protons per sulfide is chosen here as an average. 

Eq. 3.5 
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The acid-base balance of tailings compositions in literature data, that featured values for sulfur and 
calcium simultaneously is displayed in Fig. 3.5. The majority of the tailings is on the acidic side, 
meaning that there are more acid-producing than acid-buffering components in the tailings. Average 
uranium tailings therefore seem to have the potential to turn acidic. Acid-base accounting can however 
not answer how fast a tailings impoundment will turn acidic.  

 

Fig. 3.5 Simplified acid-base accounting of tailings compositions found in literature. 

The development of acidic conditions within a landfill over time is a complex process depending on 
mineral composition, water availability, oxygen diffusion rates and microbial activity. Acidic 
conditions arising in upper layers of the tailings can lead to increased mobility of contaminants. 
However those contaminants can be re-precipitated if they encounter more alkaline conditions further 
below. Thus an "acid leach front" develops that needs to travel through the whole impoundment body 
before acidic leachate actually leaves the impoundment16. To obtain an estimate on when the tailings 
turn acidic, the washout of calcium buffer from the impoundment at a wet site is observed. When all 
calcium is washed out from the impoundment the carbonate phase ends and the emitted leachate will 
turn acidic (pH 4). In an average case this is expected to occur after 4400 years with a range of 1300 
to 54'000 years17. The integration time in the tailings impoundment model is 80'000 years, as 
described above. It is therefore very likely that generic uranium tailings turn acidic within the 
                                                        

16  This is of course a simplified description and local pockets of acidic conditions can arise from heterogenous conditions in the 
impoundment and lead to a contribution of acidic leachate.  

17  These are values for an average wet site. The lower end value (1300 yr) is derived from a minimal initial calcium content, a 
maximal calcium washout and leachate volume, while the upper end value (54'000 yr) is derived from a maximal initial 
calcium content and a minimal calcium washout and leachate volume. It is unlikely that these extrema conditions coincide in 
the average case, thus the distribution is likely to be even more narrow than shown in Fig. 3.6.  
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modelling period at a wet site. The tailings leachate can be expected to be acidic for over 94% of the 
modelling time. 

Tab. 3.3 Parameters for calcium washout at an average wet site for the best, average and worst case. 

  
Minimal 

case 
Average 

case 
Maximal 

case 
Initial calcium content mCa mg/kg 3000 12500 51000 
Calcium concentration in leachate cCa mg/l 100 247 600 
Specific leachate volume V in the first 2000 years l/(kg·a) 0.00094 0.00188 0.00376 
Specific leachate volume > 2000 years l/(kg·a) 0.00979 0.0196 0.0392 
Time to total calcium washout years  1'300   4'400   54'000  
 

 

Fig. 3.6 Approximate probability distribution for a generic uranium tailing leachate turning acidic (wet site). Please 
note logarithmic timescale. 

At a dry site water evaporation is approximately 0.00049 l/(kg·a) during the first 2000 years and 
0.0051 l/(kg·a) afterwards. The elimination of the calcium buffer takes on average 12'000 years. After 
that time, a change in pH can be expected. 

The compiled literature data on leachate concentrations in Tab. 3.1 contains data from acidic and non-
acidic sites in approximately equal proportions. The average leachate concentration is thus a mixture 
of acidic and alkaline conditions18. In order to accurately model the changes in leachate concentrations 
when going from alkaline to acidic conditions the parameter xe is introduced, which represents the 
ratio between the concentration at acidic pH (~4) over the concentration at alkaline pH (~8.3) of an 
element e in the leachate. Values for xe are taken from (Doka 2003:26) and own calculations. For most 
metals xe is in the order of 100 – 200 units, i.e. an increase by this factor when leachate pH turns 
acidic. For oxianion-forming elements like arsenic, antimony or tungsten xe is 0.01, i.e. representing a 

                                                        
18  Only few literature sources indicate a pH value. Although it would be desirable, it is not possible to separate data of acidic 

leachates from alkaline leachates without substantially diminishing the data size used for the model. So mixed data is used to 
obtain average leachate concentrations and the differentiation into alkaline and acidic leachate is achieved by the use of the 
factor xe described below. 
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concentration decrease when pH turns acidic. For some easy soluble elements like potassium or 
halogens xe is 1, i.e. no change in concentration.  

The initial state of the tailings model is assumed to be alkaline. The initial alkaline leachate 
concentrations c1 are obtained from the literature average concentration (Tab. 3.1) divided by 

! 

x
e . 

After the carbonate phase is over, i.e. 4400 years after deposition, the leachate turns acidic and the 
modelled leachate concentrations are multiplied by xe to obtain the concentrations at acidic pH.  

 

Fig. 3.7 Schematic representation of changes in leachate volume and concentration and its effects on transfer 
coefficients. 

As seen above, the chief parameters like leachate volume or leachate concentrations may change over 
time, as depicted in Fig. 3.7. The calculation of the transfer coefficients in the model must heed those 
changes. The formulas for linear and exponential transfer coefficients (Eq. 3.3 and Eq. 3.4 on page 8) 
are supplemented with the following formulas. 

Eq. 3.1 
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t1  A point in time of landfill development [years]. 

t2  A later point in time of landfill development [years]. 
TK1 Transfer coefficient during time t0 to t1 [kg/kg]. 
TK2 Transfer coefficient during time t0 to t2 [kg/kg]. 
Veff2 Mean annual leachate output from the landfill per kg deposited waste during time t1 to t2 [l /a per kg waste]. 
c2 Initial concentration in the leachate at the beginning of phase 2 (t = t1) [mg/l ]. 
me Total amount in the landfill at deposition time (t=0) [mg/kg waste]. 

TK∞ Maximal potential transfer coefficient [kg/kg] 
 

For exponential washout the formula is: 

Eq. 3.2 
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3.7 Water emissions at generic wet sites 
With the above methods transfer coefficients and emissions to groundwater for an average wet 
uranium tailings site are calculated. The result for two time horizons is shown in Tab. 3.4. 
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Tab. 3.4 Elemental transfer coefficients of a tailings impoundment and emissions to groundwater per kilogram 
tailings for an average uranium tailings site in wet climate. 

 

Short-term 
transfer 
coefficient 

Long-term 
transfer 
coefficient 

Short-term water 
emissions 

Long-term water 
emissions 

 0-100a 0-80'000a 0-100a 100-80'000a 
 kg/kg kg/kg mg/kg mg/kg 
S 9.01% 100% 1300 13200 
N 67.6% 100% 67.6 32.4 
P 2.87% 100% 13.8 466 
B 0.328% 69.8% 0.343 72.7 
Cl 8.24% 100% 40.1 446 
Br 4.12% 76% n.a. n.a. 
F 0.00902% 52% 1.2 6920 
I 4.12% 76% n.a. n.a. 
Ag 0.000669% 100% 0.0000385 5.75 
As 0.683% 94.5% 1.58 218 
Ba 0.000156% 100% 0.000709 454 
Cd 0.00809% 100% 0.000424 5.24 
Co 0.0322% 100% 0.0099 30.8 
Cr 0.157% 42.9% 0.107 28.9 
Cu 0.00236% 100% 0.00766 325 
Hg 0.0021% 100% 0.0000557 2.65 
Mn 0.0293% 100% 0.253 862 
Mo 0.829% 100% 0.555 66.4 
Ni 0.00553% 100% 0.00389 70.5 
Pb 0.000416% 100% 0.00143 344 
Sb 13.7% 100% 0.495 3.1 
Se 0.703% 100% 0.135 19 
Sn 0.00402% 100% 0.000322 8 
V 1.23% 99.4% 3 240 
Zn 0.00402% 100% 0.00991 246 
Be 0.0126% 100% 0.000611 4.84 
Sc 0.703% 100% 0.965 136 
Sr 0.00708% 100% 0.0099 140 
Ti 0.00209% 100% 0.0524 2500 
Tl 0.00553% 100% n.a. n.a. 
W 0.829% 100% 0.129 15.4 
Si 0.000304% 24.1% 0.45 35600 
Fe 0.000638% 100% 0.266 41700 
Ca 0.372% 100% 46.4 12400 
Al 0.00252% 100% 0.966 38300 
K 0.02% 80.4% 3.77 15200 
Mg 0.0334% 100% 1.28 3830 
Na 2.87% 100% 65 2200 

 

Over the modelling time of 80'000 years 43 w-% of the tailings are weathered and emitted. That value 
equates to an average weathering erosion rate of 46 mm in 1000 years19. This value is at the lower end 

                                                        
19  Using a specific area of 0.0000648 m2 per kg tailings for wet sites and a tailings density of 1800 kg/m3. 
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of the range of erosion rates observed for natural surfaces20. Given the physical condition and the large 
surface-to-volume ratio of tailings – essentially a rock dust – such a low erosion rate seems 
unexpectedly conservative, but can be explained by lack of mechanical erosion in the tailings model. 

3.7.1 Speciation 
For the inventory S, N, P are converted to the appropriate weights of sulfate, nitrate, phosphate. 
Chromium is inventoried as the soluble species (CrVI). All emissions of a wet site are inventoried as to 
groundwater. As discussed in Doka (2003) the retention time in soil until the pollution plume reaches 
the groundwater is small compared to the time horizon of the model. 

3.7.2 Uncertainty assessment 
Uncertainty of emissions is calculated according to the procedures outlined in (Doka 2003:III.36ff.). 
Uncertainty of tailings composition is derived from the compiled literature data. Uncertainty of short-
term transfer coefficients is derived from a generic formula (-0.128·ln(STTK) + 1). Uncertainty of 
long-term transfer coefficients is derived from the potential maximal transfer coefficient TK∞ as an 
upper boundary value and the applied mean TK, assuming a lognormal distribution. 

 

3.8 Air emissions at generic dry sites 

Air emissions of radioactive radon gas from 
uranium tailings are already inventoried in (Dones 
2007)21. The following section is concerned with 
non-radioactive windblown emissions to air at dry 
tailings sites. 

As described above, in dry climates water evaporation creates brittle evaporites on the top of tailings 
sites. Evaporites are prone to surface erosion by wind. In order to give an indication of the relevance 
of wind erosion emissions for uranium tailings, an estimate is performed here for an average dry site. 

Wind erosion estimation is a complex subject matter, where local climate, surface moisture, wind 
speed distribution and turbulence, peak wind frequency, substrate size distribution, and land cover all 
play an important role. Due to lack of data and the required scope such calculations are not performed 
here. Following simplifications are applied. 

- Formation of evaporites and air suspension is only considered at dry sites, i.e. where water 
evaporation is larger than precipitation. Air emissions at wet sites are assumed to be zero. 

- Weathering direction at dry sites is upward. No downward leaching and emissions to 
(ground)water are assumed. 

- It is assumed that the evaporites at the impoundment surface are not accumulating, i.e. building up 
over the site, but are eroded by wind. A mass fraction of 10% is assumed to be suspended as fine 

                                                        
20  McElroy (2007) presents a synopsis of 565 measurements of averaged erosion rates across Earth's surface with a range of 1.5 

to 5100 mm in 1000 years. Reiners et al. (2003) report erosion rates in the range of 20 to 300 mm/1000a, with an average of  
100 mm/1000a, for Washington DC mountain ranges. O'Farrell et al. (2006) calculate erosion rates of 100 to 150 mm/1000a, 
for average conditions for coastal California landscape. While these terrains are not necessarily similar to tailings 
impoundments, they indicate the probable magnitude of natural erosion rates and are as such helpful in judging the 
appropriateness of the erosion rates predicted by the tailings model. 

21  Per cubic metre kilogram uranium tailings a long-term emission of 140 GBq Radon-222 were inventoried. 
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particles to air and counted as air emissions. The other 90% are neglected, although they can leave 
the impoundment site carried by the wind, but essentially remain on the ground. 22 

- Of the 10% evaporites emitted to air, 50% are assumed to be PM<10µm, 20% are PM<2.5µm. 
Additionally the emissions of elements is inventoried as such, e.g. "cadmium to air"23. 

- No wind erosion of the tailings impoundment itself is considered. Only evaporites are removed by 
wind from the impoundment. 

The weighted average water evaporation rate at the Niger and Namibia uranium mine sites is 
0.0051 l/(kg·a) (slowed down to 0.00049 l/(kg·a) in the first 2000 years due to applied barriers). 
Transfer coefficients for these leachate rates are calculated. The dissolved species, as determined by 
elemental transfer coefficients, are transported to the surface and precipitated as evaporites. A fraction 
of 10% is emitted to air. Over 80'000 years a total air emission of 15 g per kg tailings is calculated. 

In order to verify the established air emission figures (in kg emission per kg tailings) they are 
converted to specific emissions in grams per m2 area and year for different parts of the modelling time 
period. For a dry tailings site a specific land use of 5.56 10-5 m2 per kg tailings is needed. In the 
beginning of the modelling timeline, leachate transports dominantly the easily soluble components and 
thus an initial evaporite generation of 75 g/(m2·a) is calculated. Over time the evaporite generation 
slows down to 31 g/(m2·a). Air emission rates are thus between 3 and 7.5 g/(m2·a) (total mass emitted 
to air). These values are below observed windblown particle emissions rates24 and correspond to a 
wind erosion speed of 0.02 to 0.05 mm per year. The model can therefore be assumed to be very 
conservative in its estimate, i.e. the actually occurring emissions are bound to be considerably larger 
than these values and not only evaporites will be eroded but also the tailings impoundment body itself, 
which is however not quantified here. These conservative values are included nevertheless to have 
some tentative indication of air emissions. It must be kept in mind that the realistic emissions are 
bound to be larger. 

3.8.1 Speciation 
Emissions to air are inventoried as occurring in the ecoinvent category 'low population density', most 
commonly as chemical element, e.g. arsenic to air. Emissions of nitrogen and sulfur are inventoried as 
nitrate and sulfate salt anions (NO3

-, SO4
2-). Chromium is inventoried as the mobile, soluble species 

(CrVI). Particulate matter is inventoried in three size categories and per emitted mass. Particulate mass 
includes oxygen in metal oxides.  

3.8.2 Uncertainty assessment 
Uncertainty of emissions is calculated according to the procedures outlined in (Doka 2003:III.36ff.). 
Uncertainty of tailings composition is derived from the compiled literature data. Uncertainty of short-
term transfer coefficients is derived from a generic formula (-0.128·ln(STTK) + 1). Uncertainty of 
long-term transfer coefficients is derived from a potential maximal transfer coefficient as an upper 
boundary value and the applied mean TK, assuming a lognormal distribution. 

                                                        
22  An estimate of how much burden could be expected from those remaining 90 w-% of counted as "emissions to industrial 

soil" can be found in chapter 4.Results on page 26. 
23  The simultaneous inventory of metal air emissions as particulates and metal species is specified in the ecoinvent 

methodology (Frischknecht et al. 2004). 
24  Wind erosion figures for uranium tailings are reported to be between 200 and 1000 g/(m2·a) (OECD 1984). Countess (2004) 

reports exemplary dust emission factors for aggregate storage piles in the range of zero to 2000 g/(m2·a). Gomes et al. (2003) 
report wind erosion figures for Nigerian soils in the range of 600 to 6000 g/(m2·a). Larionov et al. (1997) report wind erosion 
figures for West Russian soils in the range of 800 to 7800 g/(m2·a). These figures suggest that the calculated air emission 
rates of 3 – 7.5 g/(m2·a) for uranium tailing evaporites are likely to be a very conservative estimate. 
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Tab. 3.5 Elemental transfer coefficients of a tailings impoundment and emissions to air per kilogram tailings for an 
average uranium tailings site in dry climate. 

 

Short-term 
transfer 
coefficient 

Long-term 
transfer 
coefficient 

Short-term air 
emissions 

Long-term air 
emissions 

 0-100a 0-80'000a 0-100a 100-80'000a 
 kg/kg kg/kg mg/kg mg/kg 

S 0.237% 10% 34.2 1410 
N 2.56% 10% 2.56 7.44 
P 0.0752% 10% 0.361 47.6 
B 0.00862% 6.17% 0.00903 6.45 
Cl 0.223% 10% 1.09 47.6 
Br 0.112% 5.88% n.a. n.a. 
F 0.000237% 1.75% 0.0315 233 
I 0.112% 5.88% n.a. n.a. 

Ag 0.0000176% 10% 0.00000101 0.575 
As 0.018% 8.78% 0.0417 20.3 
Ba 0.0000041% 4.88% 0.0000186 22.2 
Cd 0.000212% 10% 0.0000111 0.524 
Co 0.000844% 10% 0.00026 3.08 
Cr 0.00414% 3.67% 0.0028 2.48 
Cu 0.000062% 10% 0.000201 32.5 
Hg 0.0000552% 10% 0.00000146 0.265 
Mn 0.00077% 10% 0.00664 86.2 
Mo 0.0218% 10% 0.0146 6.68 
Ni 0.000145% 10% 0.000102 7.05 

Pb 0.0000109% 10% 0.0000376 34.4 
Sb 0.381% 10% 0.0137 0.346 
Se 0.0185% 10% 0.00355 1.91 
Sn 0.000106% 10% 0.00000844 0.8 

V 0.0324% 9.77% 0.0792 23.8 
Zn 0.000106% 10% 0.00026 24.6 
Be 0.000331% 10% 0.000016 0.484 
Sc 0.0185% 10% 0.0254 13.7 
Sr 0.000186% 10% 0.00026 14 
Ti 0.000055% 10% 0.00138 250 
Tl 0.000145% 10% n.a. n.a. 
W 0.0218% 10% 0.00339 1.55 
Si 0.00000799% 0.577% 0.0118 854 

Fe 0.0000167% 10% 0.00699 4170 
Ca 0.00976% 10% 1.22 1250 
Al 0.0000661% 10% 0.0254 3830 
K 0.000525% 3.48% 0.099 656 

Mg 0.000877% 10% 0.0336 383 
Na 0.0761% 10% 1.73 225 

PM<2.5   8.35 3060 
PM2.5-10   12.5 4590 

PM>10   20.9 7651 
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3.9 Emissions at generic site from geography mixture 
As outlined above the inventory results for emissions from wet sites (Tab. 3.4) and dry sites (Tab. 3.5) 
are combined into an worldwide uranium industry mix, represented by 47% wet sites and 53% dry 
sites. It is suggested that mix result is used for generic tailings disposal in world average uranium 
production. Please note that these fractions do not mean to signify that e.g. 53% of the world's 
uranium production takes place at dry sites, but 53% of the world's uranium tailings production takes 
place at dry sites. As indicated in Tab. 3.2, 16.4% of the world's uranium production takes place at dry 
sites. 

3.9.1 Adaptations for ecoinvent database 
For the inclusion in the ecoinvent database, the functional unit of uranium tailings disposal is cubic 
metre (m3) not kilogram. In Tab. 3.6 the emissions to water and air from a worldwide generic, 
industry-mix uranium tailings site per cubic metre are given. Please also note that for ecoinvent sulfur 
and nitrogen are converted to sulphate and nitrate as the emitted compounds. All emitted species in 
ecoinvent are per kilogram, not milligram, as in the previous tables. The conversion of kilogram 
tailings to cubic metre tailings is achieved using the settled density of tailings of 1800 kg/m3. 

 

1 m3 tailings =̂  1800 kg 
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Tab. 3.6 Emissions to groundwater and to air per cubic metre tailings for a generic mixture of uranium tailings sites 
(47% in wet climate, 53% in dry climate). All emitted species in ecoinvent are per kilogram. 

 
Short-term water 
emissions 

Long-term water 
emissions 

Short-term air 
emissions 

Long-term air 
emissions 

 0-100a 100-80'000a 0-100a 100-80'000a 
 kg/m3 kg/m3 kg/m3 kg/m3 
SO4 2.76 27.8 0.0816 3.37 
NO3 0.253 0.121 0.0108 0.0314 
P 0.0116 0.394 0.000344 0.0455 
B 0.00029 0.0615 0.00000861 0.00615 
Cl 0.0339 0.378 0.00104 0.0454 
Br n.a. n.a. n.a. n.a. 
F 0.00101 5.85 0.00003 0.223 
I n.a. n.a. n.a. n.a. 
Ag 3.25E-08 0.00486 9.63E-10 0.000548 
As 0.00134 0.184 0.0000397 0.0194 
Ba 0.0000006 0.384 1.78E-08 0.0212 
Cd 0.000000359 0.00443 1.06E-08 0.0005 
Co 0.00000837 0.026 0.000000248 0.00294 
Cr 0.0000901 0.0245 0.00000267 0.00236 
Cu 0.00000648 0.275 0.000000192 0.031 
Hg 4.71E-08 0.00224 1.39E-09 0.000252 
Mn 0.000214 0.729 0.00000633 0.0823 
Mo 0.00047 0.0562 0.0000139 0.00637 
Ni 0.00000329 0.0596 9.75E-08 0.00672 
Pb 0.00000121 0.291 3.59E-08 0.0328 
Sb 0.000418 0.00263 0.0000131 0.00033 
Se 0.000114 0.0161 0.00000339 0.00183 
Sn 0.000000272 0.00677 8.06E-09 0.000763 
V 0.00254 0.203 0.0000755 0.0227 
Zn 0.00000838 0.209 0.000000248 0.0235 
Be 0.000000517 0.0041 1.53E-08 0.000462 
Sc 0.000817 0.115 0.0000242 0.0131 
Sr 0.00000838 0.118 0.000000248 0.0133 
Ti 0.0000443 2.12 0.00000131 0.239 
Tl n.a. n.a. n.a. n.a. 
W 0.000109 0.013 0.00000324 0.00148 
Si 0.000381 30.1 0.0000113 0.815 
Fe 0.000225 35.3 0.00000667 3.98 
Ca 0.0392 10.5 0.00116 1.19 
Al 0.000817 32.4 0.0000242 3.66 
K 0.00319 12.8 0.0000945 0.626 
Mg 0.00108 3.24 0.000032 0.365 
Na 0.055 1.86 0.00165 0.215 
PM<2.5   0.00796 2.92 
PM2.5-10   0.0119 4.38 
PM>10   0.0199 7.3 
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4 Results 
Uranium tailings are the unwanted remains (so-called gangue) from uranium ore beneficiation. The 
tailings material cannot be considered to be similar to natural rocks. For one, tailings are mechanically 
finely ground and are therefore much more prone to weathering. As another indication, the average 
tailings composition does not fulfil the conditions for inert, "rock-like" waste as set down in Swiss 
waste law (mainly for building rubble). A comparison of average uranium tailings composition versus 
average abundance of elements in the earths crust, which can be taken as "average rock" is shown in 
Fig. 4.1. This plot reveals that for many elements the concentrations in tailings is much larger than in 
"average rock". Especially arsenic, which is important in the LCIA results below, is on average 200 
times more frequently to be found in uranium tailings than in average rock. Also selenium, mercury, 
cadmium, molybdenum, lead, and copper are bound to be concentrated in uranium gangue.  

 

Fig. 4.1 Average mean composition of uranium tailings relative to the average global crustal abundance, sorted by 
rank. Please note logarithmic y-axis. A value of 1 (blue line) means "tailings content identical to average 
global crustal abundance". Elements with larger than crustal concentrations (>1) are found on the left. The 
values for minimal/maximal do not represent a confidence interval, but the found extrema. Only elements 
with more than 5 data points from literature  are shown. 

In the tailings impoundment (essentially a landfill) pollutants are drawn into the environment by 
leachate water percolation through the landfill (at wet sites) or by groundwater being drawn through 
the landfill to the surface. After a modeling period of 80'000 years, 43% per weight of the deposited 
tailings are emitted at a wet site. At a dry site, 27% per weight are removed from the impoundment 
(2.7% as air emissions). The majority of the tailings material can be expected to remain on site –
catastrophic events like collapse or landslides precluded – even after 80'000 years. 
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Fig. 4.2 Comparison of short-term transfer coefficients (100a) for residual material landfill (x axis) and a wet site 
uranium tailings impoundment (y axis). 

The transfer coefficients of a wet tailings site can be compared with the transfer coefficients of a 
residual material landfill25 from (Doka 2003), as shown in Fig. 4.2. It is apparent that oxianions have 
comparatively reduced relative mobility in the tailings deposit (red area). Oxianions are more mobile 
at high pH values. Since residual landfills have high pH values, but the tailings impoundments tend to 
have low pH values, the modelled behaviour is realistic. On the other hand there is a cluster of 
elements (blue area), that contains elements that are easier soluble at low pH values (bivalent cations). 
Regarding transfer coefficients they seem however to be equally mobile as in high pH residual 
landfills and not more mobile in tailings sites. This can be explained by the larger water availability in 
residual landfills. In the Swiss residual landfill model, an effective leachate volume of 0.0098 l/(kg·a) 
was used; at a generic wet tailings impoundment site with functioning clay barriers it is 
0.00188 l/(kg·a) during the first 100 years, or roughly a factor 5 lower (cf. Tab. 3.3 on page 18). So in 
residual landfills the bivalent cations indeed tend to be less prone to be transferred to water compared 
to uranium tailings sites, as the pH dissimilarities suggest, but the larger water throughput in residual 
landfills compensates for this effect. While the uncertainties in these coarse models are high, it is an 
encouraging fact that they succeed in depicting chemically reasonable mobility behaviour. 

In order to discuss the ecological burdens of tailings, the emissions of Tab. 3.4 and Tab. 3.5 for wet 
and dry sites (see pages 20 and 23) are valuated with the Eco-indicator'99 (H,A) life cycle impact 
assessment method (Goedkoop et al. 2000). The damage is expressed in EI99HA-points. At a wet site, 
the non-radiological water emissions over 80'000 years amount to 0.3892 EI99HA-points per kilogram 
tailings. At a dry site, the non-radiological air emissions amount to 0.1388 EI99HA-points per 
kilogram tailings. Here PM10 contribute 73% of the damage. For both site types arsenic seems to be a 
relevant component, and less so the classic heavy metals like copper, cadmium, zinc, or nickel. 
However, LCIA methods still ignore quite a few pollutants26. Assessment gaps are still likely. For the 
generic site, the mix is approximately 53% dry sites and 47% wet sites, which results in a generic non-
                                                        

25  The Swiss residual material landfill is for inert, inorganic waste materials sometimes solidified with cement. 
26  The CML'01 LCIA method has characterisation factors for many inorganic emissions. Eco-indicator'99 has a comparatively 

limited scope. Factors for Be, Co, Se, V, Sb, Ba, F, Mo, Sn are missing, which are available in CML'01.  
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radiological burden of 0.26 EI99HA-points per kilogram deposited tailings. Total arsenic emissions 
make up 50% of that score. Arsenic is the element where the most literature values were compiled in 
the tailings model (cf. Tab. 3.1). 

As mentioned before, emission of radioactive Rn-222 to air is already inventoried in (Dones 2007). In 
the course of this investigation some data points were recorded on additional radioactive species 
present in tailings and leachate. Only a few of the recorded radioactive species are valuated in Eco-
indicator'99 (U-238, U-234, U-235 and Ra-226 to water. U-238, U-234, U-235, Pb-210, Po-210, Ra-
226, Th-230 to air). From the limited assessment that is possible under these conditions, the 
contribution of radioactive species other than Rn-222 to the LCIA results seems negligible. Additional 
radioactive species are not inventoried here. 

Nuclear energy production creates approximately a cumulated amount of 0.009 kg uranium tailings 
per kWh during the complete life cycle (based on ecoinvent data v1.3). According to the model 
presented here, non-radiological emissions from uranium tailings contribute 0.0023 EI99HA-points 
per kWh. With this the new total score of nuclear energy amounts to 0.0039 EI99HA-points per kWh. 
This is approximately a factor 2.5 increase over the former value for the total burden of nuclear 
energy. Non-radiological emissions from tailings make up 60% of the burden per kWh nuclear energy. 
The air emissions from radioactive radon from tailings already assessed in Dones (2007) contribute 
12%. These results suggest that in an LCA perspective uranium tailings are a dominant aspect in the 
nuclear fuel chain (cf. Fig. 4.3). 

 

Fig. 4.3 Contribution of the burdens from uranium tailings to the total burden of nuclear energy production. 
Environmental damage expressed in Eco-indicator'99(H,A)-points. 

At dry sites the model assumes that 10% of the wind-blown evaporite salts are suspended in air and 
only that fraction is inventoried as an air emission, while the remaining 90% are ignored. If the non-
suspended part at dry sites were counted as emissions to non-agricultural i.e. industrial soil, the LCIA 
result would increase another 0.1089 EI99HA-points per kg tailings or 0.001 EI99HA-points per kWh 
nuclear energy (+25%). This would result in a new total burden of 0.0049 EI99HA-points per kWh or 
a factor 3.1 increase over the former value of ecoinvent v1.3. The partitioning into air emissions and 
soil emissions is only coarsely estimated and thus for this study it was decided to neglect soil 
emissions for the time being until better information can be gathered. The inventory without soil 
emissions thus underestimates the total burden at dry sites. 
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5 Conclusions 
First coarse estimates for the non-radiological pollution potential of generic uranium tailings are 
developed here. Although conservative estimates27 were applied and not all emissions are valuated, 
these burdens seem to be very important – even dominant – within the life-cycle chain of nuclear 
energy. It can be expected that the issue of tailings will remain important in the future, as even best 
disposal practices cannot seal them off entirely from the environment and specific tailings production 
per kilogram uranium is bound to increase with decreasing uranium ore grades. In-situ leaching 
(which was not assessed here) might alleviate the latter point. 

It is advised that these results are included in LCA calculations of uranium mining. In the wide-angle, 
synoptic framework of LCA the data supplied from even a very coarse model is always preferable to a 
data gap. While an estimate gives an indication of the relative magnitude of burdens within the whole 
life cycle – and opportunity and incentive to notice, discuss and refine the findings – , the latter leaves 
nothing to perceive nor to discuss. This then only risks burden shifting from LCA-based decisions and 
seriously impairs the quality of those decisions.  

"Errors using inadequate data  are much less than those using no data at all."  

                                                             Charles Babbage, information processing pioneer (1791-1871) 

 

 

 

                                                        
27  The word "conservative" is used here with the meaning "the burdens are likely to be larger than depicted here". 
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6 Outlook 
The current uranium tailings model is a first coarse estimate on the typical magnitude of non-
radioactive emissions. Efforts can be made to include more detailed information, e.g. on partitioning 
into suspended air emissions and soil emissions at dry sites. In many respects this is a conservative 
model, in order to avoid overestimation of impacts and resulting undue alarm. E.g. the model assumes 
only chemical weathering of the contents in a mechanically stable, undisturbed tailings impoundment 
without any extreme weather events or mechanical erosion which can lead to collapse and 
disintegration of the landfill. Also proper post-operation remediation of impoundments was assumed 
for all sites and clay barrier functions are assumed to remain intact over 2000 years. Current results are 
therefore likely to be optimistic. Future work could try to resolve open issues to arrive at more realistic 
figures. 

 

 

 



Generic global uranium tailings emissions model 7. References Doka LCA, November 2008 

 

  - 31 - 

7 References 
Asenjo 1999 Asenjo A.R. (1999) Technical Treatment Options For The Mill Effluents Of The Los 

Gigantes Complex. Unidad de Proyectos Especiales de Suministros Nucleares, 
Comisión Nacional de Energía Atómica, Argentina. Download 20 June, 2007 from 
http://www-pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part2.pdf  in: 
IAEA (2002) Technologies for the treatment of effluents from uranium mines, mills 
and tailings. Proceedings of a Technical Committee meeting  held in Vienna, 1–4 
November 1999, IAEA-TECDOC-1296, ISSN 1011–4289 , June 2002. Download 
June 20, 2007  from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part1.pdf 

Biehler 1999 Biehler D. (1999) Effluents From A Waste Rock Deposit Of A  Former Uranium 
Mine In Saxony/Germany— Mass Flow Balance Of Water And Dissolved Solids. 
Colenco Power Engineering AG, Switzerland. Download 20 June, 2007 from 
http://www-pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part6.pdf in: 
IAEA (2002) Technologies for the treatment of effluents from uranium mines, mills 
and tailings. Proceedings of a Technical Committee meeting  held in Vienna, 1–4 
November 1999, IAEA-TECDOC-1296, ISSN 1011–4289 , June 2002. Download 
June 20, 2007  from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part1.pdf 

Cook 2006 Cook (2006) Rad Tour - Roxby Downs. Flickr photo sharing. Download of October 
13, 2007 from http://www.flickr.com/photos/cookielovescake/216543234/in/set-
72157594239016480/ 

Countess 2004 Countess R. (2004) WRAP Fugitive Dust Handbook. Countess Environmental, 
Westlake Village, California. Prepared for Western Governors Association, Denver, 
Colorado. Download of October 13, 2007 from http://ndep.nv.gov/baqp/WRAP/final-
handbook.pdf 

Diaby et al. 2006 Diaby N., Dold B., Buselli E., Vicetti R. (2006) Effects On Element Mobility By The 
Construction Of A Wetland On The Marine Shore Porphyry Copper Tailings Deposit, 
Bahía De Ite, Peru. Paper presented at the 7th International Conference on Acid Rock 
Drainage (ICARD), March 26-30, 2006, St. Louis Missouri.  R. I. Barnhisel (Ed.) 
Published by the American Society of Mining and Reclamation (ASMR), Lexington, 
Kentucky, USA. Download of February 14, 2007 from 
http://www.unil.ch/webdav/site/cam/users/jlavanch/public/Le_personnel/Diaby_ICAR
D06_Ite.pdf 

Diehl 2007a Diehl P. (2007) Uranium Mine Ownership - Asia. Wise Uranium Project. Download 
of June 27, 2007 from http://www.wise-uranium.org/uoasi.html - KZ 

Diehl 2007b Diehl P. (2007) Current Regulatory Issues - USA. Wise Uranium Project. Download 
of June 27, 2007 file://localhost/from http/::www.wise-uranium.org:uregusa.html 

DOA 1995 DOE (1995) Decommissioning of U.S. Uranium Production Facilities U.S. 
Department of Energy, Office of Coal, Nuclear, Electric and Alternate Fuels. Report 
DOE/EIA-0592 February 1995, quoted from New Mexico Energy and Mineral 
Department, “Uranium Reserves and Technology: A Review of the New Mexico 
Uranium Industry,” 1980. 

DOE 1994a DOE (1994) Long-Term Surveillance Plan For The Bodo Canyon Disposal Site, 
Durango, Colorado.U.S. Department of Energy , DOE/ALl62350-77 , Albuquerque, 
New Mexico Download of June 13, 2007 from 
http://www.osti.gov/bridge/servlets/purl/10147058-mP9uH4/native/10147058.PDF 

DOE 1994b  DOE (1994) Long-Term Surveillance Plan For The Collins Ranch Disposal Site, 
Lakeview, Oregon. U.S. Department of Energy, Uranium Mill Tailings Remedial 



Generic global uranium tailings emissions model 7. References Doka LCA, November 2008 

 

  - 32 - 

Action UMTRA. DOE/AL/62350-19F. Download of June 13, 2007 from 
http://www.lm.doe.gov/documents/sites/or/lakeview/ltsp/ltsp_lkv.pdf 

DOE 1996 (1996) Long-Term Surveillance Plan For The Bodo Canyon Disposal Site, Durango, 
Colorado.U.S. Department of Energy ,  Environmental Restoration Division, Uranium 
Mill Tailings Remedial Action UMTRA Project Team, Albuquerque, New Mexico. 
Download of June 13, 2007 from 
http://www.lm.doe.gov/documents/sites/co/dur_d/ltsp/dur_toc.htm resp. 
http://www.lm.doe.gov/documents/sites/co/dur_d/ltsp/dur_ch5.htm 

Doka 2003 Doka G. (2003) "Life Cycle Inventories of Waste Treatment Services". ecoinvent No. 
13. Swiss Centre for Life Cycle Inventories, Dübendorf, 2003. A description of the 
landfill models is available also for non-ecoinvent members for free at 
http://www.lcainfo.ch/DF/DF22/LandfillModelDoka2003.pdf  

Donahue 2000 Donahue R. (2000) Geochemistry of Arsenic in Uranium Mill Tailings, 
Saskatchewan, Canada. Doctoral Thesis, University of Saskatchewan, Canada. 
Download of July 4, 2007 from http://library2.usask.ca/theses/available/etd-
10212004-001927/unrestricted/NQ63949.pdf 

Dones 2007 Dones R. (2007) "Kernenergie" ecoinvent report v2.0 No. 6-VII, Paul Scherrer Institut 
Villigen & Swiss Centre for Life Cycle Inventories, Dübendorf, 2007 

Dreesen et al. 1982  Dreesen D.R. et al., (1982) Preliminary Evaluation of Uranium Mill Tailings 
Conditioning as an Alternative Remedial Action Technology. In: Proc. NEA 
Workshop Uranium Mill Tailings Management. Colorado State University, OECD, 
Paris. As quoted in Dones R. (2003) Kernenergie. Dones, R. (Ed.) et al., Sachbilanzen 
von Energiesystemen: Grundlagen für den ökologischen Vergleich von 
Energiesystemen und den Einbezug von Energiesystemen in Ökobilanzen für die 
Schweiz. Final report ecoinvent 2000 No. 6-VII, Paul Scherrer Institut Villigen, Swiss 
Centre for Life Cycle Inventories, Dübendorf, CH. 

EPA 2002 Environmental Protection Agency (2002) Health And Environmental Protection 
Standards For Uranium And Thorium Mill Tailings. U.S. Code of Federal Regulations 
CFR, Title 40-Chapter I-Part 192-Section 02. Revised as of July 1, 2002, 
Environmental Protection Agency. Download of June 27, 2007 from 
http://a257.g.akamaitech.net/7/257/2422/14mar20010800/edocket.access.gpo.gov/cfr_
2002/julqtr/pdf/40cfr192.02.pdf 

FAO 2000 FAO (2000) Global Agro-Ecological Zones system 2000 – Plate 01 Average annual 
precipitation data. Food and Agriculture Organization of the United Nations (FAO) 
Rome, Italy. International Institute for Applied Systems Analysis (IIASA) Laxenburg, 
Austria. Download of January 13, 2004 from 
http://www.iiasa.ac.at/Research/LUC/GAEZ/plt/pa.htm?map=01 

Fernandes  et al. 2004 Fernandes H.M., Franklin M.R., Leoni G.M., Almeida M.A. (2004) Case Study On 
The Uranium Tailings Dam Of Pocos De Caldas Uranium Mining And Milling Site. 
Instituto de Radioproteção e Dosimetria, Rio de Janeiro. in: IAEA (2004) The long 
term stabilization of uranium mill tailings. Final report of a co-ordinated research 
project 2000–2004 International Atomic Energy Agency , IAEA-TECDOC-1403, 
August 2004. Download of June 21, 2007 from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1403_web.pdf 

Fernandes et al. 2003  Fernandes H.M., Franklin M.R., Leoni G.M., Almeida M.A. (2003) Final Report of 
the Project A Study Case on the Uranium Tailings Dam ofPoços de Caldas Uranium 
Mining and Milling Site. Institute Of Radiation Protection And Dosimetry, Brazilian 
Nuclear Energy Comission, Federal University Of Rio De Janeiro. Download of June 
21, 2007 from 
http://www.iaea.org/programmes/ne/nefw/crp1/brazil/3rdRCM/brazilpresentation.pdf 



Generic global uranium tailings emissions model 7. References Doka LCA, November 2008 

 

  - 33 - 

Frischknecht et al. 1994 R. Frischknecht, P. Hofstetter, I.Knöpfel, E.Walder, E. Zollinger (1994) Ökoinventare 
für Energiesysteme. Final report in 14 Teilen (German), 1st Edition, Gruppe Energie - 
Stoffe - Umwelt (ESU), Eidgenössische Technische Hochschule Zürich und Sektion 
Ganzheitliche Systemanalysen, Paul Scherrer Institut, Villigen, Bundesamt für 
Energie (Hrsg.), Bern, CH. April 1994. 

Frischknecht et al. 1996 Frischknecht R., Bollens U., Bosshart S., Ciot M., Ciseri L., Doka G., Dones R., 
Gantner U., Hischier R. and Martin A. (1996) Ökoinventare von Energiesystemen: 
Grundlagen für den ökologischen Vergleich von Energiesystemen und den Einbezug 
von Energiesystemen in Ökobilanzen für die Schweiz. 3rd Edition. Gruppe Energie - 
Stoffe - Umwelt (ESU), Eidgenössische Technische Hochschule Zürich und Sektion 
Ganzheitliche Systemanalysen, Paul Scherrer Institut, Villigen, Bundesamt für 
Energie (Hrsg.), Bern, CH. 

Frischknecht et al. 2004 Frischknecht R., Jungbluth N., Althaus H.-J., Doka G., Heck T., Hellweg S., Hischier 
R., Nemecek T., Rebitzer G., Spielmann M. (2004) Overview and Methodology. 
ecoinvent report No. 1. Swiss Centre for Life Cycle Inventories, Dübendorf, 2004  

Goedkoop et al. 2000  M. Goedkoop, R. Spriensma, R. Müller-Wenk, P. Hofststter, T. Koellner, T. Mettier,  
A. Braunschweig, R. Frischknecht, R. Heijungs, E. Lindeijer et al. (2000) The Eco-  
indicator 99 – A damge oriented method for Life Cycle Assessment – Methodology  
Report. Second Edition. Pré Consultants, Ammersfoort, Holland. Retrieved April 18,  
2000 from http://www.pre.nl/eco-indicator99/ei99-reports.html 

Gomes et al. 2003 Gomes L., Rajot J. L., Alfaro S. C., Gaudichet A. (2003) Validation of a dust 
production model from measurements performed in semi-arid agricultural areas of 
Spain and Niger. Catena Volume 52, Number 3, pp. 257-271(15).  

Gregor et al. 2003 Gregor D., Stow J., Kennedy D., Reimer K., Ollson C. (2003) Local sources of 
contaminants in the Canadian Arctic. Canadian Arctic Contaminants Assessment 
Report II - Sources, Occurrence, Trends and Pathways in the Physical Environment. 
Part II B Occurrence and Trends, chapter B.9  (2003) data cited from SENES 
Consultants Ltd, 2002b. "Port Radium Site Assessment - Summary Report on Site 
Conditions and Decommissioning Considerations." Draft Report. Richmond Hill, 
Ontario. Download of July 4, 2007 from http://www.ainc-
inac.gc.ca/ncp/pub/phy/occtre14_e.html 

IAEA 2001 IAEA (2001) Impact of new environmental and safety regulations on uranium 
exploration, mining, milling and management of its waste. Proceedings of a Technical 
Committee meeting, Vienna, 14–17 September 1998, International Atomic Energy 
Agency, IAEA-TECDOC-1244, Vienna, September 2001. Download of June 20, 2007 
from http://www-pub.iaea.org/MTCD/publications/PDF/te_1244_prn.pdf 

IAEA 2003 IAEA (2003): Database of Natural Matrix Reference Materials (2003). International 
Atomic Energy Agency (IAEA). Download vom 15. Dezember 2006 von http://www-
naweb.iaea.org/nahu/nmrm/nmrm2003/default.htm, see also 
http://www.rncan.gc.ca/mms/canmet-mtb/mmsl-lmsm/ccrmp/certificates/uts-1.pdf 

IAEA 2004 IAEA (2004) The long term stabilization of uranium mill tailings. Final report of a co-
ordinated research project 2000–2004 International Atomic Energy Agency , IAEA-
TECDOC-1403, August 2004. Download of June 21, 2007 from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1403_web.pdf 

IPPC 2004 Integrated Pollution Prevention and Control (IPPC) "Reference Document on Best 
Available Techniques for Management of Tailings and Waste-rock in Mining 
Activities" European Comission Joint Research Centre. Retreived 8.1.2007 from 
http://www.jrc.es/pub/english.cgi/d1056340/25%20Reference%20Document%20on%
20Best%20Available%20Techniques%20for%20Management%20of%20Tailings%20
and%20Waste-rock%20in%20Mining%20Activities%20-%2021.2%20Mb 



Generic global uranium tailings emissions model 7. References Doka LCA, November 2008 

 

  - 34 - 

Landine 2004 Landine P. (2004) Cameco Rabbit Lake In-Pit Tailings Management Facility - 
Tailings Injection Trial Programme. CAMECO Corporation, Saskatoon, Canada. in: 
IAEA (2004) The long term stabilization of uranium mill tailings. Final report of a co-
ordinated research project 2000–2004 International Atomic Energy Agency , IAEA-
TECDOC-1403, August 2004. Download of June 21, 2007 from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1403_web.pdf 

Langmuir  et al. 2002 Langmuir D., Mahoney J., Rowso, J. W. (2002) Arsenic Releases From Buried 
Uranium Mill Tailings At McClean Lake: Application Of Geochemical Concepts And 
License Approval By The Canadian Government. Geological Society of America 
Annual Meeting October 27-30, 2002, Denver, Paper No. 201-7. Download June 21, 
2007 from http://gsa.confex.com/gsa/2002AM/finalprogram/abstract_42244.htm 

Larionov et al. 1997 Larionov G. A., E. L. Skidmore and Z. P.  Kiryukhina (1997) Wind Erosion in Russia:  
Spreading and Quantitative Assessment. Proceedings of the Wind Erosion 
International Symposium, 3 – 5 June 1997, Kansas State University. Download of 
October 13, 2007 from 
http://www.weru.ksu.edu/symposium/proceedings/larionov.pdf 

Leigh et al. 1992 R. Leigh, M. Resnikoff and A. Vanrenterghem (1992) Environmental Impacts of 
Elliot Lake Mill Tailings. Radioactive Waste Management Associates. Download 
from June 11, 2007 from http://www.wise-uranium.org/udeli.html 

Levens et al. 1996 Levens R. L., Marcy A. D., and Boldt C. M. K. (1996) Environmental Impacts of 
Cemented Mine Waste Backfill. United States Department Of The Interior And 
Bureau Of Mines. Report of Investigations 9599. ISSN 1066-5552. 

Logar et al. 1999 Logar Z., Likar B., Gantar I. (1999) Present And Future Mine Effluents Management 
At Zirovski Vrh Uranium Mine. Download June 20, 2007  from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part2.pdf. in: IAEA (2002) 
Technologies for the  treatment of effluents from uranium mines, mills and tailings. 
Proceedings of a Technical Committee meeting  held in Vienna, 1–4 November 1999, 
IAEA-TECDOC-1296, ISSN 1011–4289 , June 2002. Download June 20, 2007  from 
http://www-pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part1.pdf 

Mallants et al. 2000 Mallants D., Dierckx A., Wang L., Volckaert G., Zeevaert Th. A (2000) State-Of-The-
Art Methodology For Impact Assessment Of Covered Uranium Mill Tailings. Belgian 
Nuclear Research Centre SCK-CEN, Mol, Belgium Download of June 20, 2007 from 
http://www-pub.iaea.org/MTCD/publications/PDF/te_1280_prn%5Ct1280_part3.pdf 
in: Radiation legacy of the 20th century: Environmental restoration. Proceedings of an 
International Conference (RADLEG 2000) Session 3 Radiological Assessment Of 
Areas Contaminated With Radionuclides held in Moscow, Russian Federation, 30 
October–2 November 2000. Ministry of the Russian Federation for Atomic Energy 
and International Atomic Energy Agency and European Commission and Russian 
Academy of Sciences. IAEA-TECDOC-1280, April 2002. Download of June 20, 2007 
from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1280_prn%5Ct1280_part1.pdf 

Marchi 1996 Marchi S., McLellan A., Bishop A.J., Kirkwood D. (1996) Decommissioning Of 
Uranium Mine Tailings Management Areas In The Elliot Lake Area. Report of the 
Environmental Assessment Panel, Minister of Supply and Services, Canada, Report 
Nr. En 105-52/l 996E, ISBN O-662-24626-8, 1996. Download of June 21, 2007 from 
http://www.ceaa.gc.ca/010/0001/0001/0014/elliot_e.pdf 

Mbudi et al. 2005 Mbudi C., Merkel  B.J. (2005) A Laboratory Assessment of Uranium and Arsenic 
Removal Efficiency from Schneckenstein Uranium Tailing Leachates Using Scrap 
Iron . 56. Berg- und Hüttenmännischer Tag Behandlungstechnologien für 
bergbaubeeinflusste Wässer 17. Juni 2005, Wissenschaftliche Mitteilungen des 
Institutes für Geologie der TU Bergakademie Freiberg. Download June 21, 2007 from 
http://www.wolkersdorfer.info/publication/bht/06_Mbudi_043_049.pdf 



Generic global uranium tailings emissions model 7. References Doka LCA, November 2008 

 

  - 35 - 

McElroy 2007 McElroy B. (2007) Continental Erosion at Millennial Timescales. 2007 Geological 
Society of America (GSA) Denver Annual Meeting 28–31 October 2007. Paper No. 
190-6. Download of October 24, 2007 from 
http://gsa.confex.com/gsa/2007AM/finalprogram/abstract_126435.htm 

McLeary 2004 McLeary M. (2004) Port Pirie Uranium Treatment Plant Management Plan Phase 1 - 
Preliminary Investigation 2004. South Australia. Department of Primary Industries 
and Resources. Report Book, 2004/10. Download of June 21, 2007, from 
http://www.pir.sa.gov.au/byteserve/minerals/references/report_books/rb2004_010_ptp
irie_u.pdf 

Moldovan  2001 Moldovan B. J. (2001) Geochemical Controls On Arsenic In Uranium Mine Tailings. 
Geological Sociaty of America, Annual Meeting, November 5-8, 2001  Boston, 
Massachusetts. Paper No. 77-0. Download of July 4, 2007 from 
http://gsa.confex.com/gsa/2001AM/finalprogram/abstract_28827.htm 

Moldovan et al. 2000  Moldovan B., Hendry M.J., Landine P. (2000) Geochemical characterisation of 
arsenic in uranium tailings pore fluids . Proceedings of URANIUM 2000, 
International Symposuim on the Process Metallurgy of Uranium, Saskatoon, 
Saskatchewan, Canada, from September 9 to 15, 2000, CIM/ICM Metallurgy Society. 
Download of June 21, 2007 from 
http://www.iaea.org/programmes/ne/nefw/crp1/canada/Uranium2000.pdf 

Moldovan et al. 2003 Moldovan B.J., Jiang D.T., Hendry M.J. (2003) Mineralogical Characterization of 
Arsenic in Uranium Mine Tailings Precipitated from Iron-Rich Hydrometallurgical 
Solutions. Environ. Sci. Technol., 37 (5), 873 -879, 2003. Download of 4 July 2007 
from http://pubs.acs.org/cgi-bin/abstract.cgi/esthag/2003/37/i05/abs/es025947a.html 

Mudd & Diesendorf 2007 Mudd G. M., Diesendorf M. (2007) Sustainability Aspects of Uranium Mining : 
Towards Accurate Accounting ? 2nd International Conference on Sustainability 
Engineering and Science, Auckland, New Zealand, February 2007. Download of June 
25 from http://civil.eng.monash.edu.au/about/staff/muddpersonal/2007-SustEngSci-
Sust-v-Uranium-Mining.pdf 

Mudd 2000 Mudd G.M. (2000) Acid In Situ Leach Uranium Mining USA and Australia. 
Proceedings of Tailings & Mine Waste '00, Fort Collins, CO, USA -  January 23-26, 
2000. Download of July 2, 2007 from http://www.sea-us.org.au/pdfs/tmw00/TMW00-
Oz-USA.pdf 

Mudd 2000a Mudd G.M. (2000) Uranium Mill Tailings Wastes in Australia : Past, Present and 
Future Management - Research Report Summary. MAPW National Conference on 
Nuclear Issues Canberra, ACT, August 5-6, 2000. Download of June 20, 2007 from 
http://www.mapw.org.au/conferences/mapw2000/papers/mudd-summary.pdf 

Mudd 2000b Mudd G.M. (2000) Uranium Mill Tailings Wastes in Australia : Past, Present and 
Future Management.  Final Draft prepared for the Annual Conference of the Medical 
Association for the Prevention of War, July 2000, Download of June 20, 2007 from 
http://www.mapw.org.au/conferences/mapw2000/papers/mudd.pdf 

Mudd 2002 Mudd G.M. (2002) Uranium mill tailings in the Pine Creek Geosyncline, Northern 
Australia : past, present and future hydrogeological impacts. Proceedings of Uranium 
Mining & Hydrogeology III – 3rd International Conference, Freiberg, Germany, 15.-
21.Sept. 2002, pp. 831-840. Download of June 21, 2007 from 
http://civil.eng.monash.edu.au/about/staff/muddpersonal/2002-UMH-3-NT-tailings-
gw.pdf 

NUREG 1980 NUREG (1980) Final Generic Environmental Impact Statement on uranium milling - 
Vol. I Summary and Text. U.S. Nuclear Regulatory Commission, Office of Nuclear 
Material Safety and Safeguards, Project M-25, NUREG-0706, September 1980  



Generic global uranium tailings emissions model 7. References Doka LCA, November 2008 

 

  - 36 - 

OECD 1984  OECD Nuclear Energy Agency (1984) Long-Term Radiological Aspects of 
Management of Wastes from Uranium Mining and Milling.  

O'Farrell et al. 2007 O'Farrell C.R., Heimsath A.M., Kaste J.M. (2007) Quantifying hillslope erosion rates 
and processes for a coastal California landscape over varying timescales. Earth 
Surface Processes and Landforms Volume 32, Issue 4 , Pages 544 - 560. Download of 
February 17, 2007 from http://waigeo.com/pdf/OFarrell_et_al_ESPL_07.pdf 

Plumlee 1999 Plumlee G.S. (1999): The environmental geology of mineral deposits. In: Plumlee, G. 
S. and Logsdon, M.J. (Eds.) Reviews in Economic Geology, The environmental 
geochemistry of ore deposits. Part A: Processes, Techniques, and Health Issues, v. 6A, 
p. 71-116.  

Reiners et al. 2003 Reiners P.W., Ehlers T.A., Mitchell S.G., Montgomery D.R. (2003) Coupled spatial 
variations in precipitation and long-term erosion rates across the Washington 
Cascades. Nature, Vol 426, December 11, 2003, p. 645-647. Download of February 
17, 2007 from 
http://duff.ess.washington.edu/grg/publications/pdfs/Reiners_nature.pdf 

Sabbas et al. 1998  Sabbas T., Mostbauer P., Lechner P. (1998): Deponien – Prozesse und Faktoren 
jenseits der Nachsorge, Magistratsabteilung Umweltschutz der Stadt Wien, Österreich. 
Download of 28. December 2001 from 
http://www.magwien.gv.at/ma22/pool/doc/deponien.pdf  resp. 
http://www.wien.gv.at/ma22/pool/abfall.htm 

Sinclair 2004 Sinclair G (2004) The effects of weathering and diagenetic processes on the 
geochemical stability of uranium mill tailings. Thesis No. 09PH S6160, University of 
Adelaide, Australia. Retrieved June 11, 2007 from 
http://thesis.library.adelaide.edu.au/public/adt-SUA20060302.092321/ 

Smith & Wildeman 2003 S. Smith K.S., Wildeman T.R. (2003) Fundamentals of Mine-Drainage Formation and 
Chemistry. Colorado School of Mines and U.S. Geological Survey at the ASMR 
Annual Meeting "Assessing the Toxicity Potential of Mine-Waste Piles" Workshop, 
June 1, 2003. Download of June 17, 2004 from  http://pubs.usgs.gov/of/2003/ofr-03-
210/IB_Fundamentals.pdf 

Sundqvist 1999 Sundqvist J.-O. (1999) Life cycles assessments and solid waste – Guidelines for solid 
waste treatment and disposal in LCA. IVL, Swedish Environmental Research Institute 
AFR-REPORT 279, December 1999. Download of February 26, 2004 from 
http://www.naturvardsverket.se/bokhandeln/pdf/afr-r-279-se.pdf 

UIC 2007 UIC (2007) Australia's Uranium Mines. Uranium Information Centre UIC, 
Melbourne. Sept 2007. Download of June 12, 2007 from 
http://www.uic.com.au/emine.htm 

UNEP GRID 1994 UNEP GRID (1994) Annual Actual Evapotranspiration data set GNV183. From Ahn 
C.-H. and Tateishi R., 1994. Development of a Global 30-minute grid Potential 
Evapotranspiration Data Set. Journal of the Japan Soc. Photogrammetry and Remote 
Sensing, 33(2): 12-21. United Nations Environment Programme (UNEP) Global 
Ressource Information Database (GRID). Download of January 13, 2004 from 
http://www.grid.unep.ch/data/summary.php?dataid=GNV183&category=atmosphere
&dataurl=http://www.grid.unep.ch/data/download/gnv183.zip&browsen=http://www.
grid.unep.ch/data/download/gnv183-1.gif 

Walder & Schuster 1998 Walder I., Schuster P. (1998): Acid Rock Drainage. In: SARB Consulting, Inc. 
Environmental geochemistry of ore deposits and mining activities. Short course 
Notes, Albuquerque, New Mexico. 

Wikipedia 2007 Wikipedia contributors (2007): List of uranium mines. Wikipedia, The Free 
Encyclopedia. Dowloaded June 27, 2007 from 



Generic global uranium tailings emissions model 7. References Doka LCA, November 2008 

 

  - 37 - 

http://en.wikipedia.org/w/index.php?title=List_of_uranium_mines&oldid=140526472
(permanent link) 

WMC 2001 Chemical Analysis of WMC Nickel and Copper-Uranium Tailings. Western Mining 
Corporation WMC Limited. Download 24 Jan, 2004 from 
http://www.wmc.com/sustain/environ/tailings/tailings_table1.html 

WNA 2007 World Nuclear Association (2007): Uranium production figures, 1998-2006 (dated 
May 2007). Download of June 11, 2007 from http://www.world-
nuclear.org/info/uprod.html 

Xenidis et al. 2004 Xenidis, A. (Ed.), Mylona E., Xenidis A., Paspaliaris I., Csoevari M., Nemeth G., 
Foelding G. (2004) Implementation and Improvement of Closure and Restoration 
Plans for Disused Tailings Facilities. Sustainable Improvement in Safety of Tailings 
Facilities (TAILSAFE) A European Research and Technological Development 
Project. Download of June 19, 2007 from http://www.tailsafe.bam.de/pdf-
documents/TAILSAFE_Closure_and_Remediation.pdf 

Younger 2002 Younger P.L. (2002) Mine waste or mine voids: which is the most important long-
term source of polluted mine drainage? United Nations Environment Programme, 
Mineral Resources Forum, Current Feature paper December 2002. Download of 
December 18, 2006 from 
http://www.mineralresourcesforum.org/docs/pdfs/younger1102.pdf 

Zhang et al. 1999 Zhang J., Shaoqing C., Jing Q.(1999) Research On The Removal Of Radium From 
Uranium Effluent By Air-Aeration Hydrated Manganese Hydroxide Adsorption. 
Chinese National Nuclear Corporation, Beijing Research Institute of Chemical 
Engineering & Metallurgy, Beijing, China. Download June 20, 2007  from 
http://www-pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part6.pdf in: 
IAEA (2002) Technologies for the treatment of effluents from uranium mines, mills 
and tailings. Proceedings of a Technical Committee meeting  held in Vienna, 1–4 
November 1999, IAEA-TECDOC-1296, ISSN 1011–4289 , June 2002. Download 
June 20, 2007  from http://www-
pub.iaea.org/MTCD/publications/PDF/te_1296_prn/t1296_part1.pdf 

Zimmermann et al. 1996 Zimmermann P., Doka G., Huber F., Labhardt A., Menard M. (1996): Ökoinventare 
von Entsorgungsprozessen, Grundlagen zur Integration der Entsorgung in 
Ökobilanzen. ESU-Reihe, 1/96, Zürich: Institut für Energietechnik, ETH Zürich 

 

 

 

 

 


