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INTRODUCTION
The Athabasca Basin of northern Saskatchewan (and a small part of Alberta), Canada is a major source of
global uranium (U) supplies. Uranium mined from the Basin comprised 22% of the world’s supply in 2015,
and, as of 2014, there are 235,000 tons of known economically mineable U in reserve in the Basin [1, 2].

There are three U mills currently operating in the Basin (Rabbit Lake, Key Lake, and McClean Lake). Uranium
production began at Rabbit Lake in 1975. Key Lake was commissioned in 1983. The McClean Lake mill began
operation in 1999. A fourth mill, Cluff Lake, was commissioned in 1980 and decommissioned in 2003 [3].
Conventional U milling processing in the Basin follows the pathways: comminution (crushing and grinding),
leaching (using sulfuric acid under oxic conditions and resulting in a solution rich in Fe, Al, Mg, Si, As, Ni, Se,
Mo, SO4, and U (among other elements), solid-liquid separation, purification, precipitation of the dissolved
metal(loid)s (as secondary minerals as the solution pH is neutralized to neutral to alkaline pH with slaked
lime), and packaging.

Tailings slurries from the mill process can contain elevated concentrations of elements of concern (EOC) in-
cluding As, Ni, Se, Mo, and 226Ra. Above ground tailings management facilities (TMF) were first used to
store tailings [4]. Subsequently, above ground TMFs were replaced with in-pit TMFs located in mined-out
open pits [5]. These in-pit TMFs were engineered to optimize tailings consolidation, and, after decommission-
ing, minimize groundwater flow through the tailings and ensure EOC transport is dominated by diffusion.
The first in-pit TMF was constructed at Rabbit Lake in 1984 (termed the RLITMF) [5]. The second in-pit TMF
was constructed at Key Lake in 1996 (termed the DTMF) [6]. The third TMF was constructed at McClean Lake
in 1999 (termed the JEB TMF) [7]. All three mills discharge tailings sub-aqueously to the TMFs to prevent
transportation of contaminated dust and to spread the tailings more evenly across the TMF [8].

This study summarizes the extensive existing literature on the mineralogical controls on the EOCs in tailings
in in-pit TMFs in the Athabasca Basin compiled over that past two decades.

METHODS
Many methods have been used to study the geochemical controls on EOCs in Athabasca Basin tailings. These
include solids and aqueous sampling during the neutralization steps at individual mills, analysis of decades-
old porewater and solids samples from TMFs, and batch and continuous mode laboratory experiments to
generate precipitates of synthetic raffinate solutions. The aqueous and solid phase chemical compositions
were measured and used in geochemical models and to study spatial and temporal trends in the tailings.
Generally, solid samples were subjected to complementary characterization techniques including sequential
extractions, X-ray diffraction (XRD), electron microscopy (EM), and X-ray absorption spectroscopy (XAS).

RESULTS, DISCUSSION AND CONCLUSIONS
Uranium Ores
The U ores in the basin are dominated by uraninite and pitchblende [9]. A strong association of U miner-
als with sulfide- and arsenide-rich mineralizations including gersdorffite, niccolite, rammelsbergite, pyrite,
chalcopyrite, and arsenopyrite exists.



Mineralogy of Tailings
The precipitates in the neutralization processes from the three mills studied are highly dependent on the
process pathway, which differs between mills. Different pH setpoints at each stage in each mill affects the
saturation state of minerals and influences the final mineralogy of the precipitates. The initial concentrations
of the major raffinate elements (which determines the mass of the minerals that precipitates) and the pH set-
points of the neutralization steps determine the solubility controls of EOCs driven by surface complexation
or co-precipitation. Secondary minerals constitute 10-20% of the total tailings mass, with the remaining being
leach residues. With the exception of gypsum, these precipitates are generally amorphous or nanocrystalline
because of the rapid neutralization at high saturation conditions and ambient temperature and pressure in-
hibiting crystallization [10].

Differences exist in raffinate compositions between mills and between samples collected from the same mill at
different times. These differences are attributed to variability of ore deposits and heterogeneity of ores from
the same deposit. These variations render it difficult to generalize what secondary minerals will precipitate
from the neutralization processes, although general trends exist.

The dominant Fe mineralogy of the final mill precipitates in all three neutralization processes is ferrihydrite.
The lower terminal pH at McClean Lake is, however, more favorable for increased concentrations of ferric
arsenate. Raffinates processed at Key Lake contain much greater concentrations of Al compared to raffinates
processed at McClean Lake and Rabbit Lake due to the ores used. Aluminum and Mg comprise 1-5% of the
secondary precipitates bymass in Key Lake tailings [11, 12]. Calcium comprises 10-20% of the final neutralized
precipitates and is mostly as gypsum [12, 13].

Mineralogical Controls on Elements of Concern in Mill Tailings
Research shows that Fe and Al secondary minerals provide the dominant mineralogical controls of EOCs in
the precipitates from raffinates [7, 14-20]. Most studies of Ca mineralogical controls on As and Mo show
that Ca minerals provide a minor control compared to Fe and Al minerals [5, 16 21-24]. Co-precipitation
with barite (barium chloride is added to the neutralization processes to precipitate 226Ra) is an important
mineralogical control on 226Ra [25, 26]. However, adsorption of 226Ra to ferrihydrite appears to be the
dominant sequestration mechanism [26].

Co-precipitation of ferric arsenate and the adsorption of arsenate to ferrihydrite are major mechanisms of As
sequestration [14, 17, 19]. Molybdenum is primarily removed from raffinate by outer-sphere complexation
with ferrihydrite at low pH neutralization stages [21, 23, 27, 28]. Studies of mineralogical controls of dissolved
Ni are less prominent than As and much of the data is only qualitative or semi-quantitative [5, 6, 15, 17, 18,
24, 28, 29]. There is a lack of literature on the removal of Se during the neutralization processes.

Arsenic remaining in solution after the low pH stage forms bidentate adsorption complexes with amorphous
Al(OH)3 and hydrotalcite at pH 9.5. Between 41% and 71% of adsorbed As in pH 9.5 precipitates is associated
with these Al phases [13, 29]. In a final tailings slurry samples collected at pH 10.9, 59% of solid phase As
was associated to Al phases (amorphous Al(OH)3 and hydrotalcite) and the remainder associated with Fe
phases [29]. This distribution may be attributed the higher point of zero charge of Al-hydroxides relative
to Fe-hydroxides, resulting in As desorbing from the ferrihydrite surface and re-adsorbing to the Al phases
during the pH adjustment [30]. The dissolution of ferric arsenate could also be a source of As adsorption to
Al phases.

Most studies of EOC controls by Al and Mg minerals were determined on Key Lake samples [13, 28, 29]. As an
example, Al was measured to control 5-25% of As at low pH stages (pH 4) through adsorption with amorphous
AlOHSO4 (bidentate-binuclear bonds) [13, 28]. In a final tailings slurry sample collected at pH 10.9, 59% of
solid phase As was associated to Al phases (amorphous Al(OH)3 and hydrotalcite) and the remainder with
Fe phases [29]. Robertson et al. (2017) determined that Ni is controlled by amorphous Al(OH)3 and Ni-Al
layered double hydroxide surface precipitates on the surface of hydrotalcite. This observation is in contrast
to results from other studies of laboratory and in situ tailings that suggest Ni is predominantly controlled by
adsorption to ferrihydrite or precipitation of theophrastite, annabergite, or cabrerite [15, 17, 18].

Long-term financial support for much of this work was provided by Cameco Corporation and the Natural
Sciences and Engineering Research Council of Canada (NSERC) through a Senior Industrial Research Chair
to MJH (grant 184573). Numerous individuals from our research group contributed to this body of work over
many years. These include (but are not limited to): B. Moldovan, J. Bissonnette, K. Shacklock, R. Frey, S. Das,
T. Bonli, J. Fan, J. Chen, R. Donahue, and Fina Nelson. Input from Areva Resources Canada is acknowledged.

REFERENCES

[1] SASKATCHEWANMININGASSOCIATION. URANIUM IN SASKATCHEWAN, http://www.saskmining.ca/uploads/general_files/24/uranium-
fact-sheets-2014-final-iii-april-29.pdf (2016).
[2]WORLDNUCLEARASSOCIATION,Nuclear Power in theWorld Today, http://www.world-nuclear.org/information-
library/current-and-future-generation/nuclear-power-in-the-world-today.aspx (2016).
[3]WORLDNUCLEARASSOCIATION, Uranium inCanada, http://www.world-nuclear.org/information-library/country-



profiles/countries-a-f/canada-uranium.aspx (2016).
[4] DONAHUE, R., Geochemistry of Arsenic in Uranium Mill Tailings, Saskatchewan, Canada, University of
Saskatchewan (2000).
[5] DONAHUE, R., HENDRY, M. J., LANDINE, P., Distribution of Arsenic and Nickel in UraniumMill Tailings,
Rabbit Lake, Saskatchewan, Canada. Appl, Geochemistry 15 (2000) 1097.
[6] SHAW, S. A., HENDRY, M. J., WALLSCHLÄGER, D., KOTZER, T., ESSILFIE-DUGHAN, J., Distribution,
Characterization, and Geochemical Controls of Elements of Concern in Uranium Mine Tailings, Key Lake,
Saskatchewan, Canada, Appl. Geochemistry 26 (2011) 2044.
[7] MAHONEY, J., LANGMUIR, D., GOSSELIN, N., ROWSON, J., Arsenic Readily Released to Pore Waters
from Buried Mill Tailings, Appl. Geochemistry 20 (2005) 947.
[8] IAEA, The Long Term Stabilization of Uranium Mill Tailings (2004).
[9] JEFFERSON, C. W., THOMAS, D. J., GANDHI, S. S., RAMAEKERS, P., DELANEY, G., BRISBIN, D., CUTTS,
C., PORTELLA, P., OLSON, R. A., Unconformity-AssociatedUraniumDeposits of theAthabasca Basin, Saskatchewan
and Alberta, In EXTECH IV: Geology and Uranium Exploration Technology of the Proterozoic Athabasca
Basin, Saskatchewan and Alberta; Jefferson, C. W., Delaney, G., Eds., Geological Survey of Canada, Bulletin
588 (2007) 23.
[10] DEMOPOULOS, G. P., Aqueous Precipitation and Crystallization for the Production of Particulate Solids
with Desired Properties, Hydrometallurgy 96 (2009) 199.
[11] ROBERTSON, J., HENDRY, M. J., ESSILFIE-DUGHAN, J., CHEN, J., Precipitation of Aluminum and Mag-
nesium Secondary Minerals from Uranium Mill Raffinate (pH 1.0–10.5) and Their Controls on Aqueous Con-
taminants, Appl. Geochemistry 64 (2016) 30.
[12] ROBERTSON, J., SHACKLOCK, K., FREY, R., GOMEZ, M. A., ESSILFIE-DUGHAN, J., HENDRY, M. J.,
Modeling the Key Lake Uranium Mill’s Bulk Neutralization Process Using a Pilot-Scale Model, Hydrometal-
lurgy 149 (2014) 210.
[13] BISSONNETTE, J., ESSILFIE-DUGHAN, J., MOLDOVAN, B. J., HENDRY, M. J., Sequestration of As and
Mo in Uranium Mill Precipitates (pH 1.5–9.2): An XAS Study, Appl. Geochemistry 72 (2016) 20.
[14] ESSILFIE-DUGHAN, J., HENDRY, M. J., WARNER, J., KOTZER, T., Arsenic and Iron Speciation in Ura-
nium Mine Tailings Using X-Ray Absorption Spectroscopy, Appl. Geochemistry 28 (2013) 11.
[15] ESSILFIE-DUGHAN, J., HENDRY, M. J., WARNER, J., KOTZER, T., Microscale Mineralogical Characteri-
zation of As, Fe, and Ni in Uranium Mine Tailings, Geochim. Cosmochim. Acta 96 (2012) 336.
[16] ESSILFIE-DUGHAN, J., PICKERING, I. J., HENDRY, M. J., GEORGE, G. N., KOTZER, T., Molybdenum
Speciation in Uranium Mine Tailings Using X-Ray Absorption Spectroscopy, Environ. Sci. Technol. 45 (2011)
455.
[17] LANGMUIR, D., MAHONEY, J., ROWSON, J., MACDONALD, A., Predicting Arsenic Concentrations in
the Porewaters of Buried Uranium Mill Tailings, Geochim. Cosmochim. Acta 63 (1999) 3379.
[18] MAHONEY, J., SLAUGHTER, M., LANGMUIR, D., ROWSON, J., Control of As and Ni Releases from a
Uranium Mill Tailings Neutralization Circuit: Solution Chemistry, Mineralogy and Geochemical Modeling of
Laboratory Study Results, Appl. Geochemistry 22 (2007) 2758.
[19] MOLDOVAN, B. J., JIANG, D. T., HENDRY, M. J., Mineralogical Characterization of Arsenic in Uranium
Mine Tailings Precipitated from Iron-Rich Hydrometallurgical Solutions, Environ. Sci. Technol. 37 (2003) 873.
[20] MOLDOVAN, B. J., HENDRY, M. J., Characterizing and Quantifying Controls on Arsenic Solubility over
a pH Range of 1 - 11 in a Uranium Mill-Scale Experiment, Environ. Sci. Technol. 39 (2005) 4913.
[21] BLANCHARD, P. E. R., HAYES, J. R., GROSVENOR, A. P., ROWSON, J., HUGHES, K., BROWN, C., Inves-
tigating the Geochemical Model for Molybdenum Mineralization in the JEB Tailings Management Facility at
McClean Lake, Saskatchewan: An X-Ray Absorption Spectroscopy Study, Environ. Sci. Technol. 49 (2015)
6504.
[22] DONAHUE, R., HENDRY, M. J., Geochemistry of Arsenic in Uranium Mine Mill Tailings, Saskatchewan,
Canada, Appl. Geochemistry 18 (2003) 1733.
[23] HAYES, J. R., GROSVENOR, A. P., ROWSON, J., HUGHES, K., FREY, R. A., REID, J., Analysis of the Mo
Speciation in the JEB Tailings Management Facility at McClean Lake, Saskatchewan, Environ. Sci. Technol.
48 (2014) 4460.
[24] PICHLER, T., HENDRY, M. J., HALL, G. E., The Mineralogy of Arsenic in Uranium Mine Tailings at the
Rabbit Lake In-Pit Facility, Northern Saskatchewan, Canada, Environ. Geol. 40 (2001) 495.
[25] GOULDEN, W. D., The Geochemical Distribution of Radium-226 in Cluff Lake Uranium Mill Tailings,
University of Saskatchewan (1997).
[26] LIU, D. J., HENDRY, M. J., Controls on 226Ra during Raffinate Neutralization at the Key Lake Uranium
Mill, Saskatchewan, Canada, Appl. Geochemistry 26 (2011) 2113.
[27] BISSONNETTE, J. S., Sequestration of Arsenic and Molybdenum during the Neutralization of Uranium
Mill Wastes: Key Lake Mill, Saskatchewan, Canada, University of Saskatchewan (2015).



[28] GOMEZ, M. A., HENDRY, M. J., KOSHINSKY, J., ESSILFIE-DUGHAN, J., PAIKARAY, S., CHEN, J., Miner-
alogical Controls on Aluminum and Magnesium in Uranium Mill Tailings: Key Lake, Saskatchewan, Canada,
Environ. Sci. Technol. 47 (2013) 7883.
[29] ROBERTSON, J., ESSILFIE-DUGHAN, J., LIN, J., HENDRY, M. J., Coordination of Arsenic and Nickel to
Aluminum and Magnesium Phases in Uranium Mill Raffinate Precipitates, Appl. Geochemistry 81 (2017) 12.
[30] ADRA,A., MORIN, G., ONA-NGUEMA,G., BREST, J., Arsenate andArsenite Adsorption ontoAl-Containing
Ferrihydrites. Implications for Arsenic Immobilization after Neutralization of Acid Mine Drainage, Appl. Geo-
chemistry 64 (2016) 2.

Country or International Organization
Canada

Primary author: Dr ROBERTSON, Jared (University of Saskatchewan)

Co-authors: Prof. HENDRY, Jim (University of Saskatchewan); Dr ESSILFIE-DUGHAN, Joseph (University of
Saskatchewan); Dr KOTZER, Tom (University of Saskatchewan)

Presenter: Prof. HENDRY, Jim (University of Saskatchewan)

Session Classification: Tailings and waste management

Track Classification: Track 11. Tailings and waste management


