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Abstract 

Attenuation of uranium (U) and rare earth elements (REEs) has been observed in stream 

and wetland sediments, but the geochemical and mineralogical processes involved in sequestering 

these elements in natural systems are not well understood. The decommissioned Bicroft Uranium 

Mine near Bancroft, ON uses a modified stream and wetland system to reduce the concentrations 

of U and other metals in tailings pond effluent to levels below the Provincial Water Quality 

Objectives. The Bicroft Mine was operated from 1957 to 1963, and processed low-grade (~0.17 

wt% U3O8), disseminated U hosted by pegmatite dykes in amphibolite gneiss, forming 2,284,421 

tonnes of tailings, deposited into two tailings impoundments. The Bicroft site has since operated 

as a passively attenuating stream and wetland remediation system for 55 years, demonstrating the 

potential longevity and viability for long-term sequestration of U and REEs through natural 

attenuation. 

To identify U and REE hosts and their stability in the natural environment, colloids, 

tailings, stream and wetland sediments were analyzed using various methods, including tangential 

flow filtration (TFF), ICP-ES/MS, scanning electron microscopy, and synchrotron techniques 

(bulk and µXANES,  µXRF, and µXRD). The results show that Fe- and Mn-oxyhydroxides, 

goethite, and birnessite are the main mineral hosts for U and REEs in both the colloids and 

sediments. In addition, detrital grains of U- and REE-bearing minerals were found >200 m 

downstream in colloids and wetland sediments, showing the potential for long range transport of 

colloids and particulates in the stream system. Seasonal influences on the stability of trace metals 

in sediments were observed, and may demonstrate the limitations of passively attenuating 

remediation systems as a viable method for attenuation. Changes in the redox state of the stream 

system were observed to influence the attenuation of U and REEs, however, changes in the redox 

state with depth in the wetland sediments were not observed, and showed no direct influence on 
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the attenuation of U and REEs. The results of this study will help to develop better monitoring 

strategies for U tailings sites and should reduce the impacts of future U mining operations. 
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Chapter 1 

Introduction 

1.1 Thesis Organization and Purpose 

This thesis is organized into six chapters in manuscript form.  Chapter 1 introduces the 

significance of uranium (U) mill tailings and their impact on human and ecosystem health.  The 

study site and previous work are outlined along with the project description.  Chapter 2 is a 

summary of relevant background information from current literature sources.  Field and analytical 

methods are described in Chapter 3, which also includes the sampling strategy and sample 

locations.  Chapters 4 and 5 are manuscript chapters intended for publication.  The focus of 

Chapter 4 is on the impact of colloidal transport, as well as the aggregation, co-precipitation and 

deposition of colloidal material in stream and wetland environments.  The sequestration of REEs 

and U via adsorption to Fe- and Mn-oxyhydroxides and redox reactions in sediments is discussed 

in Chapter 5.  The last chapter gives final conclusions and proposed future work. The 

approximate budget for the analytical work conducted in this thesis is $189, 141 (outlined in 

Appendix J). 

Management of metal mine wastes and remediation of contaminated sites are important 

and costly environmental challenges around the world.  Uranium mill tailings (UMT) pose a 

unique environmental risk because of their long-lived radioactivity, their potential to release 

radon gas, and the complex geochemistry of U and associated rare earth elements (REEs).  

Weathering of UMT permits radionuclides and trace elements to migrate into life-support systems 

and food chains that may affect both ecosystem and human health (Rakovan, 2008).  Uranium 

mill tailings are often disposed in unlined surficial impoundments where they undergo chemical 
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reactions, such as oxidative dissolution in the presence of bicarbonates and reductive dissolution 

(Pablo et al., 1999; Grybos et al. 2007).  These reactions release U, other trace metals (e.g. lead 

(Pb), REEs) and radionuclides (e.g. radium-226 (226Ra)) into aqueous solution and can 

contaminate large volumes of surface- and/or ground-water (Schöner et al., 2009).  

Once released from the tailings, dissolved U and radionuclides are subject to many 

geochemical interactions including redox transformations, adsorption, and co-precipitation with 

other minerals and organic material (Rakovan, 2008; Schöner et al., 2009).  Given the health risk 

of these contaminants (Taylor and Taylor, 1997), and the importance of U mining for meeting 

global energy demands, further research is required to understand the long term stability of UMT 

and improve remediation measures (Abdelouas, 2006).  This includes the investigation of natural 

attenuation of REEs and U in the environment surrounding UMT impoundments and detailed 

characterization of the mineralogical and geochemical processes controlling U and REE mobility 

in aqueous systems. 

This thesis focuses on understanding the mineralogical and geochemical controls that 

influence the mobility and capture of U and REEs (cerium (Ce) and lanthanum (La)) in sediments 

of a naturally attenuating stream and wetland system sourced by groundwater discharge from a U 

tailings impoundment near Bancroft, Ontario.    

1.2 Geology of Uranium Deposits near Bancroft, Ontario 

Between 1953 and 1956, over 125 U prospects were discovered in the area surrounding 

Bancroft, Ontario (Hewitt, 1988).  Of these prospects, four went into production: Bicroft, Faraday 

(later called Madawaska), Dyno, and Greyhawk.  In 1981 ore reserves in the region were 

estimated to be 1,360,000 tonnes at 0.11% U (Griffith, 1986).  At the peak of operation (1959) 
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these four mines produced 998 tonnes of U3O8, approximately 7% of Canada’s output for that 

year (Griffith, 1986).  

 Uranium deposits are categorized into two main grades, low and high grade, as shown in 

Table 1.1.  The different grades are characterized by the percentage or concentration, in parts per 

million, of U within the deposit.  The deposits found in the Bancroft, Ontario area are considered 

to be of low grade. 

Table 1.1 A compilation of the description of different grades of U ore and corresponding 
locations. (Cameco, 2010). 

 
These low-grade (~0.17 wt% U3O8) U prospects are associated with intrusive and 

anatectic rocks in the Grenville Structural province (Evans, 1962; Griffith, 1986; Hewitt, 1988; 

Lentz, 1996).  These deposits are considered to be the only economic deposits of pegmatite type 

in Canada (IAEA, 2004; 2009).  The disseminated U deposits near Bancroft are found in a 

kilometre-wide zone of pegmatitic granite dykes in a region of easterly-dipping, high-grade 

(amphibolite) metamorphic and metasomatic gneisses, as shown in Figure 1.1 (Griffith, 1986).  

The gneiss and overlying marble comprise part of the Grenville Province that is found along the 

SE flank of the Cardiff Pluton (Griffith, 1986).  Late fractures and partial assimilation of host 

rock (graphitic pelitic gneiss) by intrusive bodies (pegmatitic and granitic dykes) formed in the 

Grade
Description	  
of	  Grade	  

(wt%	  U3O8)

Uranium	  (ppm	  
U3O8)

Locations	  Found Tonnage	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(tonnes	  of	  ore)

Bancroft,	  ON 2,025,795
Elliott	  Lake,	  ON 72,000	  -‐	  626,000,000

Mary	  Kathleen,	  Australia 835,000,000
Olympic	  Dam,	  Australia 8,339,000,000
Radium	  Hill,	  Australia 880,000
Rossing,	  Namibia 12,700,000	  -‐	  422,000,000

Cigar	  Lake,	  Saskatchewan 464,222
McClean	  Lake,	  Saskatchewan 192,290
McArthur	  Basin,	  Saskatchewan 326,669

High 2	  -‐	  >20 20000	  -‐	  >200000

Low 0.1	  -‐	  2 1000	  -‐	  2000

Uranium	  Ore	  Grades
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waning stages of the Grenville Orogeny control the distribution of the pegmatite dykes in the area 

(Evans, 1962; Griffith, 1986; Lentz, 1996). The pegmatite dykes are of én echelon form and 

strike in a N to N-NW direction (Fig. 1.2; Griffith, 1986).  Tongues of ore have also been 

discovered following wall-rock lineations from the transgressive dyke contacts with the wall rock 

(Griffith, 1986).  

 
Figure 1.1 Geological diagram showing the locations of U mines near Bancroft, Ontario.  

Modified from Robinson, 1961 (after Hewitt, 1988). 
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Figure 1.2 Diagram of the bedrock geology at the Bicroft U Mine (from a company plan). 
Figure shows kilometre-wide zone of pegmatitic granite dykes in a region of easterly-dipping, 

high-grade (amphibolite) metamorphic and metasomatic gneisses. Modified from Griffith (1967). 
 

The U in these deposits is highly disseminated and commonly associated with mafic 

minerals, as well as late fractures in the pegmatitic granite dykes (Griffith, 1986). The primary 

ore minerals, uraninite and uranothorite (see Table 1.2), mined at the Bicroft Mine were most 

commonly found in non-zoned pegmatitic pyroxene granites in enriched zones localized to foot 

or hanging wall contacts between the pegmatite dykes and the wall rock (graphitic pelitic gneiss) 

(Griffith, 1986).  Common minerals in the non-segregated pegmatitic granite dykes include 

microcline, microcline perthite, quartz, peristerite (sodic plagioclase), pyroxene and biotite (Lillie 

et al., 1961).  Other accessory mineral constituents include disseminated ore minerals, uraninite 

and uranothorite, as well as fluorite, titanite, cyrtolite (a variety of zircon with traces of U and Y), 

calcite, pyrite, pyrrhotite and molybdenite (Lillie et al., 1961). 
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Table 1.2 List of U ore minerals and their chemical formulas.  

 
The boom of prospecting near Bancroft occurred after a moratorium on private 

prospecting for U was lifted in 1947.  The majority of U prospecting, mining and production in 

the Bancroft region occurred between 1953 and 1963, with one mine, the Madawaska Mine 

(formerly Faraday), reopening from 1975 to 1982 (Griffith, 1986; MOE, 2003). Over their 

lifetime, these mines produced over 6700 tonnes of U oxide (U3O8) (CNA, 2010). The Bicroft 

Mine alone produced over 2017 tonnes of U3O8 and approximately 2,284,421 tonnes of tailings 

discarded into two impoundments on the property between 1957-1963, making it the second 

largeest U mine in the region (Table 1.3) (Griffith, 1967; Proulx, 1995). 

Mineral	  Types Uranium	  Mineral Chemical	  Formula Oxidation	  State

*Autunite CaO(UO2)2(PO4)2*10-‐12H2O 6+

Tobernite CuO(UO3)2(P2O5)*nH2O 6+

Uranium	  Carbonates Shröckingerite NaCa3(UO2)(CO3)3(SO4)F*10H2O 6+

Uranium	  Sulfates Shröckingerite NaCa3(UO2)(CO3)3(SO4)F*10H2O 6+
*Betafite (Ca,U)(Ti,Nb,Ta)2O6(OH) 4+
Brannerite (U,Ca,Ce)(Ti,Fe)2O6 4+

Carnotite K2O(UO3)2(V2O5)*nH2O 6+

Davidite (La,Ce,Ca)(Y,U)(Ti,Fe3+)20O38 4+
*Polycrase (Y,Ca,Ce,U,Th)(Ti,Nb,Ta)2O6 4+
Samarskite (Y,Fe3+,U)(Nb,Ta)5O4 4+

Tyuyaminite CaO(UO3)2(P2O5)*nH2O 6+

*Uraninite/Pitchblende UO2 4+

Coffinite U(SiO4)OH 4+
*Uranophane CaO(UO3)2(SiO5)2*6H2O 6+

*Uranothorite (Th,U)SiO4 4+

Uranium	  Phosphates

Uranium	  Hydrous-‐Oxides

Uranium	  Silicates

Uranium	  Minerals

*Primary	  and	  Secondary	  Ore	  Minerals	  at	  the	  Bicroft	  Mine
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Table 1.3 Production including waste rock and tailings at the Bicroft Mine from 1957-1963. 
Table adapted from Griffith, 1967, and Proulx, 1995. Values are representative for the price of 
mining, milling, and value of U in 1956-1963, to adjust for inflation $1 is equivalent to $7.98 in 
2013 (Bank of Canada, 2013). Adaptation includes the alteration of tons to tonnes.  

 

1.3 Site Description 

1.3.1 Bicroft Mine 

The remediated Bicroft Mine site is located 19 km southwest of Bancroft, Ontario in the 

Cardiff Township of Haliburton County (Lat. 44°59'30.39"N, Long. 78° 2'16.83"W).  The mine is 

situated to the north-northeast of Paudash Lake along Deer Creek (Figure 1.3).  The terrain is 

gently undulating and composed of high-grade metamorphic and metasomatic rocks cross-cut by 

pegmatitic and granitic dykes and sills associated with three plutonic complexes, the Cheddar 

Batholith, Cardiff Plutonic Complex, and Faraday Granite (Evans, 1962).  The Bicroft Mine is 

located on the southeastern corner of the Cardiff Plutonic Complex, as seen in Figure 1.1.  The 

rocks of the Bicroft Mine site were metamorphosed under lower-amphibolitic facies conditions 

(sillimanite to muscovite subfacies) between 1180 and 1010 Ma. The U mineralization formed 

part of the accessory suite of minerals that crystallized after the major silicates and is associated 

Year

Sorting+
Plant+
Discard+
(tonnes)

Average+
Discard/day+
(tonnes)

Tonnes+
Milled

Average+
Milled/day+
(tonnes)

Recovery
/Tonne+
Milled

Mill;head+
Grade+

($/tonne)

Gross+
Production

1957 % % 375,596 1,029 $19.05 $20.86 $7,156,693
1958 7,284 68 421,551 1,155 $21.00 $22.80 $8,850,454
1959 42,591 117 384,985 1,054 $21.53 $23.17 $8,288,700
1960 47,496 130 367,121 1,007 $22.11 $23.45 $8,117,007
1961 47,302 129 305,375 837 $22.01 $23.35 $6,724,823
1962 44,167 % 322,880 885 $14.51 $15.47 $4,682,178
1963 n/a n/a 106,914 n/a n/a n/a $2,437,831
TOTAL 188,840 444 2,284,421 994 $20.03 $21.51 $46,257,686

Production+at+the+Bicroft+Mine
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with pegmatitic granite dykes that were emplaced in graphitic pelitic gneiss (Evans, 1962; 

Griffith, 1986; Lentz, 1996). 

 
Figure 1.3 Location map of the Bicroft Mine. Modified from Parsons et al. (in prep.). 

 

G.W. Burns, of Centre Lake U Mines Limited, discovered the Bicroft deposit in 1952 and 

exploration and underground development began in 1953 (Griffith, 1986).  The construction of a 
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processing plant in 1955 allowed for the mine to begin production in 1956 (Lillie et al., 1961; 

Griffith, 1986).  Of the favourable 5.6 km area of U enrichment, only a 930 m zone on the south 

end of the property was mined due to a number of structural and lithological controls 

concentrating the disseminated ore (Griffith, 1986). 

The primary method of processing to retrieve the U3O8 from the ore was crushing and 

leaching (Figure 1.4).  Ore was crushed using a three-step process to 7.62 cm then wet ground in 

two stages to 50% less than 200 mesh (Lillie et al., 1961).  The pulp was then thickened to 68% 

solids and agitated by air for 33 hours at a pH of 1.8-2.2, maintained by 93% sulfuric acid to 

dissolve the U minerals (Lillie et al., 1961).  The U-pregnant liquor was separated from the 

ground pulp residue by a five-step countercurrent decantation (CCD) process and then further 

purified by clarifying the leachate and removing impurities through ion exchange (Lillie et al., 

1961).  Magnesia was then added to the clarified high-grade eluate, from the thickeners, to 

precipitate U as sodium-magnesium diuranate, (Na,Mg)U2O7 (Lillie et al., 1961). The resulting 

product was dried and packed into barrels for shipment. Tailings and process chemicals from this 

procedure were disposed in one of two on-site tailings impoundments, Auger Lake or the South 

Tailings Basin.  Great care was taken at the Bicroft site to ensure that the tailings were neutralized 

using slaked lime to a pH of 8.0 to prevent damage to the surrounding watershed in which the 

impoundments drain.  The neutralization of the tailings allowed for soluble impurities such as 

iron (Fe) to precipitate from solution (Lillie et al., 1961). 
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Figure 1.4 Bicroft U Mines Ltd. general mill flowsheet. Modified from Lillie et al., 1961. 

 
The Auger Lake and South Tailings Basin impoundments at the Bicroft Mine site release 

groundwater effluent, primarily through a culvert at the base of the dams, sourcing a tributary 

stream which drains into a wetland retention pond (Retention Pond) before draining through a 

connecting tributary and finally into Deer Creek. This creek then carries these waters ~500 m 

before discharging into Inlet Bay of Paudash Lake (as shown in Figure 1.3) where the waters are 

supposed to meet Provincial Water Quality Objectives (PWQOs) (MOE, 2003) (see Table 1.4). 
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Total U concentrations, as shown in Figure 1.5, have been demonstrated by Parsons et al. (in 

prep.) to exceed PWQOs at all sampling locations along the Bicroft Mine tributary stream and 

wetland system, except the tailings impoundments, during the spring/summer sampling in June 

2011 (Figure 1.5). Concentrations in surface waters of the tailings impoundments may be lower 

due to dilution, and limited release of U into the overlying water cover. The total U 

concentrations in surface waters, where Deer Creek connects to Inlet Bay of Paudash Lake, were 

found to be below PWQOs (Figure 1.5).   

Table 1.4 Ontario Provincial Water Quality Objective values for U and REEs in water 
systems (MOE, 1994). 
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Figure 1.5 Uranium, Ce and La concentrations in surface water samples, Bicroft Mine, June 

2011. Data from Parsons et al. (in prep.). 
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Since 1963, when the Bicroft Mine closed, there has been no evidence of serious adverse 

impacts to the environment according to the Ministry of the Environment (MOE, 2003).  The 

tailings impoundments were stabilized between 1980 and 1990 following recommendations from 

an independent analysis of the stability of the on-site dams as well as a subsurface investigation in 

the two impoundments (Golder and Associates, 1990). In 1981, Golder and Associates replaced a 

beaver dam at the outlet point (south-east end) of the Retention Pond with a weir-type spillway 

and downstream protection (cemented spillway) to prevent overtopping and the possibility of a 

large downstream release due to breaching of the beaver dam. In 1989, Golder remediated the site 

further by reducing the over-steepening of the dam slopes on both tailings impoundments, adding 

erosion protection (rock drainage berm), and replacing the partially blocked wooden culvert at the 

base of the southern dam at Auger Lake with a screen and metal culvert to prevent inhibition of 

seepage. In addition, Denison Environmental Services (DES) along with the Ontario Ministry of 

Northern Development and Mines remediated the mill site and mine shafts in 2005, by reducing 

the building foundations and adding a layer of backfill to reduce gamma ray emissions to 

background levels (DES, 2005).   

Since the closure of the Bicroft Mine site, it has been under consistent surveillance 

through surface water sampling, by the Ontario Water Resources Commission in the 1960s and 

the Provincial Water Quality Monitoring Network since the 1970s, and is regularly inspected and 

maintained to avoid harm to the surrounding population and ecosystem.  Very little evidence of 

the original mine remains, outside of the two tailings impoundments, a weir emplaced at the 

downstream side of the Retention Pond, which slows the rate of flow through the pond area, and 

the capped mine shafts. The Bicroft Mine Site is currently owned by Barrick Gold Corporation 

and is regulated by the Canadian Nuclear Safety Commission.   
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Tailings generated from the mine are expected to have a low acid-generating potential, 

due to the large application of lime prior to deposition into the tailings impoundments and the low 

sulfide content of the ore (MOE, 2003). This is important, as the buffering capacity of lakes in the 

region is low due to the low carbonate content of rocks in the local environment (MOE, 2003).  

Previous monitoring at the Bicroft mine has shown that U concentrations in surface waters range 

from 1.1 µg/L to 8.17 µg/L, relative to background, ranging from 1.5 µg/L to 2.0 µg/L (MOE, 

2003). The U concentrations are elevated in the initial portion of the tributary system from Auger 

Lake to the Retention Pond, however these levels decrease rapidly in the tributary below the 

Retention Pond (MOE 2003). Levels of cobalt (Co), Fe, Mn, and U have been shown to be 

present at elevated concentrations above background, during sampling conducted by the MOE in 

1986 and 1987, in the tributary connecting the tailings to Deer Creek (MOE, 2003).  Water 

reaching the Inlet Bay of Paudash Lake generally has low levels of contaminants. However, 

studies conducted by the Provincial Deputy Minister’s Committee in 1965 demonstrated that 

there was a downstream release of tailings into the inlet of Paudash Lake in 1957 (MOE, 2003).  

Uranium concentrations above background were also observed in sediments below Auger Lake, 

including Deer Creek and Paudash Lake, and may be due in part to this tailings breakout (MOE, 

2003).    

Although the concentrations of U meet PWQOs where the mouth of Deer Creek connects 

to Paudash Lake, it is important to understand how U, other radionuclides (including 226Ra), Pb, 

and REEs interact with colloids, sediments, and other components of the system.  By 

understanding the mechanisms controlling the passive attenuation of these elements from the 

tributary stream and wetland system, it should be possible to improve remediation methods at 

other U mining locations.  
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1.4 Project Description  

1.4.1 Research Objectives  

Monitored natural attenuation is a remediation method that uses a variety of physical, 

chemical, and biological processes to sequester metal and trace metal contaminants without 

human intervention.  These processes may aid in the reduction of contaminant mobility, toxicity, 

volume, or concentration under favourable conditions.  Natural attenuation of U and other trace 

metals has been observed in previous studies of stream and wetland sediments, including Schöner 

et al. (2004, 2009) in Thuringia and Saxony, Germany, Veselic et al. (2001) in Slovenia, Groudev 

et al. (1999) in Bulgaria, and Shinners (1996) and Lottermoser and Ashley (2005) in Australia. 

Details of the physical, chemical, and biological processes involved in sequestering metals, such 

as U, and other trace metals in these natural systems are poorly understood and there remain 

critical gaps in field-based research (Schöner et al., 2009). 

 The Bicroft Mine uses a passively attenuating stream and wetland system to achieve 

below PWQO concentrations of U and other trace metals in surface waters where the stream 

system leaves the mine property and enters Paudash Lake. In a study conducted by the MOE in 

2003 it was determined through risk-assessment analyses that the Bicroft Mine site’s passive 

remediation processes maintained levels with no risk to human or ecosystem health once waters 

reached a public waterway, Paudash Lake (MOE, 2003). Although natural attenuation processes 

are successful at the Bicroft Mine, there is limited understanding the main processes that are 

sequestering metal and trace metal contaminants over the course of the stream and wetland 

system.  This project uses both conventional and advanced analytical techniques to assess the 

mechanisms controlling U and REE, specifically Ce and La, speciation, surface chemistry, and 

colloidal transport in samples of sediments, tailings, and colloidal fractions of the system. This 
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research was coordinated with a surface water study being conducted by the Geological Survey of 

Canada (GSC), to determine the methods of natural attenuation of U and other trace elements 

(REEs) in the environment.  

In addition to U, Ce and La were chosen for study at the Bicroft Mine because of their 

significant concentrations in mine tailings effluent, and their variable concentrations observed in 

surface water studies of the tributary stream and wetland system by Parsons et al. (in prep.) 

(Figure 1.5). Relatively little research has been conducted on the mobility and characterization of 

REEs in mine waste and their potential environmental and human health impacts (Brookins, 

1989; Hirano and Suzuki, 1996; Sun et al., 1996; Zhang et al., 1999). With increasing demand for 

the production of REEs globally, due to export restrictions for REEs from China, understanding 

the processes that control the release of REEs from mine waste and their subsequent mobility is 

important to assess the potential impacts of REEs on the surrounding environment. 

In an effort to better understand the methods of U and REE sequestration at the Bicroft 

Mine, the present study has four main goals: 

§ to determine whether there are changes in the mineral hosts for U and REEs over 

the course of the stream system, by identifying associated minerals in stream 

sediments, and the stability of these minerals in the system; 

§ to understand the relationship between aqueous and solids geochemistry, 

particularly the role of colloids and co-precipitation with Fe- and Mn-

oxyhydroxides; 

§ to identify phases to which U, Ce and La are adsorbed to or co-precipitated with 

over the course of the tributary stream and wetland system; and, 
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§ to determine whether changes in the redox conditions with depth in sediments 

lead to the co-precipitation, adsorption and sequestration of REEs and U in 

solution. 

In order to achieve these goals, sediment samples were collected, from various points 

along the stream and wetland system, and cores were collected within the two tailings 

impoundments and the retention pond. Surface water samples were collected for tangential flow 

filtration (TFF), concurrently with water samples collected and analyzed by Dr. Michael Parsons 

of the Geological Survey of Canada (GSC). Analyses of these sediments and colloidal fractions 

of surface waters from the stream and wetland system will enhance an ongoing study by the GSC 

to characterize the background geochemistry of the Bancroft region, as well as develop 

geoenvironmental models for development and remediation of U-REE deposits across Canada. 

In this study, micro- and macro-scale X-ray diffraction (µXRD and XRD), X-ray 

absorption near edge structure (XANES), micro X-ray fluorescence (µXRF), and scanning 

electron microscopy (SEM) analyses are used to distinguish between mineral phases and 

characterize the geochemical interactions of U and REEs in colloid and sediment samples from a 

naturally attenuating stream and wetland environment.  Samples were also processed using TFF 

are analyzed by high-resolution inductively coupled plasma mass spectrometry (ICP-MS) and ion 

chromatography to determine how the elements and minerals of interest partition between 

particulate and dissolved fractions within the colloid fraction. The objective of this research is to 

better understand the role of colloids, streambed precipitates, and wetland sediments in U and 

REE sequestration from waters draining U tailings impoundments.   

By analyzing the mineralogical and geochemical processes controlling the mobility of U 

and REEs (La and Ce) at an effective, enhanced natural wetland remediation system at the Bicroft 
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Mine near Bancroft, Ontario, it should be possible to propose appropriate methods for 

remediation efforts at other U mine sites.  In addition, the results of this project will help in 

predicting the impacts associated with future tailings impoundments and help to develop better 

monitoring strategies for UMT. 
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Chapter 2 

Literature Review 

2.1 Characterization and Occurrence of Uranium and REEs 

Uranium is an element in the actinide series and has the atomic number 92. There are 

three naturally occurring radioisotopes for U, 234U, 235U, and 238U, of these 235U and 238U are the 

most abundant (Cuney and Kyser, 2008). Uranium is generally found dispersed in low 

concentrations throughout the continental crust (1.7 ppm) and seawater (0.0032 mg/L) (Clark et 

al., 1966; Cuney and Kyser, 2008), however, concentrated deposits of U in the continental crust 

form U ore deposits, which are sought after and developed to supply U for nuclear reactors and 

the production of electricity. In 2007, nearly 70,000 tonnes of U3O8 were required to fuel 440 

nuclear power reactors and 270 research reactors worldwide (OECD, 2008; Cuney and Kyser, 

2008). With demand increasing for clean and efficient electricity generation, there is an increase 

in the exploration and production of U deposits worldwide, demonstrating the importance in 

understanding the mobility and sequestration of U in mine waste. 

The REEs belong to the lanthanide series of elements, including lanthanum to lutetium 

from Group IIIA in the periodic table, ranging in atomic number from 57 to 71. REEs are often 

subdivided into three subgroups in the literature, the light REEs (LREEs) including La to Nd, the 

middle REEs (MREEs) including Pm to Ho, and the heavy REEs (HREEs) including Er to Lu. 

The REEs demonstrate similar geochemical properties due to their electron configurations, which 

allow for them to interact with ligands and bond uniformly despite the increasing number of 

electrons in the 4f orbital over the lanthanide series. This allows for the elements to behave 

similarly in nature and they are often found grouped together. Given this and the elevated 
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concentrations of Ce and La observed by Parsons et al. (in prep.), this study will focus on the 

mobility and attenuation of Ce and La in the environment as indicators of the mobility and 

attenuation of REEs. 

2.1.1 Uranium and REEs in Mine Wastes 

Over 500 megatonnes of U mine waste have been generated worldwide (Waggitt, 1994; 

Lottermoser, 2010).  What differentiates U mine wastes from other mine wastes is their inherent 

and persistent radioactivity.  Unlike other mine waste contaminants, it is not possible to 

completely prevent the release of radioactivity to the environment by chemical reactions or 

physical barriers (Lottermoser, 2010).  The radioactivity of these deposits is due to the decay of 

the three U isotopes (238U, 235U, and 234U), and their intermediate daughter products (e.g. 226Ra 

and 222Rn).  These radionuclides impose long-term risks to ecosystems as a result of their 

significant half-lives, high solubility, and persistent chemical behavior (Lottermoser, 2010).   

Most U mine waste is considered to be low-level radioactive waste by the International 

Atomic Energy Agency (IAEA, 2004).  This is because traditional milling techniques have a very 

high recovery rate of U from the ore.  Therefore, the mine wastes associated with U mining 

generally contain low concentrations of radionuclides that would emit alpha, beta, and gamma 

radiation (Lottermoser, 2010).  Most of the low-level radioactive waste consists of tailings, mine 

water, and waste rock.  Tailings are generally disposed as slurry in large impoundments where 

settling of suspended sediments and slimes (very finely ground tailings, suspended with clays) 

occurs.  The long-term drainage of these impoundments into groundwater and eventually surface 

water systems is limited by engineered structures, but generally they drain over long time frames.  

As leakage of these repositories is almost inevitable over the long term, it is very important to 
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understand U mobility in these systems and methods to retard and prevent long-distance transport 

of the contaminants in the environment. 

The mobilization of U and other elements (such as REEs) can be induced by a number of 

factors in the tailings impoundment: acid mine drainage, presence of processing chemicals, 

oxidative dissolution of ore minerals, reduction of iron and manganese oxyhydroxides, bacterial 

reduction, and adsorption onto readily mobilized or dissolved clay minerals (Lottermoser, 2010).  

Primary U ore minerals, such as uraninite and uranothorite, are readily weathered releasing U as 

the dissolved uranyl ion (UO2
2+), which is highly mobile in aqueous systems (Farrell et al., 1999; 

Lottermoser, 2010). Weathering reactions lead to the transport of U, associated elements (REEs), 

daughter products, and other potentially toxic and radioactive elements over large distances.   

2.1.2 Sources and Mineralogy of Uranium and REEs  

Uranium ore can be comprised of sulfate, phosphate, carbonate, hydrous-oxide or silicate 

minerals, as demonstrated in Table 1.2. Uranium mineralization is associated with many different 

types of deposits and the gangue mineralogy of these ore systems is highly variable as a result 

(Lottermoser, 2010).  Primary ore minerals generally include: uraninite, brannerite, coffinite, 

pitchblende (amorphous U oxide), euxenite-fegusonite-samarskite group minerals (niobates of U 

and REEs), and davidite (Lottermoser, 2010; World Nuclear Association, 2011). The weathering 

and oxidation of U deposits allows for the formation of secondary U ore minerals, such as 

autunite, carnotite, tyuyamunite, torbernite, uranophane, and schröckingerite (Burns, 1999). 

Common gangue minerals in these deposits include: silicates, sulfides, carbonates, sulfates, 

phosphates, oxides and hydroxides (Lottermoser, 2010).    

In addition to U, these ores usually contain other radioactive elements including radium 

(Ra), thorium (Th), and lead (Pb), and are often associated with REEs, calcium, and other 
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elements as cation substitutions in mineral crystal structures (Lottermoser, 1995).  Due to the 

variability in U deposits a wide range of other metals and metalloids are also commonly 

presented at elevated concentrations in U mine waste, including As, Cu, Mo, Ni, Re, Sc, Se, V, Y, 

and Zr (Lottermoser, 2010). Uranium ore minerals readily weather to numerous secondary 

minerals (Burns, 1999). Uranium can be a primary component of the crystal structure of a 

mineral, or present as a trace component in a variety of carrier minerals including zircon, 

monazite, tantalite, and columbite (Lottermoser, 2010). This poses additional challenges for 

planning environmental management and remediation efforts, as each deposit type requires 

unique processing operations, leading to different concentrations of these radioactive, metal and 

metalloid elements in waste rock and tailings, which pose varying risks to the environment.     

In the literature there are 12-18 different deposit types described for U, including 11 major types 

outlined by Cuney and Kyser (2008): unconformity related, sandstone hosted, vein deposits, 

metasomatic, IOCG/breccia, intrusive, volcanic associated, quartz pebble conglomerate, surficial, 

collapse breccia pipes, and phosphoritic. In Canada there are three primary U ore deposit types: 

unconformity related (Athabasca Basin, Saskatchewan), quartz-pebble conglomerate (Elliot Lake, 

Ontario), and granitic pegmatite (Bancroft, Ontario) (World Nuclear Association, 2011). 

Unconformity related deposits are considered to be the highest grade U ore deposits in the world 

and include McArthur River, Key Lake, McClean Lake, Cluff Lake, and Rabbit Lake mines in 

the Athabasca Basin in Northern Saskatchewan (World Nuclear Association, 2011).  

Unconformity related deposits reside in faulted and brecciated zones along an unconformity 

between overlying sedimentary rocks and underlying basement rocks, with primary ore 

mineralization of uraninite and pitchblende (World Nuclear Association, 2011). Quartz-pebble 

conglomerates are a second unconformity style deposit, where Archean to early Proterozoic 
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pyritic quartz-pebble conglomerates unconformably overlie metamorphic and granitic basement 

rocks (World Nuclear Association, 2011). Detrital brannerite and uraninite are the primary ore 

minerals in quartz-pebble conglomerate deposits in Elliot Lake, ON (World Nuclear Association, 

2011). Granitic pegmatite deposits of the Grenville orogen, near Bancroft, Ontario, are associated 

with intrusive and anatectic rocks in the Grenville Structural province. These disseminated U 

deposits, near Bancroft are found in a kilometre-wide zone of pegmatitic granite dykes in a region 

of easterly-dipping, high-grade (amphibolite) metamorphic and metasomatic gneisses. Late 

fractures and partial assimilation of host rock (graphitic pelitic gneiss) by intrusive bodies 

(pegmatitic and granitic dykes) formed in the waning stages of the Grenville Orogeny control the 

distribution of the pegmatite dykes in the area (Evans, 1962; Griffith, 1986; Lentz, 1996). The 

primary ore minerals for pegmatite deposits in the Bancroft area are uraninite and uranothorite 

(Cuney and Kyser, 2008). For more information on other types of U deposits not outlined in theis 

chapter see Cuney and Kyser (2008). 

2.1.3 Treatment and Containment Methods for Uranium Mine Waste 

The treatment and containment of U mine waste is critical for its long-term stabilization 

in the environment. The variability in mining methods, sites, milling operations and processes 

used, mineralogy and size of tailings, size and type of tailings facilities, as well as the climate, 

quality and sensitivity of the surrounding environment require that site-specific analyses be 

conducted to develop the appropriate treatment and containment method for individual U mines. 

There are three primary methods of containment: sub-aerial, below ground, and sub-aqueous, 

each with specific advantages and disadvantages as demonstrated in Table 2.1 (IAEA, 2004).  

Within these methods, there are multiple site-specific methods for preventing the emission of 
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radon gas, provide shielding to gamma ray emission, prevention of gas and water infiltration, 

seepage control, reduction of dust generation and erosion prevention (IAEA, 2004). 
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Table 2.1 A comparison of the advantages and disadvantages of the different approaches to 
U mill tailings containment (Table from IAEA, 2004). 

 

Sub-aerial and sub-aqueous containment may include custom built ring dyke tailings 

dams, side hill containment, or historically, disposal in nearby lakes (IAEA, 2004). The majority 

The physical properties are closely related to the chemical properties of tailings, as these 
typically constitute a finely dispersed, gel-like system. 

(1) Research into the (site specific) dewatering behaviour of tailings with a view to improve 
dewatering is needed. 

Table 6. A comparison of the advantages and disadvantages of the different approaches to 
uranium mill tailings containment [compiled by S. Needham]. 

Disposal 
option 

Advantages Disadvantages 

Above ground > Can operate simultaneously with mining 
> May be cheap to establish if tailings used in 

construction 
> Valley fill sites may have low construction costs 
> Whole tailings can be contained  
> Tailings pond can also function as evaporative 

pan to assist in mine water management 
> Most widely used 
> Tailings easily accessed for reworking if 

required 

> Authorities may regard this type as only temporary storage & 
tailings may need to be relocated e.g. below ground level at 
end of mine life 

> May require construction of associated structures to minimise 
risk of environmental impact in the case of failure, or to 
collect/treat seepage etc 

> Seepage control essential 
> Expensive if built as water containment structure 
> Post close-out settlement may take a long time and lengthen 

period before operator can be released of responsibility 
> May need long term maintenance 
> Long term risk of tailings spill, increasing as structure 

weathers and erodes 
> Increases land area impacted by mining 
> Airborne and waterborne dispersal of contaminants possible 

following erosion etc 
Below ground: 
in pit 

> Very long term containment possible 
> Unlikely to ever require maintenance 
> Whole tailings can be contained 
> Pit preparation costs unlikely to be as high as 

above ground options 
> Airborne dispersal of contaminants effectively 

impossible 
> Structural failure of containment virtually 

impossible 

> May need pervious-surround work to minimise ground water 
contamination risk 

> Construction cost of impermeable containment could be high 
if suitable pit not available 

> Not normally possible to operate simultaneously with mining 
at the same location 

> Requires a suitable pit to be available pre-mining, or for all 
ore to extracted prior to milling (e.g. Nabarlek) 

> May involve double-handing of tailings if no pit available at 
commencement 

> Re-claiming of tailings if required for further treatment will 
be difficult owing to depth 

Below ground: 
underground 
mine workings 

> Very long term containment possible 
> Unlikely to ever require maintenance 
> Can possibly incorporate whole tailings 
> Can be operated simultaneously with mining 
> Airborne dispersal of contaminants effectively 

impossible 
> Structural failure of containment virtually 

impossible 

> Slimes may need to be contained separately 
> Need suitable groundwater conditions 
> Mine waste water management system needs to be able to 

cope with evaporation requirements 
> Tailings not available for reprocessing 

Below ground: 
purpose-built 
containment 
(underground 
void or 
surface pit) 

> Very long term containment possible 
> Unlikely to ever require maintenance 
> Whole tailings can be contained 
> Can be operated simultaneously with mining 
> Airborne dispersal of contaminants effectively 

impossible 
> Structural failure of containment virtually 

impossible 
> Site can be selected in low-permeability country 

rock 
> Benign rock available for unrestricted use in 

construction 

> Construction required before milling commences 
> Mine waste water management system needs to be able to 

cope with evaporation requirements 
> Suitable site may be remote from mill and increase 

slurry/paste transport & infrastructure costs 
> Paste stabilization normally necessary for underground and 

optional/preferable for pit. 

Deep lake > Can operate simultaneously with mining 
> Cheap to establish  
> Whole tailings can be contained  
> Very long term containment possible 
> Unlikely to ever require maintenance 
> Whole tailings can be contained 
> Airborne dispersal of contaminants effectively 

impossible 
> Structural failure of containment virtually 

impossible 

> Authorities may not allow this approach to tailings disposal 
> Requires nearby water body not otherwise used for social or 

economic benefit (i.e. fishery, water supply, recreation) 
> Risk of water contamination and tailings redistribution from 

disturbance by major flood of changed climatic conditions 

54
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of the world’s U tailings (e.g. Key Lake mine, Canada, Ranger and Olympic Dam mines, 

Australia, and Homestake, Kerr McGee and Ambrosia Lake mines, USA) are deposited in above 

ground facilities, as this is generally the most economical option (IAEA, 2004). Embankments for 

these facilities are often comprised of the coarse fraction of the tailings themselves, along with 

overburden as dyke fill (IAEA, 2004). The inherent risk to above-ground containment is the risk 

of dam failure, overtopping, and long term isolation of the tailings from the surrounding 

environment (IAEA, 2004). Prior to the 1970s control structures and chemical treatment of U 

tailings were rare, and tailings were often deposited into local gullies and valleys for above 

ground containment (IAEA, 2004). 

Below ground containment includes returning tailings and waste rock to a mined out pit 

or an underground mine. This method provides the best long term sustainability and isolation of 

tailings from the surrounding environment. In addition, purpose built, or excavated pits and 

underground workings for U mine waste in low permeability and benign rock are an alternative 

solution for the long term management of wastes. However, if tailings are not neutralized through 

treatment prior to disposal, there is the risk of groundwater contamination (IAEA, 2004). 

Dewatering, surficial treatments, seepage control, covers, and passive treatment systems 

may all be used to reduce the environmental risks associated with U mine wastes. Consolidation 

of tailings by dewatering is common practice to prevent destabilization of embankments as well 

as water and gas infiltration via piping. Surficial treatments, such as water covers, vegetation, 

soil, rock, and clay covers are often used to reduce radon fluxes, dust generation, prevent water 

and gas infiltration and create erosion resistance.  These surficial treatments are often used prior 

to final remediation and closure treatments as a temporary stabilization and sealant for tailings.  
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Covers, both wet and dry, have been used in the remediation of U mine tailings for final 

treatments. Covers are designed to prevent water and gas infiltration to reduce the amount of 

oxygen that is in contact with the tailings, effectively reducing oxidation and therefore reducing 

the acid-generating potential and mobilization of contaminants within the tailings. Tailings covers 

also provide an aesthetically appealing landscape, and reduce the visual impact on the 

surrounding environment. Seepage of effluents from tailings impoundments is inevitable over the 

lifetime of these facilities, thus control and treatment systems for these effluents are required to 

meet regulatory guidelines and provide long-term treatment.  The longevity of these contaminants 

in the environment necessitates a long term cost commitment to treatment, management and 

monitoring.  The use of passive treatment systems is key in making these treatment systems 

economical after remediation and mine closure, as low levels of contaminants will persist. 

Passive treatment systems include the use of permeable reactive barriers/liners (engineered 

systems), engineered wetlands, and natural attenuation. This includes adsorption to inorganic 

minerals, organic compounds, and soils, uptake by vegetation and micro-organisms, as well as 

co-precipitation with different mineral phases. Due to the economic efficiency of these treatment 

systems there has been an increase in their use in recent decades; however, there is little 

information or research on the sustainability and longevity of these natural processes (IAEA, 

2004). 

Once U ore has been brought to surface and oxidized the U becomes readily dissolved 

into water systems (REDOIL, 2010).  In addition to U, other potentially toxic metal contaminants 

associated with U ore and deposited into tailings facilities, including nickel, copper, zinc, lead, 

arsenic and selenium, are also brought into solution (SENES, 2008).  Gangue minerals, such as 

pyrite, can also be oxidized when exposed to air and water in tailings facilities and generate large 
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amounts of acid, leading to the potential for acid mine drainage (SENES, 2008).  These 

contaminants have been minimized in UMT systems by treating milling effluents prior to 

deposition in tailings facilities.  It is possible to reduce the amount of soluble radionuclides, as 

well as arsenic, selenium, vanadium and molybdenum by co-precipitation from solution with 

barium or iron (SENES, 2008).  The concentrations of metals, such as copper, nickel, lead, and 

zinc can be reduced by adding lime or bubbling with ammonia to neutralize the pH of the system 

(Lillie et al., 1961; IAEA, 1993; SENES, 2008).  Further settling, flocculation, and filtration can 

reduce the amount of suspended solids released into tailings (SENES, 2008).  Many of these 

methods also allow for byproducts from U milling to be recovered for further economic benefit 

(Edwards and Oliver, 2000).  Again, methods used for tailings management are site specific and 

depend on the milling processes used, as well as the nature of the ore and location of the tailings 

facility. 

In the Athabasca Basin, a number of tailings management techniques are used, however, 

the most common are in-pit disposal or surface deposits (SENES, 2008).  During operations open 

pits are developed and wet covers are used to prevent surficial erosion of tailings placed in open 

pits (SENES, 2008).  Through the decommissioning of open pit tailings impoundments a ~1 m 

thick clean soil or dry cover is applied and vegetated to prevent surficial runoff from the tailings 

and to reduce the rate of meteoric water infiltration (Ross and Hovdebo, 1995; OECD and IAEA, 

2002; SENES, 2008). Prior to tailings being disposed into surficial impoundments they are 

initially neutralized with lime to a pH of 7 at a processing facility, the liquids are decanted, then 

the solids are sent directly to the tailings pond. The liquids are then repulped and further treated 

with barium chloride and lime to a pH of 11-12 in a series of agitator tanks (IAEA, 1993).  This 

allows for any magnesium, arsenic and radium in solution to be precipitated out and removed 
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prior to being deposited into tailings facilities (IAEA, 1993).  This alkaline precipitate is then 

collected in a thickener and mixed with the initial neutralization precipitate and neutralized to a 

pH of 7 (IAEA, 1993).  Solids are then separated and recirculated in the mill and eventually 

disposed of into the tailings ponds, whereas liquids are clarified and stored in monitoring ponds 

before final discharge into the environment (IAEA, 1993). The embankments of the surficial 

tailings ponds often incorporate a filter blanket with a bentonite clay rich layer beneath to confine 

seepage and direct any free draining liquid in the tailings to a seepage collection system (Ross 

and Hovdebo, 1995).  Tailings are deposited into the surficial tailings impoundments in a semi-

dry form to minimize retained liquid, and reduce the loss of fines in the collection system (Ross 

and Hovdebo, 1995).  The collected seepage is directed back to the mills where it is then reused 

or treated prior to release into the environment (Ross and Hovdebo, 1995).  

In the Elliot Lake region, surficial tailings impoundments were the primary form of 

tailings disposal, including surface depressions and lakes (Wise Uranium Project, 1996). The 

tailings from these U deposits have a high FeS2 (pyrite) content, which readily oxidizes to form 

sulphuric acid, and potentially form acidic drainage (Wise Uranium Project, 1996). Acid mine 

drainage is a large environmental problem in the region as it mobilizes other trace metals and 

contaminants, such as Ni, Cu, Pb, and Zn (Wise Uranium Project, 1996). These tailings 

impoundments were reclaimed in the 1970s, after 10-20 years of atmospheric exposure.  The 

primary reclamation method used was the application of treatment sludge, composed of limestone 

and barium chloride, to neutralize the surface acidity due to oxidation and the application of a dry 

cover of glacial sand/gravel and till (Paktunc and Davé, 2002). The dry cover was then vegetated 

to prevent surficial erosion and maintain the cover (Paktunc and Davé, 2002). Since reclamation, 

natural wetlands, bogs, and ponded areas have developed, as the tailings themselves have poor 
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drainage and dewatering characteristics (Paktunc and Davé, 2002). A layer of black peat and lake 

bottom sediments generally underlies the tailings, in addition to a sand and till layer immediately 

above the bedrock (Paktunc and Davé, 2002). This creates a combination wet and dry cover 

method to tailings encapsulation and remediation. Covering the tailings, by either wet or dry 

covers, prevents the formation of sulphuric acid, reduces the radiological emissions, and prevents 

the removal or disturbance of the tailings by human activities (Wise Uranium Project, 1996). 

Where water pooling is observed, as well as in the tailings themselves, secondary precipitation of 

Fe-oxyhydroxides, Fe-Si-oxyhydroxides, calcite, and calcian siderite has been observed. These 

phases are potential sinks for U and other metal contaminants (Paktunc and Davé, 2002). 

2.1.4 Aqueous and Solid Speciation  

Uranium is an unstable and radioactive metal in the actinide series.  In natural systems U 

can exist in four valence states (III, IV, V, VI), although IV and VI are the most common 

(Langmuir, 1997; Krupka et al., 1999; Lottermoser, 2010).  Uranium(IV) (uraninite, uranothorite, 

coffinite, brannerite, and davidite) is the most reduced form of U and is also the least soluble and 

least mobile form (Wanty et al., 1999; Lottermoser, 2010).  Uranium(VI) (autunite, carnotite, 

uranophane, tyuyamunite, and tobernite), in contrast, is the most soluble and mobile form of U, 

and is generally found as uranyl ions or uranyl complexes in solution (Wanty et al., 1999; 

Lottermoser, 2010). 

In contrast, the REEs, and more specifically cerium (Ce) and lanthanum (La), share 

similar chemical and physical properties and all occur primarily in a 3+ oxidation state, with the 

exceptions of Ce and europium (Eu).  Cerium may also occur, under highly oxidizing conditions, 

in a 4+ oxidation state (Henderson, 1984; Wood, 1990; Leybourne and Johannesson, 2008), which 

is less soluble and less mobile than Ce(III) due to its ability to rapidly complex with Al-, Mn- and 
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Fe-oxyhydroxides and oxides and co-precipitate from solution (Moffett, 1994; De Carlo et al., 

1998; Leybourne and Johannesson, 2008). In recent literature, Ce(III) has been found to be 

oxidatively scavenged by Mn oxides in both highly oxidizing and anaerobic conditions (Ohnuki 

et al., 2008; Schijf and Marshall, 2012; Loges et al., 2012).  This process has been suggested to 

lead to the strong Ce(IV) anomaly observed in manganese oxides in sediment substrates and 

coatings (Addy, 1979; Wood, 1990; Nelson et al., 2003; Ohnuki et al., 2008; Loges et al., 2012; 

Schijf and Marshall, 2012). 

2.1.4.1 Aqueous Speciation of Uranium 

Uranium speciation in natural waters can vary, but most commonly, U is transported in 

hexavalent form in surface- or shallow ground-water systems, and is prone to hydrolysis, 

hydration, and complexation (Ames and Rai, 1978; Langmuir, 1978; Rachkova et al., 2010). 

Depending on the composition of aqueous solutions, dissolved U can be found as free ions or as 

aqueous complexes with common ligands (Scanlan, 1977; Langmuir, 1978; Farrell et al., 1999; 

Lottermoser, 2010).  The degree to which dissolution of U minerals occurs, forming free U ions 

in aqueous solution, is dependent on the chemistry and structure of the original mineral, as well as 

the pH and Eh conditions, the abundance of complexing agents, SO4
2-, CO3

2-, PO4
2-, NO3

-, OH-, F-

, Cl-, as well as organic ligands (humic and fulvic acids) in an aqueous system (Langmuir, 1978; 

Lottermoser, 2010).   

Weathering and oxidative dissolution are the most common mechanisms for releasing U 

ions into solution and occur when oxygen is present in the dissolved or gaseous phase in solution.  

The available oxygen readily oxidizes U(IV) minerals releasing U into water as the uranyl ion 

(UO2
2+) (Langmuir, 1978; Lottermoser, 2010).  This process occurs through a series of 
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intermediate chemical reactions that can be summarized as a single equation (Equation 1) as 

demonstrated by Ragnarsdottir and Charlet (2000): 

2 UO2(s) + 4 H+
(aq) + O2(g) à 2 UO2

2+
(aq) + 2 H20(l)      (2.1) 

 In addition to oxidative dissolution, the oxidation of U(IV) minerals can also be achieved 

by the indirect oxidation of iron sulphide minerals (Lottermoser, 2010).  During the breakdown of 

iron sulphides, Fe(II) is formed and readily oxidized to Fe(III).  The U(IV) mineral is then 

oxidized by the Fe(III) ion forming the uranyl ion and further Fe2+ (Lottermoser, 2010).  This 

process will act in a cyclic manner until the U(IV) or Fe(III) is depleted (Lottermoser, 2010).  The 

chemical equations for this overall reaction sequence (Equation 2) are as follows (Lottermoser, 

2010): 

4FeS2(s) + 14O2(g) + 4H2O(l) => 4Fe2+
(aq) + 8H+

(aq) +8SO4
2-

(aq) + energy   (2.2) 

4Fe2+
(aq) + 4H+

(aq) + O2(g) => 4Fe3+
(aq) +2H2O(l) + energy 

FeS2(s) +14Fe3+
(aq) + 8H2O => 15Fe2+

(aq) + 16H+
(aq) + 2SO4

2-
(aq) + energy  

UO2(s) + 2Fe3+
(aq) => UO2

2+
(aq) +2Fe2+

(aq) 

As this is an acid-generating process, localized enhancement of U(IV) mineral dissolution from 

the tailings by acid leaching may also occur (Lottermoser, 2010).  

The uranyl ion and its complexes are the predominant U species in oxidized surface 

waters with a pH>5 (Langmuir, 1997).  The most important and common complexes are those 

with carbonate (CO3
2-) and hydroxyl (OH-) species, which often control U speciation in aqueous 

systems as demonstrated in Figure 2.1 (Langmuir, 1997). 
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Figure 2.1 Distribution of U(VI) species at 25°C and I=0.1M for ∑U(VI) = 10-6 M, for PCO2 = 

10-3.5 bar (Image from Langmuir, 1997). 
 

Below a pH of 5, uranyl ions and U(VI) hydroxyl complexes predominate; however, at 

near neutral to alkaline pHs strong uranyl carbonate complexes dominate and largely replace 

U(VI) hydroxyl complexes, as demonstrated in Figure 2.1 and Figure 2.2.  Uranyl complexes 

with carbonates are important in aqueous systems, as these strong complexes have the ability to 

increase U mineral dissolution and solubility by facilitating the oxidation of U(IV) minerals, and 

also limit the ability for U to adsorb or precipitate from solution (Langmuir, 1997).  Uranyl 

carbonate complexes have also been shown to dominate over hydroxyl complexes and the uranyl 

ion in reducing conditions.  High carbonate concentrations also allow for an increase in UO2 

dissolution at lower Eh values as U(IV)-carbonate complexes are unstable relative to U(IV)-

hydroxyl complexes, destabilizing U(IV) (Figure 2.2) (Langmuir, 1997).  In waters with low Eh, 

the uranous ion (U4+) and its complexes predominate; however, due to the low solubility of 

U(IV), concentrations of U in waters of low Eh are also very low (<10-8M) (Langmuir, 1997).  
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Figure 13.4 Distribution of U(VI) species at 25°C and 1= 0.1 M for 1:U(VI) = 10-6 M, 
for (a) Pco, = 10-3.5 bar, and (b) Peo, = 10-2.0 bar. Reprinted from Geochim. et Cosmochim. 
Acta. 58, T. O. Waite, J. A. Davis, T.-E. Payne, G. A. Waychunas, and N. Xu, Uranium (VI) 
adsorption to ferrihydrate: Application of a surface complexation model, pp. 5465-78, 
© 1994, with permission from Elsevier Science Ltd., The Boulevard, Langford Lane, 
Kidlington OX5 1GB, UK 

autunite (cation-U(VI) phosphate) minerals are slightly more soluble (compare Ksp values of autun-
ite and carnotite in Table A 13.3) and are, therefore, less common than the vanadates. They have been 
described in the weathered oxidized zone of the Alligator River uranium deposit in Australia. for ex-
ample (ANSTO ]992). 

Example 13.3 
Yucca Mountain, Nevada, is being considered as the site for deep geological disposal of U.S. 
high-level nuclear wastes. Any release of uranium (or other radionuclides) from the waste to 
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Figure 2.2 Eh-pH diagram for aqueous species in the U-O2-CO2-H2O system in pure water at 

25°C and 1 bar total pressure. ΣU=10-8M and PCO2=10-2.0bar. UO2CO3, UO2(CO3)2
2-, and 

UO2(CO3)3
4- are denoted by UC, UDC, and UTC, respectively. The stippled boundary denotes the 

position of the solid/solution boundary of UO2 for ΣU=10-8M. (Image from Langmuir, 1997). 
 

The partial oxidation of uraninites and coffinites, U(IV) minerals, occurs naturally, and 

mixed oxidation state oxide phases (intermediate oxides, U4O9, U3O7, U3O8, and schoepite 

((UO2)8O(OH)12•12(H2O))) maintain a small stability field at near circum-neutral pH and over a 

range of Eh (Figure 2.3). 
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Figure 13.9 Eh-pH diagram for aqueous species in the U-02-C02-HzO system in pure 
water at 25°C and I bar total pressure for LU = 10--8 M and Peo, = 10-20 bar. UC, UDC, and 
UTC denote the aqueous complexes U02CO\" and respectively. 
The position of the U02(c) solid/solution boundary for LU = 10-8 M is stippled. 
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interest, the diagram shows the predominance of the uranyl-hydroxy complexes at low Eh values in 
the presence ofuraninite, with U(OH)f only important in waters where the Eh is less than about - 100 
to -200 mY. . 

At a lypical groundwater CO2 pressure of 10-2 bar, the highly stable uranyl carbonate com-
plexes predominate above about pH 5 (Fig. 13.9). Comparison of Figs. 13.8 and 13.9 indicates that 
these complexes are stable relative to U(OH)f under highly reducing conditions. Accordingly, above 
pH 5, the oxidation of U(IV)(aq) and dissolution of U02(s) can occur at lower Eh values when high 
carbonate concentrations are present. (The U(lV)-carbonate complexes are unstable relative to 
U(OH)f under these conditions and so do not stabilize U(IV)(aq).) 

Most natural uraninites or pitchblendes (and probably coffinites) are partially oxidized, with 
compositions between U02.00 and U0267 (U 30 8) (cL Giblin 1987; Ahonen et al. 1993; Sunder et al. 
1994). The stabilities of oxide phases of mixed oxidation state (between IV and VI) are shown in 
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Figure 2.3 Eh-pH diagram for aqueous species and solids in the system U-O2-CO2-H2O at 

25°C and 1 bar total pressure. Solid/aqueous boundaries are stippled for ΣU=10-5M. UO2(CO3)2
2- 

and UO2(CO3)3
4- are denoted by UDC and UTC, respectively. (Image from Langmuir, 1997). 

 
Organic U species in solution are less common than inorganic U complexes.  However, U 

does form complexes with organic ligands in aqueous systems with natural organic matter 

(NOM) (Bednar et al., 2004). This results in species such as uranyl acetate and uranyl oxalate, as 

well as uranous (U4+) and uranyl ions adsorbed to humic and fulvic acids (Ragnarsdottir and 

Charlet, 2000; Bednar et al., 2004; Lottermoser, 2010). These organic complexes are formed 

when bacteria methylate inorganic complexes with U by replacing the hydroxyl, carbonate, or 

phosphate ligand with a methyl group (Ragnarsdottir and Charlet, 2000).   

2.1.4.2 Aqueous Speciation of REEs (Lanthanum and Cerium) 

Like U, REEs exist in a variety of forms in aqueous solution; however, REEs typically 

are found in a 3+ oxidation state, and there is little alteration to this oxidation state in aqueous 
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Figure 13.10 Eh-pH diagram for aqueous species and solids in the system U-02-COr 
HP at 25°C and I bar total pressure. Solid/aqueous boundaries (stippled) are drawn for 
I:U = 10-5 M. UDC and UTC are UOiC03)?- and U02(C03)1-, respectively. 

Fig. 13.10, along with stability fields of stoichiometric uraninite and schoepite. The plot indicates 
that the intermediate oxides have a small stability range in Eh-pH space, however their stability fields 
occur under conditions commonly encountered in groundwater. Ahonen et al. (1993) have suggested, 
in fact, that their measured Eh and pH values in three drill holes in the Finnish Palmottu uranium de-
posit may be in equilibrium with U02.33 (U30 7) (Fig. 13.11). (See also Cramer and Smellie 1994, re-
garding the Cigar Lake deposit.) 

The Eh-pH diagram in Fig. 13.12 shows the large stability field of carnotite under oxidizing 
conditions (the field of tyuyamunite is similar), consistent with its common occurrence in the weath-
ered zone of U(IV) uranium deposits. The figure, which is from Langmuir (1978), is little changed 
by revisions in the thermodynamic data base in Table A 13.1. 

In recent years numerous complete analyses of groundwaters have become available that in-
clude Eh and pH values and uranium analyses. Some examples of these are given in Table At 3.4. 
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environments.  There are a few exceptions, including Ce, which may become oxidized to Ce(IV) 

under highly oxidizing conditions (Henderson, 1984; Wood, 1990; Loges et al., 2012).  REEs in 

aqueous solution that occur in a 3+ oxidation state are known as ‘hard ions’ (metals with small 

ionic radius, high oxidation state, high electronegativity, and are weakly polarizable) and prefer to 

complex with ‘hard ligands’ that have a highly electronegative donor atom (e.g. fluorine, 

carbonate, sulphate, phosphate, and hydroxyl groups) (Wood, 1990).   

Carbonate complexes dominate aqueous solutions at pH>5 in most natural waters (Wood, 

1990; Langmuir, 1997), and REEs most commonly form complexes with the CO3
+ ligand at a pH 

range of 5.5-8 (Luo and Byrne, 2004).  Sulfate complexes are often overshadowed by carbonate 

complexes in aqueous solution and only comprise a minor component of the total dissolved REE 

speciation.  This is because sulfate is a relatively weak ligand when compared to the complex 

formed between REEs and carbonate, hydroxide, fluorine, and organic (e.g. oxalate and humic 

acids) ligands (Figure 2.4) (Purdy and Jamieson, 2012).  Complexation between REEs and 

hydroxide ligands is not expected to play a significant role in aqueous systems, with the exception 

of very alkaline environments (Wood, 1990; Quinn et al., 2006b).  Phosphate ligands have large 

stability constants and may dominate over carbonate ligands to complex with REEs in some 

natural water systems; however, the concentrations of phosphates in natural water systems are 

generally quite low when compared to competing ligands, such as carbonate, and are not expected 

to play a key role in the complexation of REEs in natural water systems (Wood, 1990; 

Johannesson et al., 1996).  In addition, Ca2+ and Mg2+ free ions in solution have also been shown 

to outcompete REEs in complexing with phosphates in phosphate-rich systems (Johannesson et 

al., 1996).  
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Figure 2.4 Stability constants for REE complexation in natural waters at 25°C with A) 

carbonate (Luo and Byrne, 2004), B) sulfate (Schijf and Byrne, 2004), C) hydroxide (Klungness 
and Byrne, 2000), D) phosphate (Liu and Byrne, 1997), E) fluoride (Luo and Byrne, 2000), and 

F) chloride (Luo and Byrne, 2001). The vertical scale changes between ligands (image from 
Purdy and Jamieson, 2012). REEs are known to strongly complex with organic ligands in 

solution (Wood, 1990). 

 

There is a potential for organic ligands, such as carboxylic acids, to predominate over 

inorganic complexes (including carbonates), however, these ligands do not usually occur in a 
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significant quantity to dominate in natural aqueous systems (Purdy and Jamieson, 2012).  In 

organic rich systems, however, organic ligands may dominate aqueous speciation.  Dominant 

organic ligands include; carboxylic acid, as well as humic and fulvic acids (Sholkovitz, 1995; 

Tang and Johannesson, 2010). 

2.2 Oxidation-Reduction 

Insoluble U(IV) mineral species and U(VI) ions can co-exist as the solubility and 

mobility of U is strongly controlled by the redox conditions of an aqueous system (Burns et al., 

1997).  Uranous ions (U4+) are generally precipitated as uraninite, coffinite or pitchblende and are 

immobile in reducing aqueous solutions (Langmuir, 1978). U(IV) mineral species have low 

solubility under both oxidizing and reducing conditions, unlike many other metals in the 

environment (Dybek, 1962; Schöner et al., 2009). In oxidizing conditions hexavalent U(VI) is the 

predominant species, and is most commonly present in solution as the uranyl ion (UO2
2+), 

however this is dependent on the pH and concentration of other ligands in solution, as shown in 

Figure 2.1 (Langmuir, 1978).  Uranyl minerals, such as uranophane, carnotite, autunite, 

tyuyamunite, and tobernite, are often formed by the oxidation and alteration of U(IV) minerals 

during weathering, but may also be formed by natural processes in sedimentary type U deposits, 

and readily undergo dissolution when in contact with oxidized aqueous solutions (Burns et al., 

1997; Schöner et al., 2009).  Uranyl minerals, such as autunite, carnotite, uranophane, tobernite, 

and tyuyamunite, may also precipitate directly from solution, but this is a rare occurrence in 

nature and in mine waste (Schöner et al., 2004). The reduction of uranyl ions in solution allows 

for the precipitation of stable secondary U(IV) minerals, which is a stable and sustainable 

mechanism of U sequestration from solution (Schöner et al., 2009).  
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Unlike U, REEs rarely undergo redox transformations.  Lanthanum has not been found to 

vary from the 3+ oxidation state and as a result, changes in the redox conditions of an aqueous 

system play no direct role in the attenuation or sequestration of La into sediments.  However, the 

role of redox in the stability of Fe and Mn oxyhydroxides may influence the sorption and 

attenuation of La indirectly. Unlike La(III), Ce(III) has been found in both highly oxidizing and 

anaerobic conditions to undergo oxidation to Ce(IV) (Ohnuki et al., 2008; Schijf and Marshall, 

2012; Loges et al., 2012). Relative to Ce(III), Ce(IV) is preferentially adsorbed and co-

precipitated by Fe and Mn coatings, or through complexation and oxidative scavenging by Mn-

oxides, forming the cerium anomaly (Addy, 1979; Wood, 1990; Nelson et al., 2003; Ohnuki et 

al., 2008; Loges et al., 2012; Schijf and Marshall, 2012).  The Ce anomaly is due to the 

differences in solubility of Ce(III) and Ce(IV) and the stability of their respective Ce-compounds 

(Akagi and Masuda, 1998). The Ce anomaly has been used to interpret the redox environment at 

the time of mineralization (Akagi and Masuda, 1998).  

The method by which Ce oxidation occurs has been debated in the literature.  There are 

two suggested mechanisms by which Ce(III) is oxidized to Ce(IV): 

(1) Hydrolysis of Ce(III) to Ce(IV) under highly oxidizing conditions (Addy, 1979; 

Wood, 1990; Akagi and Masuda, 1998). 

(2) Catalysation of the oxidation of Ce(III) to Ce(IV) at the manganese oxide surface of 

ferromanganese oxides by oxidative scavenging under both oxic and anoxic 

conditions (Schijf and Marshall, 2012; Loges et al., 2012). 

Recent literature has suggested that independent of the redox conditions of the system, Ce(III) 

can be oxidized to Ce(IV) abiotically through the reduction of Mn(III, IV) to Mn(II) or Fe(III) to 

Fe(II), however, the oxidation of cerium and the cerium anomaly are much more pronounced in 
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the manganese oxide system than that of iron (Moffett, 1994; Nelson et al., 2003; Ohnuki et al., 

2008; Loges et al., 2012; Schijf and Marshall, 2012). Although micro-organisms are often 

considered to be important catalysts in the sequestration and regulation of trace element mobility, 

biogenic manganese oxides have not been attributed to producing cerium anomalies in nature as a 

result of Mn(II, III, IV) oxidation (Ohnuki et al., 2008).  It has been found, however, that micro-

organisms may prevent the oxidation of Ce through manganese oxidation, as the complexation of 

Ce with organic ligands often precludes the adsorption and co-precipitation of Ce due the 

oxidation of Mn (Ohnuki et al., 2008).  

2.3 Adsorption of Uranium and REEs 

Adsorption of U and REEs to inorganic minerals and organic matter, suspended particles, 

and colloids can reduce the dissolved concentrations of these trace elements in aqueous systems.  

Although this may be a reversible mechanism of attenuation, adsorption followed by co-

precipitation or the adsorptive scavenging of these elements may ultimately lead to the formation 

of insoluble precipitates, which decreases the ability for the process to be reversed (Chisholm-

Brause et al., 2001; Rachkova et al., 2010).  Adsorbents of U and REEs that are common 

constituents of soils and stream sediments, as well as colloids and suspended particulate matter, 

include: Fe-, Mn-, and Al-oxyhydroxides, clay minerals, and natural organic matter (humic and 

fulvic acids) (Lottermoser, 2010).  Adsorption of U and REEs to these particles is controlled by 

the nature of the adsorbent itself. The pH, Eh, ionic strength, temperature and solution chemistry 

have varying effects on the ability for U and REEs to adsorb to different surfaces.   

The potential for an adsorbed contaminant to be released back into solution is dependent 

on the relative strength of the bond between the contaminant and the surficial interface 

(suspended or precipitated particles, rock coatings, or colloids) (Wilkin, 2008). A weak bond is 
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defined as an outer sphere complex, or an electrostatic bond, caused by a water molecule 

positioned between the adsorbate and the adsorbent; this is also known as physical adsorption 

(Wilken, 2008).  A strong bond is defined as an inner sphere complex, where the cation or 

adsorbate is directly bonded by a covalent bond to the surface of the adsorbent by chemi-sorption 

(Wilken, 2008).  The amount of contaminant that an adsorbent will adsorb by weak or strong 

bonds depends on the contaminant species, the adsorbent species, pH, surface area, size of the 

adsorbent, and the presence of other competing adsorbents (Gadelle et al., 2001; Wilken, 2008).  

2.3.1 Adsorption of Uranium to Inorganic Minerals 

Zeolites and other aluminosilicate minerals containing exchangeable cations (Na, Ca, K, 

Mg, etc.) and water or hydroxyl groups in their mineralogical structure, work as excellent ion 

exchangers with U (Han et al., 2007). In addition, metal oxides and hydroxides, including those 

of Fe, Al, and Mn, play an equally important role in sorbing and removing U from solution (Han 

et al., 2007).  Metal oxides and hydroxides have a strong sorption affinity for large cations (such 

as U, Ce and La) due to their large surface area.  Many studies have shown that adsorption onto 

oxides can control the fate and transport of U(VI) in the environment (Catts and Langmuir, 1986; 

Fu et al., 1991; Bargar et al., 1999; Zou et al., 2005; Han et al., 2007).  

Column and laboratory based studies have demonstrated that pH, contact time and initial 

concentration of U in solution strongly control the ability for an adsorbent to adsorb U from 

solution (Farrell et al., 1999; Barnett et al., 2000).  From Freundlich and Langmuir isotherms 

(Figure 2.5) the sorption edge of U on clay and metal oxides has been shown to exist between a 

pH of 2 and 4 and a desorption edge around pH of 8 to 9, with a maximum sorption capacity 

between a pH of 4 and 7 (Tripathi, 1983; Hsi and Langmuir, 1985; Waite et al., 1994; Gadelle et 

al., 2001).  The pH range of minimum solubility for uranyl minerals correlates to the pH range for 
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maximum U-complex adsorption for nearly all U adsorbents (Langmuir, 1978). Uranium is 

adsorbed by heterogeneous inorganic mineral assemblages and pure mineral assemblages in a 

biphasic method; U is initially rapidly adsorbed over the first eight to twenty-four hours and is 

then adsorbed at a slower rate, likely due to surface loading of the absorbent (Bruno et al., 1995; 

Barnett et al., 2000). In addition, the Fe content of the adsorbent has been observed to strongly 

control the extent of adsorption of U, and biphasic adsorption is characteristic of the sorption 

kinetics for Fe-oxyhydroxides (Davis and Kent, 1990; Barnett et al., 2000). 

 
Figure 2.5 Diffuse layer modeling of U(VI) adsorption at two surface sites on HFO at 10-3 Fe 
as a function of pH for ΣU=10-6M, demonstrating that adsorption is strongest between a pH of 4 

and 8.5. Image from Langmuir (1997). 
 

At low pH (1-4), there is negligible adsorption of U-complexes by adsorbates, as uranyl 

ions undergo direct competition with protons (H+) in solution (Gadelle et al., 2001). This allows 

for the formation of deprotonated sites, as at low pH, H+ is the principle sorbing species in 

solution. Where U is fixed to clays at low pH, it is in strong competition with mono- and di-valent 

cations, such as Na+ and Ca2+.  Conversely, the presence of humic ligands allows for increased 
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adsorption of U (Crançon et al., 2010).  At pH less than 4, U-complexes tend to remain as soluble 

and mobile contaminants in the environment. 

At high pH levels (pH >8), the sorption of U complexes in alkaline solutions is limited 

(Gadelle et al., 2001).  Due to the presence of U-carbonate complexes at a pH>8, U is much more 

likely to be desorbed and released into solution.  Carbonate ligands stabilize or neutralize U-

complexes in solution at alkaline pHs, reducing the potential for U-complexes to adsorb to the 

surfaces of inorganic minerals (Zanker et al., 2003; Kiliari and Pashalidis, 2010).  As a result, U 

present in solutions with alkaline pHs show little affinity for adsorption (Zanker et al., 2003). 

At circum-neutral to slightly acidic pH levels (pH 4-7), the adsorption of U-complexes to 

adsorbates can reach a near equilibrium.  At this pH, U-complexes are able to displace H+ ions on 

the surfaces of minerals and bind to the exposed surficial hydroxyl groups (Gadelle et al., 2001). 

The reaction between the uranyl groups with the surface hydroxyl groups is alike to a hydrolysis 

reaction, and can create very stable bonds, if the pH of the system remains constant (Gadelle et 

al., 2001).  The combination of hydrolysis (above a pH of 4.5) and carbonate complexation 

(above a pH of 6) readily stabilize U by cation exchange with adsorbents, allowing for the 

potential removal of U-complexes from solution by adsorption to negatively charged surfaces of 

Fe-, Al-, and Mn-oxyhydroxides, sulfides, clays and organic matter (Zanker et al., 2003; Kiliari 

and Pashalidis, 2010; Lottermoser, 2010). 

2.3.2 Adsorption of Uranium to Organic Minerals 

Natural organic matter, particularly humic substances, can significantly affect the 

adsorption of U to inorganic solids. In surface water systems, NOM is composed primarily of 

humic substances (HS), which can be subdivided into humic (HA) and fulvic acids (FA) 

(Thurman, 1985). The complexation of uranyl with NOM displaces the waters of hydration, 



 

44 

 

forming very stable complexes, and may facilitate the reduction of U(VI) to U(IV) (Nash et al., 

1981).  The complexation of U with NOM may decrease or increase the mobility of U in solution.  

If NOM-U complexes remain in solution and adsorption of these complexes to sediment 

substrates is retarded, long-range transport of U may occur.  However, the high affinity of 

organics in stream substrates to complex with uranyl complexes through adsorption can also lead 

to the immobilization of U from solution by rapid ion exchange and complexation processes 

(Szalay, 1964; Borovec et al., 1979; Shanbhag and Choppin, 1981;Boggs et al., 1985; Idiz et al., 

1986; Krupka et al., 1999). 

The pH and competing ligands in solution play a large role in the total effect of NOM on 

U adsorption.  At low to circum-neutral pH and high organic concentrations in solution, NOM 

has been demonstrated to increase the adsorption of U to mineral phases, and in particular Fe-

oxides (Krupka et al., 1999; Masset et al., 2000). At more alkaline pHs, the influence of carbonate 

complexes dominates the speciation of U in solution and greatly reduces the adsorption of uranyl 

species by NOM and other mineral phases (Krupka et al., 1999). At very acidic pHs there is a 

decrease in the number of potential cation exchange sites on adsorptive surfaces (Fe and Al 

oxides and NOM), which reduces the ability for these substrates to adsorb U (Krupka et al., 

1999). 

The affect of temperature on the adsorption of U is dependent on the nature of the 

adsorbent. Studies conducted by Bell and Bates (1988) on variant soil materials and Kilislioglu 

and Bilgin (2002) on halloysite (clay mineral) showed no temperature dependency with U 

adsorption. However, studies conducted by Mellah et al. (2006) on activated carbon and Aytas et 

al. (2004) on zeolites demonstrated a decrease in U adsorption with increasing temperature, and 
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studies conducted on hydrous metal oxides by Yamashita et al. (1980) showed an increase in U 

adsorption with increasing temperature from 20-50˚C.  

Recent field investigations of U enrichment in wetland sediments has demonstrated that 

high U concentrations are not correlated with high organic carbon contents or measured redox 

potentials (Eh) (Schöner et al., 2004).  The highest sediment concentrations of U are associated 

with upper horizons (~20 cm), independent of organic carbon content and redox potentials that 

would result in the reductive precipitation of U (Schöner et al., 2004).  This would suggest that 

organic carbon does not play a significant role in the sequestration of U, when compared to other 

competing ligands, from aqueous solution in wetland environments. 

2.3.3 Adsorption of REEs to Inorganic Minerals 

Amorphous ferric hydroxides, Fe and Mn oxides, clays and carbonate minerals are all 

strong adsorbents of REEs (Henderson, 1984; Erel and Stolper, 1992; Fendorf and Fendorf, 1996; 

Johannesson et al., 1996; Ohta and Kawabe, 2000; Nelson et al., 2003; Quinn et al., 2006a; 

2006b; 2007; Steinmann and Stille, 2008). The adsorption of REEs, and in particular Ce and La, 

to inorganic minerals is controlled by the characteristics of the adsorbent (DeCarlo et al., 1998; 

Quinn et al., 2004).  In a study conducted by Quinn and others (2004) it was demonstrated 

(Figure 2.6) that Fe oxyhydroxides have an affinity for adsorbing MREEs (middle REEs), 

whereas Al oxyhydroxides have a stronger affinity for adsorbing HREEs (heavy REEs). Another 

example of the adsorbent controlling the adsorption of REEs from solution is that of Fe and Mn 

oxides.  Manganese oxides have the ability to adsorb Ce(IV) and Ce(III) from solution, whereas 

Fe oxides are limited to the adsorption of Ce(III) from solution (DeCarlo et al., 1998; Quinn et 

al., 2004; 2007). Adsorption of REEs by both Fe and Mn oxides has been well documented and 

demonstrated to follow a non-electrostatic (or non-coloumbic force) surface complexation model 
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(SCM) (Quinn et al., 2007; Schijf and Marshall, 2012). Since the adsorption mechanism varies 

with mineralogy of the adsorbent, and these mechanisms in turn determine the strength of the 

adsorptive bond and re-release of the contaminant into the environment, it is important to 

understand what mechanisms are controlling the fate and transport of REEs in solution. 

 
Figure 2.6 Variances in REE adsorption affinity (logiKFe and logiKAl) to the surfaces of 

suspended particles comprised of ferric and aluminum hydroxides. Image adapted from Quinn 
and others (2004) by Purdy and Jamieson (2012). 

 
In addition to the nature of the adsorbent, the ionic strength, pH, temperature, and 

solution chemistry all have varying effects on the adsorption of REEs (Ohta and Kawabe, 2000; 

2001; Tang and Johannesson, 2005; Quinn et al., 2006a;b; 2007). Adsorption of REEs has been 

found to increase with increasing pH (DeCarlo et al., 1998; Quinn et al., 2006a), to the point that 

at pH>6, there is a potential for greater than 98% adsorption of REEs to substrates (Fe-, Al-, and 

Mn-oxyhydroxides) from aqueous solution (Tang and Johannesson, 2005). There is also a strong 

dependency on the carbonate concentration of the solution (Quinn et al., 2006b) and the presence 

of large competing cations (e.g. Ca and Mg) on the adsorption of REEs, and in particular light 

REEs (LREEs), especially at low pH (Tang and Johannesson, 2005). In contrast, ionic strength 
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and the initial concentration of REEs in solution have no to little effect on the adsorption of REEs 

(Ohta and Kawabe, 2000; 2001; Tang and Johannesson, 2005; Quinn et al., 2006a). 

The pH and carbonate concentration of the solution are the main controls on REE 

adsorption (DeCarlo et al., 1998; Tang and Johannesson, 2005; Quinn et al., 2006a).  With 

increasing pH, there is an increase in the number of REE-carbonate complexes in solution and in 

turn, an increase in the adsorption of LREEs due to an increase in the number of potential 

adsorption sites available for M3+ and MCO3
+ (Quinn et al., 2006b).  For HREEs, as pH increases, 

above neutrality, the competition between complexation with carbonate ligands and surface 

complexation (adsorption) increases and there is a decrease in the adsorption of HREEs in 

solution (Quinn et al., 2006b).  

Variations in temperature with seasonal changes and diel (24 h) fluctuations, demonstrate 

temperature-dependent REE sorption (Gammons et al., 2005; Wood et al., 2005; Quinn et al., 

2007).  With increases in temperature (from 10 °C - 40 °C) there is an increase in REE adsorption 

to hydrous ferric and aluminum oxides (Quinn et al., 2007), clays (Tertre et al., 2005), and 

amorphous Fe-oxyhydroxides (Koeppenkastrop and DeCarlo, 1992).  In contrast, with decreases 

in temperature there is an increase in REE concentrations in the dissolved phase (Quinn et al., 

2007).  Literature on the effects of temperature fluctuations on REE-complex adsorption is 

sparse, however, Cantrell and Byrne (1987) noted that sorption of REE-complexes, and more 

specifically REE-carbonate complexes is only weakly dependent on temperature. 

2.3.4 Adsorption of REEs to Organic Minerals 

Adsorption of REEs to NOM is an important and significant mechanism for REE 

mobilization and sequestration.  Recent studies by Pourret and others (2007) and Tang and 

Johannesson (2010), have suggested that NOM contains the primary ligands (>60%) for REE 
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complexation in aqueous systems. The bonding of REEs to NOM, and more specifically humic 

acid (HA), has been noted to increase with increasing pH and is dominant at circum-neutral pH 

ranges (Pourret et al., 2007). Unlike U, REE complexation with HA forms a stronger bond than 

REE-carbonate complexes, allowing REE-HA complexes to dominate aqueous systems at more 

alkaline pH (Tang and Johannesson, 2010).  

The strength of NOM-REE complex bonds may prevent the adsorption and eventual co-

precipitation of REEs from aqueous solution, as the humic substances (HS) dominate the 

complexes (anionic adsorption) with solid substrates, including Fe, Mn, and Al oxides and 

oxyhydroxides, and shield the REEs from complexing (Davranche et al., 2005).  Therefore the 

distribution of REEs in an organic-rich environment is dependent on the distribution of HS, and 

the adsorptive properties of REEs are modified by presence of NOM (Figure 2.7). 

 
Figure 2.7 Comparison of REE extraction from sand by humic, fulvic and carbonate 

ligands, demonstrating the dominance of organic ligands in aqueous systems. Normalized to the 
REE composition of the sand at 25°C and pH=9.6. Image adapted from Tang and Johannesson 

(2010), by Purdy and Jamieson (2012). 
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Once U and REEs are adsorbed from solution onto stream substrates, suspended particles 

or colloids, co-precipitation and immobilization of U and REEs in these solids is imperative for 

stabilizing and removing dissolved U and REEs from solution.  

2.4 Co-Precipitation of U and REEs 

Iron and Mn oxides and hydroxides, such as goethite, ferrihydrite, hematite, birnessite, 

and huasmannite, are known to significantly decrease the mobility of and sequester adsorbed U 

and REEs in aqueous systems through co-precipitation (Ohta and Kawabe, 2001; Noubactep et 

al., 2002; Winde, 2002; Noubactep et al., 2003; Schöner et al., 2004; Quinn et al., 2006a; 2006b; 

2007; Schijf and Marshall, 2012).  When dissolved Fe(II) and Mn(II) are oxidized they precipitate 

out of solution as amorphous Fe(III) and Mn(III, IV) hydrous oxides (Winde, 2002).  Over time 

these amorphous hydrous mineral precipitates crystallize and form stable coatings and cements in 

streambed sediments (Winde, 2002).  In general, there are strong correlations between Fe and Mn 

concentrations and U and REE concentrations in sediments. Manganese and Fe oxides, 

hydroxides and oxyhydroxides have high surface reactivity, due in part to their generally high 

surface areas, providing them with an affinity to form surface coatings and strongly adsorb 

cations, including trace contaminants such as U and REEs (Fendorf and Fendorf, 1996). In 

summary, the extraction of U and REEs from aqueous systems by co-precipitation with metal 

oxides and hydroxides (not just Fe and Mn) is a very effective method of immobilizing U and 

REEs from solution. 

The pH, oxidation state, temperature, concentrations of complexing ligands (carbonate, 

phosphate, sulfate, fluoride), and the presence of highly sorptive materials (Fe, Mn and Ti 

oxyhydroxides, clays, and organic matter) are all factors that may control the co-precipitation of 

U at low dissolved concentrations (Langmuir, 1978).  At moderate to high temperatures (>25°C) 
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amorphous Fe oxyhydroxides are crystallized to form hematite allowing for the co-precipitation 

of U and other adsorbed elements (Ce and La), and increasing their stability in the solid phase 

(Langmuir, 1978).   U(VI) is readily sorbed to the surface of Fe-oxyhydroxide minerals 

(hematite, goethite, ferrihydrite, akaganeite, lepidocrocite, maghemite, and magnetite) and co-

precipitated as a coating (Duff et al., 2002; O’Loughlin et al., 2003). Uranium precipitated 

through redox reactions at circum-neutral to acidic pH (pH 4-8) is generally considered immobile 

(Langmuir, 1978; Duff et al., 2002). The reduction of adsorbed U, via oxidative scavenging by 

the adsorbent itself or by mobile reductants (H2S or CH4), leads to a decrease in the mobility of U 

as it is then co-precipitated in a highly insoluble form (Langmuir, 1978). The presence of 

complexing ligands in solution generally decreases the ability for U to precipitate or co-

precipitate from solution, by changing the method by which U binds with sediment substrates and 

particulate matter (Langmuir, 1978).  Uranium, as free uranyl or uranous ions, generally forms 

inner-sphere complexes; however, aqueous U-complexes are unable to bind to surfaces as inner-

sphere complexes and either form weak outer-sphere complexes or remain in solution (Ginder-

Vogel and Fendorf, 2008). Therefore, the adsorption and subsequent co-precipitation of U 

through a number of physical, chemical and biological processes allows for the potential 

retardation of U transport in aqueous environments.  

There is substantial partitioning of LREEs onto particulate matter in aqueous systems due 

to their high coordination numbers, as compared to the increased polarizing power of higher 

atomic number HREEs (Henderson, 1984; Fendorf and Fendorf, 1996; Nelson et al., 2003). 

Fendorf and Fendorf (1996) demonstrated a correlation between the pH at the point of zero 

charge (PZC) for the specific mineral adsorbent and the surface precipitation of REEs. However, 

this mechanism only applies to specific minerals, rutile and goethite, whereas the surface 
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precipitation of REEs to birnessite did not correlate to the PZC, and more likely reflects a surface 

complexation model (Fendorf and Fendorf, 1996). Of the LREEs, Ce anomalies have been 

observed in Fe-Mn coatings on particles, due to the preferential removal of Ce(IV) from solution 

at circum-neutral to alkaline pHs, as shown in Figure 2.8 (Nelson et al., 2003). Manganese oxides 

have been noted in the literature to act as a catalyst in the oxidation of Ce(III) to Ce(IV), allowing 

for the less soluble Ce(IV) to co-precipitate more readily to Mn coatings by surface complexation 

and oxidative scavenging, immobilizing Ce from solution (Nelson et al., 2003; Loges et al., 

2012). The oxidative scavenging of Ce from solution is not limited to only Mn oxides, but also 

occurs at the surfaces of Fe oxyhydroxides to a lesser degree. However, the mechanism by which 

Fe oxyhydroxides adsorb and co-precipitate REEs through oxidative scavenging is not fully 

understood. This is likely due to variations in adsorption capacity, growth kinetic stability, and 

particle size of Fe oxyhydroxide minerals (Loges et al., 2012).   

 
Figure 2.8 The Post Archean Australian Shale (PAAS) corrected REE pattern in Mn-rich 

coatings and quartz-chlorite samples from an area of secondary mineralization in the 

1702 A. J. Koppi et al 
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FIG. 5. The PAAS normalised REE trends for representative slightly weathered (20 m) and unweathered samples 
down gradient from the ore zone at M3 (a) and in the weathered zone above (b). 
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FIG. 6. The PAAS corrected pattern of REEs in a Mn-rich coating 
from M2, 13 m deep. 

ganese phases in ocean floor sediments for heavy metals and 
rare earth elements. In addition, a redox mediated association 
between Mn oxides and Ce exists (German et al., 1991). 
Under the various conditions that prevail in shallow ground- 
waters at Koongarra (pH: 5.5-7 and Eh: 0.1-0.4 V), Ce 
could occur in either the trivalent (solution) or tetravalent 
(solid) state, depending on the specific conditions (Fig. 10). 
Uranium under these conditions will mostly be in the oxi- 
dised and more mobile hexavalent state (Brookins, 1988). 
Manganese will tend to be reduced (solution) under these 
conditions, therefore, the presence of Mn oxides (solid) in 
the weathered rock suggests periods of greater oxidation, 
particularly in the vicinity of fissures. Once formed, the lithi- 
ophorite coatings may be resistant to rapid reduction, as is 
supported by the observation that a large proportion of Mn 
oxide, sampled from a fissure coating, survived several days 
of treatment with 20% hydrogen peroxide. Thus, under the 
pH-Eh conditions at Koongarra, it seems possible for 
Mn(II), MnfIV), Ce(III), Ce(IV), and U(V1) to coexist 
and provide the opportunity for interaction. 
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Koongara U-ore deposit, showing a positive Ce anomaly associated with the Mn-rich coatings, 
and general enrichment in LREEs. Image from Koppi et al. (1996). 

2.5 Environmental Colloids 

Colloids are ubiquitous in the environment, and their size, shape and abundance allow for 

them to play a key role in the mobility, transport, and attenuation of contaminants in aqueous 

systems.  Colloids are considered to be any suspended particle that has a single linear dimension 

between 1 nm and 1 µm in length and can be comprised of both organic and inorganic materials 

(Langmuir, 1997; Hiemenz and Rajagopalan, 1997; Zanker et al., 2003; Klaine et al., 2008).  

Colloidal material exhibits unique properties relative to larger particles: enhanced reactivity, large 

surface area to volume ratios, and high adsorption capacity due to surface charge (Hiemenz and 

Rajagopalan, 1997; Klaine et al., 2008; Aiken et al., 2011).   

The formation and stability of colloids in aqueous systems plays a primary role in the 

mobility of U and REEs in solution due to their ability to adsorb and transport contaminants that 

have been bonded to the surface or internal structures of colloidal particles.  Colloids have a 

greater reactivity than macromolecules of the same chemical composition, because of the density 

of surficial reactive sites and their large surface to volume ratios (Tratynek and Johnson, 2006). 

Most environmental colloids, especially those composed of clay or zeolite composition, have a 

strong cation exchange capacity; this can make the bond between trace metal and radionuclide 

contaminants and colloids potentially irreversible (Kersting et al., 1999; Klaine et al., 2008). 

The mobility of U and REEs in aqueous systems depends on their ability to form 

insoluble precipitates (Kiliari and Pashalidis, 2010).  When trace elements are associated with 

colloids, they can be transported over long distances unless the colloids are destabilized (brought 

out of suspension) and precipitated from solution.  The aggregation or flocculation of colloids in a 

system is heavily dependent on the colloids’ surface charge and attractive forces (Van der Waals 
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forces).  If the electrostatic balance of these forces is negative, the colloids will destabilize and 

aggregation and precipitation of colloids from solution may occur.  However, if the balance of the 

electrostatic forces is positive, the potential energy required for the colloids to aggregate is too 

large and the colloids will remain in the dispersed or suspended phase.  If colloids, comprised of 

U-, La-, and Ce-bearing minerals, or colloids that are complexed with or have adsorbed U, La or 

Ce, are maintained in the suspended phase, they can be transported over very large distances 

(>500 km) in groundwaters and surface waters (Kersting et al., 1999; Li and Jen, 2001; Winde, 

2002; Cvetkovic et al., 2004; Gomez et al., 2006; Mibus et al., 2007).  

2.6 Natural Attenuation 

Natural attenuation is a method by which natural processes are used to sequester and 

attenuate contaminants from sediments and water and occurs at nearly all contaminated sites to 

some extent (USEPA, 2012). The use of natural attenuation as a primary remediation tool for 

contaminated sites has increased in recent decades because of its relatively low cost as compared 

to active remediation methods (Mulligan and Yong, 2004). However, the efficiency and long-

term attenuation of contaminants by natural attenuation has been questioned in the literature and 

by policy makers and was not considered an acceptable remediation method until 1994 by the 

U.S. Environmental Protection Agency (Brown et al., 1994; Mulligan, 2001; Mulligan and Yong, 

2004). As such, long-term monitoring of naturally remediating sites is required.  Natural 

remediation has primary been used to treat hydrocarbons, chlorinated hydrocarbons, pesticides 

and a few inorganic compounds (Mulligan and Yong, 2004).  In addition, natural attenuation is 

often used in systems where the main source of contamination has been removed and disposed of 

in an alternate manner (USEPA, 2012). The use of monitored natural attenuation (MNA), at the 
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field scale, for the remediation of U and REE contaminants has not been critically evaluated and 

the long-term stability of these systems is relatively unknown (Schöner et al., 2009).   

2.6.1 Use of Wetlands as Passive Treatment Systems 

Previous research in the area of U mine waste has suggested the effective use, in 

principle, of passive treatment systems such as wetlands (both natural and artificial) to achieve 

reductive precipitation of U (Barnes and Cochran, 1993; Owen and Otton, 1995; Shinners, 1996; 

Dushenkov, 1997; Veselic et al., 2001; Schöner et al., 2004). However, the long-term stability 

and mechanisms by which these passive treatment systems lead to U retention and 

immobilization have not been conclusively determined (Schöner et al., 2004), as there are critical 

gaps in field-based research (Schöner et al., 2009). Wetland systems are capable of trapping and 

immobilizing U in both inorganic and organic rich wetland sediments as demonstrated at multiple 

pilot plants in the USA, Australia (Shinners, 1996), Slovenia (Veselic et al., 2001), Bulgaria 

(Groudev et al., 1999) and Germany (Schöner et al., 2004; Schöner et al., 2009). However, the 

physical, chemical and microbial processes that are required to achieve the reductive precipitation 

in this form of passive remediation are not well known.  

In wetland sediments, previous studies have suggested that U(VI) minerals, such as 

carnotite and tyuyamunite, should form in oxidized areas, and that U(IV) oxides, such as coffinite 

and pitchblende, should develop in more reduced zones (Schöner et al., 2004). However, there is 

no evidence to suggest that the passive attenuation is in fact due to the reductive precipitation of 

U from solution (Schöner et al., 2004; 2009).  Field-based studies of wetlands have demonstrated 

that the highest concentrations and sequestering of U occurs in relatively shallow sediments and 

soils at 5-25cm depth (Schöner et al., 2004; 2009).  Uranium concentrations are independent of 

organic carbon content, suggesting an intensive contact exchange zone in the top most sediments.  
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Further studies by Schöner et al. (2009), using sequential extraction, determined that reduction 

and precipitation of U in wetland sediments was minimal to insignificant, and that the majority of 

U was in the labile form (weakly associated) and likely sorbed to Fe- and Mn-oxyhydroxides, as 

well as carbonate minerals, macrophytes and micro-organisms (Coetzee et al., 2002; Schöner et 

al., 2004; 2009).   

A number of abiotic and biotic processes act as reduction pathways for U in the 

environment (Figure 2.9). Many of these pathways are dependent on the chemical characteristics 

(pH, Eh, concentration of competing ligands (e.g. bicarbonate)) of the system and the 

composition of the mineral deposit itself.  Abiotic processes include: reduction by ferrous iron, 

reduction by the formation of hydroxysulfate (green rust), and reduction in the inter-layer of 

ferrous iron-bearing micas (Ginder-Vogel and Fendorf, 2008).  Biotic processes include: 

reduction by dissimilatory metal-reducing bacteria (DMRB), sulphate-reducing bacteria (SRB), 

and the oxidation-reduction of organic carbon (Ginder-Vogel and Fendorf, 2008). 
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Figure 2.9 Biological and abiotic processes that affect the redox state of U. Ovals represent 
biologically catalyzed processes including dissimilatory metal-reducing bacteria (DMRB) and 

sulfate reducing bacteria (SRB). Other abbreviations include: surface bound iron (=Fe), reduced 
organic carbon (OCreduced), oxidized organic carbon (OCoxidized), 9,10-Anthraquinone-2, 6-

Disulfonic acid (AQDS), and reduced AQDS (AH2DS). Image from Ginder-Vogel and Fendorf 
(2008). 

 
 Abiotic and biotic processes of U oxidation and reduction are strongly controlled by the 

solution pH and Eh, as well as the dissolved oxygen and bicarbonate concentrations.  As the pH 

of a solution becomes more acidic (pH <7) the oxidation rate of uraninite increases, resulting in 

an increase in bicarbonate or dissolved oxygen in solution (Torrero et al., 1997; Peper et al., 

2004; Pierce et al., 2005; Ginder-Vogel and Fendorf 2008). As the pH of solution becomes more 

alkaline (pH >7) bicarbonate concentrations in solution decrease and the oxidation of uraninite 

tends to slow and U(VI) species will precipitate from solution on to the surface of uraninite 

minerals (Torrero et al., 1997; Peper et al., 2004; Pierce et al., 2005; Ginder-Vogel and Fendorf, 

2008).   

example, are commonly found in association with supergene uranium de-
posits, suggesting sulfide reduction of U(VI) (Langmuir and Chatman, 1980;
Nash et al., 1981). Additionally, laboratory studies have demonstrated that
partial U(VI) reduction by sulfide mineral surfaces occurs with the concom-
itant production of polysulfides (Wersin et al., 1994; Livens et al., 2004).
Furthermore, complete reduction of dissolved U(VI) to microcrystalline
uraninite by aqueous sulfide occurs at low pH and low bicarbonate concen-
trations, where the predominant species of U(VI) is UO2!

2"aq# – the most re-
active uranyl species toward sulfide (Hua et al., 2006). Although Fe2!"aq# does
not appear to be a facile reductant of U(VI), adsorbed Fe(II) and ferrous-
bearing minerals are kinetically viable reductants of U(VI). Uranium(VI)
reduction by ferrous iron bound to the surface of microcrystalline hematite,
goethite, smectite, and natural solids, has been observed at near-neutral pH
(Liger et al., 1999; Jeon et al., 2005), as has reduction by hydroxysulfate
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Figure 11.1: Biological and Abiotic Processes that Affect the Redox State of
Uranium. Ovals Represent Biologically Catalyzed Processes and Include
Uranium Reduction by Dissimilatory Metal-Reducing Bacteria (DMRB)
and Sulfate-Reducing Bacteria (SRB). Other Abbreviations Include Surface
Bound Iron ($Fe), Reduced Organic Carbon (OCreduced), Oxidized Organic
Carbon (OCoxidized), 9, 10-Anthraquinone-2, 6-Disulfonic Acid (AQDS), and

Reduced AQDS (AH2DS).
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In order to maintain the stability of these labile U phases that have accumulated in upper 

sediments and soils of wetlands through adsorption, sorption and complexation, the geochemistry 

of the wetland system must be maintained, as any shift in pH, Eh, or complexing ligands could 

yield a large release of U into the aqueous phase (Schöner et al., 2009).  The reduced conditions 

under which these minerals form need to be maintained, or the exposure of these precipitates to 

oxidative environments must be diminished (Lovley et al., 1991; Francis et al., 1994; Abdelouas 

et al., 1998; Duff et al., 1999). Unless these sorbed or complexed reduced U species are isolated 

from oxidizing conditions, the potential for release remains, and the long-term attenuation of U 

may be in jeopardy. Field-based results on the long-term stability, effectiveness, and U retention 

capacity of natural or artificial wetlands do not exist in the literature (Schöner et al., 2009).  
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Chapter 3 

Sampling and Analytical Methodology 

3.1 Field Methods  

3.1.1 Sampling Strategy  

The primary goal of this field work and sampling was to characterize the mineralogical 

and chemical methods by which U, Ce, and La are exchanged between surface waters and stream 

and wetland sediments at the Bicroft Mine.  To achieve this goal, fifteen bulk samples of hardpan, 

pebbles, tailings and sediments were collected, as well as corresponding waters from the tailings 

basins, the tributary streams and Retention Pond.  In addition, to investigate the sources and 

potential sinks of radionuclides and REEs, three cores were collected and analyzed from the 

Retention Pond and the tailings basins. To determine how these trace elements are transported in 

solution, four surface water samples were collected to analyze the colloid fraction in the water 

system. These surface water samples were collected up and downstream of the Retention Pond to 

determine the effectiveness of this pond in settling and removing of colloids from solution.  

Reconnaissance field work at Bicroft Mine was conducted for one week in June 2011, 

where the sampling strategy was determined for the sediment and water samples.  Field work was 

conducted over two field seasons, in October 2011 and July 2012, to account for seasonal 

variations in the stream and wetland system. A list of samples collected during these field seasons 

is provided in Appendix A. Water and solid samples were collected at the same locations to 

ensure that aqueous-solid interactions could be appropriately determined.   

The sampling strategy at the Bicroft Mine was to conduct a focused study on the release 

and attenuation of U, Ce, and La from the Auger Lake tailings impoundment, as its effluents 
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contributed most significantly to the tributary stream and wetland system. Effluents from the 

South Tailings Basin appeared to be more stagnant. Bulk sediment and water samples were 

collected at ~50-100 m intervals over the reach of the tributary streams to account for potential 

variations in the method of U, Ce, and La sequestration with variations in sediment types, as well 

as significant variations in pH, DO, conductivity and ORP observed during reconnaissance field 

work in June 2011. Cores were collected to determine the methods by which U and REEs were 

being released into mine tailings effluents and to assess whether changes in the redox conditions 

of the sediments with depth were present, and if these changes in redox state allow for the 

attenuation of U into wetland sediments. 

This thesis will focus on colloid and solid samples and their interaction with the aqueous 

environment; corresponding bulk water samples will be analyzed and characterized by co-

supervisor Dr. Michael Parsons of the Geological Survey of Canada – Atlantic (Parsons et al., in 

prep.). 

3.1.2 Site Locations  

Nine locations in the tributary stream system were chosen for sediment sampling (Figure 

3.1). In addition, cores were collected in each of the two tailings basins, Auger Lake and South 

Tailings Basin, and one core was collected upstream of a beaver dam in the Retention Pond.  

Colloids were sampled in locations corresponding to two of the sediment sampling sites, as 

demonstrated below in Figure 3.1. 
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Figure 3.1 Bicroft Mine site map with field sampling locations of bulk sediment (pink), core 

(yellow) samples, and surface water (blue) samples. All samples were collected in October 2011, 
with the exception of a second set of surface water samples in July 2012. PWQO are to be met at 

the discharge point of Deer Creek to Paudash Lake (green). 
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Description of tailings and sediment sampling locations (Figure 3.2): 

Location 1 (S1) is at the base of the Auger Lake tailings basin dam, where the groundwater is 

expelled to the surface by a plastic pipe/culvert forming the tributary stream system.  These 

sediments are of a soft, soupy consistency, are orange-brown, and have visible algal growth as 

show by the long stringy green growths in Figure 3.2. 

Location 2 (S2) is approximately 50 m downstream of the outlet pipe/culvert at the base of the 

Auger Lake Tailings dam and above the point at which surface waters from the Auger Lake 

spillway enter the tributary during high water flows.  Sediments are thickest in this section of the 

tributary stream system.  Sediments are fine grained, orange in colour, with little to no algal 

growth.  

Location 3 (S3) is approximately 20 m below the spillway for Auger Lake.  The steeper gradient 

results in notably less buildup of sediments in this area in comparison to S1 and S2.   Coatings on 

pebbles in the stream system are apparent. 

Location 4 (S4 and SW 1) is downstream from the tailings impoundment in the lower segment of 

the steepest section of the stream system.  There is less fine grained sediment and an increase in 

the degree of pebble coatings.  There is also hardpan development at this location where the water 

cascades over a few large boulders.  Hardpan at this location includes a layered mix of fine-

grained sediment coatings which encapsulate and cement larger grains.  It is likely that areas of 

this hardpan dry out and are re-saturated over time with slight changes in the stream path.  At this 

location, free sediments in the stream as well as pebbles, hardpan, and colloid samples were 

collected.  
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Location 5 (S5) is located at the base of the upper portion of the tributary stream system, where it 

meets the beaver pond along the northwest side of the Retention Pond.  Sediments are fine 

grained, with a soupy texture and there are notably fewer pebbles in the stream bed. 

Location 6 (S6) is located at the southern edge of the Retention Pond.  Sediments were collected 

from the edge of the basin, adjacent to the weir.  Sediments are of a fine- to coarse-grained sand 

and there is a notable change in the colouration of the sediments from the orange, iron-stained 

sediments above the retention pond to a light to medium grey colouration. 

Location 7 (S7 and SW 2) is located below the retention pond at the northern end of the second 

tributary stream system, after the water from the retention pond has flowed over the weir 

spillway.  Sediments are sparse and of a sandy gravel texture.  Blackish-brown pebble coatings 

are notable.  Pebbles, sediments, and colloids were sampled at this location. 

Location 8 (S8) is located in a meandering portion of the lower stream, at the midpoint between 

the Retention Pond and where the tributary meets Deer Creek.  There is an increase in the volume 

of sediments, most of which have a muddy sand texture.   

Location 9 (S9) is located at the southernmost end of the lower tributary stream system, where the 

stream meets Deer Creek.  Samples were collected slightly upstream from the intersection point 

with Deer Creek to avoid any potential influence from Deer Creek in the stream system.  

Sediments are of a muddy sand texture. 



 

63 

 

 

 



 

64 

 

 
Figure 3.2 Bulk sediment and surface water sampling locations. A) Location 1, B) Location 2, 
C) Location 3, D) Location 4 (sediments in foreground, hardpan in background), E) Location 5, 

F) Location 6, G) Location 7, H) Location 8, I) Location 9. 
 
Core Sampling Locations (Figure 3.3): 

Core 1 (C1) is located approximately 10 m from the southern edge of Auger Lake, on the 

backside of the southeast dam. 

Core 2 (C2) is located approximately 60 m southeast from Location 5 (S5) in the upper portion of 

the Retention Pond where the upper tributary stream enters the beaver pond.   

Core 3 (C3) is located approximately 10 m from the northern edge of the South Tailings Basin, 

near the spillway on the northwest side. 
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Figure 3.3 Tailings and Retention Pond core sampling locations. 1A) Core Location 1, 1B) 
Auger Lake Core, 2A) Core Location 2 (background left), 2B) Retention Pond Core, 3A) Core 

Location 3, and 3B) South Tailings Basin Core. 
 

3.1.3 Sample Collection  

3.1.3.1 Waters  

Surface water samples were collected over two field seasons, October 2011 and July 

2012, to account for any seasonal variations in water composition. A sample from the upstream 

(SW1) and downstream (SW2) portion of the tributary streams, relative to the Retention Pond, 

was collected in each field season to determine whether the Retention Pond had an influence on 

the removal or settling of colloids from solution. Flow of water through the system appeared to be 

constant between sampling seasons, based on qualitative analysis. In a study conducted by Kalin 

(1980), seepage from the toe of the Auger Lake tailings dam varied over June and July from 60 

l/min to 52 l/min, respectively, while inflow into the Auger Lake tailings dam decreased 
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dramatically between June and July 1979 from 68 l/min to 3 l/min, reflecting the decrease in 

precipitation that occurred over that time. It appears from the Kalin (1980) study that variations in 

relative precipitation have little impact on the rate of outflow of effluents from the Auger Lake 

tailings dam. Samples were collected to analyze the colloidal fraction using a peristaltic pump 

(Solinst Model 410) fitted with polyethylene and tygon tubing and a 0.45 µm in-line flow-through 

filter (Solinst 860 Disposible In-Line Filters and GWV (Pall Corp.) High Capacity In-Line 

Groundwater Sampling Capsule) as shown in Figure 3.4.  Approximately 20 L of water was 

collected at the two sampling sites in 25 L Nalgene bottles that were acid-washed prior to 

sampling using 0.5 M HCl and rinsed twice with D.I. water. Care was taken while sampling to 

maintain the collecting end of the tygon tubing in the middle of the water column, elevated from 

the stream bottom, to prevent capture of readily mobilized fine-grained sediments. All tubing was 

changed between sampling locations, and all bottles were rinsed with sample water three times to 

condition the container walls and prevent sample losses. An additional 4 L of water were 

collected at each of these sampling locations to pre-condition the 10 kdalton tangential flow 

filters and prevent increased losses across the filter during analysis, as well as to provide a sample 

aliquot for metals and anion analysis. Samples were collected in both October and July 2011 to 

provide insight into the effects of seasonality on the system. Samples were immediately chilled in 

the field, and refrigerated upon return to the laboratory at Queen’s University prior to filtration. 

Samples for metals analysis were preserved with 5 mL of Optima-grade 8N HNO3 to 1% acidity, 

to dissolve any colloids or particles in solution and prevent their subsequent settling prior to 

sample analysis. 
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Figure 3.4 Apparatuses used to collect pre-filtered surface water samples for colloid 

analyses. 
 

3.1.3.2 Solids 

Bulk sediment, pebble and hardpan samples from the stream system were collected using 

plastic trowels and placed in 120 mL polyethylene sample containers.  Core samples were 

collected in aluminum tubes (6 cm interior diameter) that were cut to 45 to 50 cm in length.  

Holes were drilled in the sides at the tops of the aluminum tubes to allow for attachment of the 

drivehead.  Core tubes were pushed by hand into the tailings and Retention Pond sediments, and a 

sledge hammer was used to gently tap the tubes into the sediments to the base of the drivehead.  

Sediments surrounding the core tube were then shoveled away from the area and the drivehead 

was used to quickly remove the core tubes, which were promptly covered and sealed with 

multiple layers of parafilm and duct tape as well as a PVC cap to prevent loss of sample (Figure 

3.5).  The depth of the core in the sediments and the final core length were measured to determine 

the amount of compression.  All bulk sediment samples and cores were immediately chilled in the 

field and frozen upon return to the laboratory at Queen’s University. 
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Figure 3.5 Aluminum core tube extraction and capping. 

Prior to sub-sampling, all frozen samples were cut in half using a table saw to cut through 

the polyethylene bulk sediment containers and Al tubes, and then separated using a spatula to 

preserve half the sediments for future analyses or duplication and to allow for increased 

accessibility to a flat sampling surface for thin section sampling methods.  Several precautions 

were taken to minimize cross-contamination between samples: all utensils used to separate and 

extract samples were wiped with a damp cloth (using de-ionized water) between samples and then 

dried using Kimwipes before further sampling.  Bulk stream sediments were assumed to be fully 

oxidized, as they were collected at surface, and dried on the lab countertop while covered by a 

Kimwipe. Core samples were then subsequently thawed and dried in their original containers 

using a portable glove bag filled with N2 to prevent the oxidation of potentially reduced minerals 

and organic matter (Figure 3.6).   
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Figure 3.6 Core samples drying in pressurized glove bag filled with N2. Containers of rice and 

packets of silica gel were used as desiccants. 
 

3.2 Analytical Methods  

3.2.1 Waters  

3.2.1.1 Tangential Flow Filtration (TFF)  

Tangential flow filtration was applied to analyze the colloid fraction from the waters of 

the stream system in two locations, , using a Millipore Prep/Scale Spiral Wound Ultrafiltration 

Cartridge (Figure 3.7).  Four 20 L samples were collected in the field using a Solinst peristaltic 

pump and 0.45 µm in-line filter, two in October 2011, and two in July 2012.  Within 48 hours of 

collection, the water samples were passed through a 0.557 m2 (6 ft2) TFF cartridge with a 10 

kdalton (0.005 µm) filter cut off.  The pressure of the water flowing across the cartridge 
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membrane was maintained at >1.02 atm (15 psi) and the flow rate ratio between retentate and 

permeate was maintained at 18:1 (October), 21:1 and 15:1 (July, SW1 and SW2, respectively).  It 

is necessary to maintain a flow rate ratio of 15:1 or greater to ensure a good recovery (Larsson et 

al., 2002; Hassellov et al., 2007). Permeate from the TFF is assumed to contain the dissolved 

fraction of the sample, as it contains everything below the 10 kdalton cut off (Guegon et al., 

2002).  The retentate, with a size fraction between 0.45 µm and 10 kdaltons, contains the colloid 

fraction from the water (Guegon et al., 2002).  A portion of the retentate was then split into four 

centrifuge tubes with +36 mL of sample per tube and centrifuged using a ThermoFischer Sorval 

Legend XTR centrifuge with a fibrelite F15S-8X50 rotor at 14,500 rpm (24,446 G) for 16 hours.  

The flocculated and solid mass of colloidal material (~1 µL) at the bottom of the centrifuge tube 

was then pipetted from the tube and onto a Kapton®-taped slide holder for synchrotron-based 

analyses, and onto a carbon-taped stub for SEM analysis.  

Two 100 mL sample aliquots of both the retentate and permeate, as well as the initial, 

pre-TFF, <0.45 µm surface water for each sample were taken and sent to the Geological Survey 

of Canada research laboratories for metals, anion, alkalinity, and DOC analyses. Samples for 

metals analysis were preserved with 5 mL of Optima-grade 8N HNO3 to 1% acidity.   
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Figure 3.7 Tangential flow filtration (TFF) apparatus at Queen’s University. The water 
collected in the field is in the 20 L carboy to the bottom left of the image, this water is then 

pumped through a 0.557 m2 (6 ft2) TFF cartridge with a 10 kdalton filter cut off.  The permeate is 
then collected in a second 20 L carboy to the bottom right of the image, and retentate from the 

filter is returned to the initial 20 L carboy. 

3.2.1.2 Metals  

Metals (Appendix B) were analyzed at the Geological Survery of Canada laboratories in 

Ottawa, ON.  A 52 element suite (Li, Be, B, Al, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, 

Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, 

Er, Tm, Yb, Lu, Hf, Ta, W, Re, Tl, Pb, Th, and U) was run by Inductively Coupled Plasma–Mass 

Spectrometry (ICP-MS) and an 11 element suite (Br, Ca, Cl, Fe, K, Mg, Na, P, S, Sc, and Si) was 

run by Inductively Coupled Plasma–Emission Spectrometry (ICP-ES).  Field and lab duplicates 

were included to check for precision (Appendix C).  Most samples were within 5%.   

3.2.1.3 Anions  

The Geological Survey of Canada, in Ottawa, Ontario, used a Dionex EG-40 ion 

chromatographer, to measure the anion concentrations (Appendix B) in sample aliquots. Anions 

measured include fluoride (F-), chloride (Cl-), sulfate (SO4
2-), bromide (Br-), nitrate (NO3

-) and 
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nitrite (NO3
2-).  Field and lab duplicates were included to check for precision (Appendix C).  

Precision was calculated to be within 5%. 

3.2.1.4 Alkalinity and DOC 

Alkalinity (Appendix B) was measured using a PC-Titrate system by the Geological 

Survey of Canada’s research laboratories in Ottawa, Ontario. Alkalinity was measured as 

concentration of CaCO3.  Dissolved organic carbon (DOC) (Appendix B) was measured using a 

Shimadzu Direct Analyzer.  Lab and field duplicates were included and precision is within 4% 

(Appendix C). 

3.2.2 Solids  

3.2.2.1 Bulk Chemistry  

Dry subsamples of bulk sediments and multiple subsamples from the dried sediment 

cores, as shown in Figure 3.8, were retained and sent to ACME Analytical Laboratories, 

Vancouver, BC, to determine the elemental bulk chemistry in the samples (results listed in 

Appendix D).  These subsamples were gently sieved through a <177 µm stainless steel sieve to 

minimize the effects of sediment grain size variations and provide a more uniform material for 

bulk chemical analysis.  Subsamples within the cores were chosen to capture varying intervals 

based on interesting colours and variances in grain size or sediment texture.  A total of 0.5-5.0 g 

of sample was sent for each sample to allow for 0.5 g to be used for each analysis and for 

duplicates. Initially samples were run by ultra-trace analysis, 4-acid digestion (package 1T-MS, 

ACME Catalogue 2011).  Samples were prepared at ACME by heating and digesting 0.25 g of 

sample in HNO3-HClO4-HF until fuming and complete dryness was achieved. The residue was 

then dissolved in HCl and the solution transferred into a test tube.  Samples were then analyzed 
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by ICP-MS for a 43-element suite plus 12 REEs (Mo, Cu, Pb, Zn, Ag, Ni, Co, Mn, Fe, As, U, Au, 

Th, Sr, Cd, Sb, Bi, V, Ca, P, La, Cr, Mg, Ba, Ti, Al, Na, K, W, Zr, Sn, Be, Sc, S, Y, Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Li, Rb, Ta, Nb, Cs, and Ga).  These results showed 

that a few samples had Mn concentrations above the limit of quantitation (10,000 ppm) for this 

method.  These samples were then re-analyzed by ICP-ES for 4-acid digestion (package 7TD, 

ACME Catalogue 2011) to determine the percent level concentrations of Mn in samples. 

 One certified standard sediment reference materials (STSD-1) was included and split 

between the start, middle and end of the sample set to provide a check on accuracy and precision 

(Lynch 1990; 1999).  ACME QA/QC also included four in-house standard reference materials 

(STD OREAS24P, STD OREAS45C, STD SU-1B, and STD OREAS131B), pulp duplicates, and 

sample blanks to measure accuracy and precision of the analytical method (Appendix E). 

Precision in duplicates was within 5% of expected values and the accuracy of standard reference 

materials was within 10% of expected values, or within the 95% confidence interval for the 

respective standards (Ore Research & Exploration Pty Ltd., 2010). 
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Figure 3.8 Core sub-sampling locations for bulk chemistry and XRD. A) Auger Lake (AL) 

tailings basin, B) Retention Pond (RP), C) South Tailings Basin (STB). 

3.2.2.2 Thin Section  

Nine of the samples collected were used to make thin sections following the method 

described in Walker (2006) and DeSisto et al. (2011).  Thin sections were made for the S2 bulk 

sediment sample, S4 hardpan (S4-HP) and pebble (S4-Peb) samples, as well as the S7 pebble (S7-

Peb) sample from the streambed locations, as well as five selected samples, based on variations in 

colour, texture, grain size, bulk chemistry data, and potential changes in oxidation state, from 

cores sampled in the Auger Lake (AL) tailings basin (2) and the Retention Pond (RP) (3), as 

shown in Figure 3.9.  
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Figure 3.9 Thin section sampling locations from the A) Auger Lake (AL) tailings basin and 

B) Retention Pond (RP) cores. 
 

To prepare the thin sections, the bottoms of 100 mL Nalgene sampling bottles were 

removed and sanded until smooth.  These bottles were then pushed into the sediment samples and 

cores while the material was still damp (Figure 3.10 (A)).  The sediment plug was then removed 

and placed into a small paper cup, and left to dry completely. If sediment plugs are not dried 

completely when epoxy is added, there is a reaction between the epoxy and pore waters, forming 

a white opaque epoxied plug rather than a clear epoxied plug. All samples were dried in a glove 

bag filled and pressurized with N2 to ensure the oxidation state of potentially reduced minerals 

remained constant. The samples were then preserved by squirting EpoTek-301 epoxy around the 

outside of the Nalgene sampling bottle (Figure 3.10 (B)).  The sediment adsorbs the epoxy, 

pushing air bubbles to the surface of the sample and once set, the epoxy preserves the sample for 

  
 

Figure 9. Thin section sampling locations from the A) Auger Lake (AL) tailings basin and B) Retention Pond (RP) cores.
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thin section preparation, as demonstrated in Figure 3.10 (C). Prior to shipment to Vancouver 

Petrographics, the samples were labeled and directional arrows added to maintain the 

stratigraphic relationships between layers of the sample in thin section.  In addition, a dashed line 

was then drawn around the epoxied sample to demonstrate where the sample should be cut and 

mounted on the glass slide during thin section preparation (Figure 3.10 (D)). The epoxied 

sediment plugs were then shipped to Vancouver Petrographics for preparation of doubly polished, 

liftable thin sections. 

 

 
Figure 3.10 Thin section sample preparation. A) Coring of thin section from damp sample, B) 
Application of epoxy to the exterior of the Nalgene sampling bottle, C) Absorption of epoxy into 

the sample, and D) Preserved sample ready for thin section preparation.   
 

Polished thin sections were prepared by cutting through the set epoxy samples, parallel to 

the bottle top, and mounting the sample by adhering it to a glass slide with Krazy® glue. The 

sample was then ground under kerosene, with minimal heat exposure, to a final thickness of 35-

45 µm.  The sample was adhered with Krazy® glue rather than epoxy, as this allowed for the thin 

C) D) 

A) B) 
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section sample to be more readily lifted from the glass slide (by dissolving with acetone) to place 

on a Kapton® taped slide holder for later synchrotron analyses.  The use of kerosene rather than 

water in the grinding process limits the dissolution of water soluble phases. Following the 

construction of the thin sections, scanned images of the sections were taken and optical 

mineralogical analyses were conducted (Appendix D). 

3.2.2.3 Bulk X-Ray Diffraction (XRD)  

To identify the major crystalline phases present in the samples, x-ray diffraction (XRD) 

was performed on the Philips X-Pert diffractometer at Queen’s University.   Each of the bulk and 

core sample sieved fractions were analyzed (Appendix E).  Major mineralogical phases were 

identified using the X-Pert Highscore Mineral Identification program.  Retentated colloids from 

ultrafiltration were not analyzed by XRD because of the small amount of material available. 

3.2.2.4 Environmental Scanning Electron Microscope (ESEM)  

 Following the completion of thin section/petrographic analyses, further micro-scale 

characterization was conducted using the FEI-MLA Quanta 650 FEG-ESEM (scanning electron 

microscope) at Queen’s University.  Thin sections were mounted in a thin section holder and 

analyzed under low vacuum, as the thin sections were not carbon coated prior to analysis. Carbon 

coating of the samples hinders the ability for the targets selected from ESEM analyses to be 

readily identified at the synchrotron, and the removal of carbon coating may cause the scouring 

and pitting of soft minerals. Colloid subsamples mounted on SEM stubs were carbon coated and 

analyzed under high vacuum, as separate subsamples were prepared on Kapton®-taped slide 

holders for use at the synchrotron beamlines. Specific grain characterization was completed 

through the use of both the backscatter detector and the energy dispersive spectrometer (EDS) 
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components of the ESEM.  The EDS provided qualitative analysis of major and minor chemical 

composition.  The use of the ESEM allowed for initial characterization of the U- and REE-

hosting minerals, and provided some understanding of how these trace elements are adsorbed or 

co-precipitated in the Bicroft sediments.  Potential targets for trace element microanalysis were 

identified using the ESEM based on the chemical composition of the host material (Fe- and Mn-

oxyhydroxides, organic materials, and primary U and REE grains), the detection of U, Ce and La 

associated with these host materials, and the representativeness of the target within the thin 

section sample. In addition to chemical analyses, the ESEM produced high quality, detailed 

images of colloids and sediment grains, which aided in the identification and location of selected 

targets at the synchrotron.    

3.2.2.5 Synchrotron Microanalyses  

Synchrotron micro-analyses were performed at three hard X-ray microprobe synchrotron 

beamlines as part of this study: the X26A and X27A beamlines at the National Synchrotron Light 

Source (NSLS) at Brookhaven National Laboratories, in Long Island, NY, and the Sector 20-ID 

beamline at the Advanced Photon Source (APS) in Chicago, Illinois.  The use of three beamlines 

was required to analyze Fe, REEs and U in samples. The Sector 20-ID beamline provided a 

higher flux, higher energy beam and detectors for analyzing elements, such as U, which require 

higher energy levels for excitation. The objective of the research at these facilities was to further 

identify and characterize the U-, Ce- and La-hosting minerals in the stream and wetland 

sediments, and the tailings samples.  The methods used included micro-XRD (µXRD), for the 

identification of microcrystalline compounds, micro-XRF (µXRF), for element mapping and 

metal ratio quantifications (Jamieson et al., 2010), as well as Fe, Ce and U XANES to determine 

the mineral host of Fe, and oxidation state of Ce and U in the colloid and key sediment samples. 
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Iron XANES were collected at the X27A beamline at the NSLS in March, 2012. XRF element 

mapping as well as µXRD was conducted at the X26A beamline at the NSLS in August and 

November 2012. Bulk Ce and U XANES were collected at the Sector 20-ID beamline at the APS 

in August 2012, as well as XRF element maps, µXRD, and µXANES for U in December 2012. 

For a description of the setup and analytical methods used at each of the beamlines, see the 

Methods sections in Chapter 4 and 5. All three beamlines are optimized to work with 

geochemical and environmental samples (Lanzirotti et al., 2009). 

Colloid samples were prepared following centrifuging by pipetting a subsample of the 

flocculated and solid mass of colloidal material at the base of the centrifuge tube onto a Kapton® 

taped 35 mm slide holder. Thin section samples were prepared similarly for both the Sector 20-ID 

and X26A beamlines. Thin sections were placed in a glass petri dish and covered with acetone to 

dissolve the Krazy® glue binding the sample to the glass slide. Once the sample separated from 

the glass slide, the sample was carefully lifted using a Kapton®-covered glass slide and tweezers 

and mounted in the same orientation, to a piece of Kapton® taped to a 35 mm slide holder. For 

the APS, samples were classified as potentially radioactive material and were required to have 

two layers of Kapton® tape sealing the entire Kapton®-mounted thin section. In order to prevent 

damage to the sample and minimize air bubbles formed between the two layers of tape, Kapton® 

tape was initially taped to itself and air bubbles removed using a silicone squeegee. These double 

layer tape strips were then cut down to 50 mm by 50 mm squares. To assist with navigating to 

targets identified on the ESEM through the double layer of Kapton® tape, lines of reference and 

boxes surrounding target locations were drawn using a 0.05 mm black marker on the interior side 

of the front square by using a back-lit map table and flipping the sample upside down. Once the 

lines of reference and boxes were traced, the ink was allowed to dry and then the square was 
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inverted and placed on the front side of the sample. Another square was placed on the back of the 

slide holder mounted sample, and the two squares were sealed to the slide holder and each other 

using two layers of Kapton® tape. For analysis of bulk Ce and U XANES at the APS, bulk 

sediment envelopes were prepared by placing a 0.5 g to 2.0 g subsample onto the sticky side of a 

piece of 50 mm wide Kapton® tape. This tape was then folded over on itself, sealing in the 

sample material, and then sealed within two more layers of Kapton® tape. 
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Chapter 4 

Characterization of U and REEs in Colloids at the Bicroft Mine, 

Bancroft, Ontario  

4.1 Introduction 

The Bicroft Mine is a decommissioned U mine, located 19 km southwest of Bancroft, ON 

in the granitic pegmatites (ca. 1020 to 1050 Ma) of the Grenville Province (Evans, 1962; Lentz, 

1996). The two decommissioned tailings impoundments at the Bicroft Mine, Auger Lake and 

South Tailings Basin, drain through a ~1 km tributary stream and wetland system, to Deer Creek, 

before being discharged to Inlet Bay of Paudash Lake where the waters are required to meet 

Provincial Water Quality Objectives (PWQOs) (MOE, 2003). Since the closure of the mine in 

1963, after seven years of operation, the Bicroft site has acted as a passively attenuating stream 

and wetland system to achieve below-PWQO levels of U, and other trace metals (MOE, 2003). 

The environmental conditions and geochemical processes that control the mobility of metals and 

radionuclides at the Bicroft site are poorly understood. More specifically, the methods by which 

U and REEs are released from the tailings basins as a component of the effluent and then partially 

sequestered in the stream and wetland system are unknown. 

In effluent released from mine tailings, trace metals and other contaminants are generally 

partitioned between particulate matter, colloids, and dissolved phases. In most studies of natural 

water systems colloidal material is considered to be a part of the dissolved fraction (<0.45 µm), 

and any particles unable to pass through a 0.45 µm filter are considered to be suspended 

particulate matter (Figure 4.1). Colloids, in aqueous systems, are any suspended material with a 
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single linear dimension between 10-6 m and 10-9 m (Hiemenz and Rajagopalan, 1997; Zänker et 

al., 2003; Klaine et al., 2008). Colloids have large surface-area-to-volume ratios due to their small 

size, which provides increased sites for reactivity and heightened surface charge allowing for high 

adsorption capacity (Hiemenz and Rajagopalan, 1997; Klaine et al., 2008; Aiken et al., 2011). 

Their large surface area means that a large proportion of the colloids’ atoms are present at the 

surface-water interface, allowing for colloids to behave very differently than larger particles of 

the same chemical composition (Langmuir, 1997). Intermolecular and interfacial forces lead to 

colloids remaining in the dispersed phase of a solution.  The large surface area of colloidal 

particles relative to their mass allows for the particles to overcome gravitational forces and 

remain in solution as a result of the strong influence of purely electromagnetic and Van der Waals 

forces (Hiemenz and Rajagopalan, 1997). These strong electromagnetic forces are dominant due 

to the dramatic increase in surface area with decreases in volume and mass (Hiemenz and 

Rajagopalan, 1997). This allows for colloids to remain in suspension in waters of varying 

velocities, and travel significant distances (1 km to >500 km), until flocculation of colloidal 

material results from changes in the solution chemistry and the colloids settle from solution 

(Langmuir, 1997; Kersting et al., 1999; Li and Jen, 2001; Winde, 2002; Cvetkovic et al., 2004; 

Kretzschmar and Schäfer, 2005; Gómez et al., 2006; Mibus et al., 2007; Wigginton et al., 2007). 

For a colloid to aggregate and settle out of solution or deposit on interfaces between water and 

rock/sediment, it must overcome the electrostatic energy barrier between itself and other colloids, 

particles, or surfaces.   Therefore, colloids must alter their surface charges or undergo chemical or 

physical perturbations to the system they are in to flocculate and settle out of solution or to 

deposit on interfacial surfaces (Langmuir, 1997). 
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Figure 4.1 Size distributions of various types of environmental colloids and particles. (From 

Klaine et al., 2008; redrawn from Wilkinson and Lead, 2007). 
 

As observed in Figure 4.1, colloids can be comprised of a number of different organic 

and inorganic particles, macromolecules and molecular assemblages. These particles can be 

crystalline to amorphous in nature, and are formed naturally or through synthetic processes 

(Wigginton et al., 2007). The generation of colloids in these natural systems can be enhanced by 

fluctuations in water saturation, flow velocity, and chemical characteristics of the aqueous 

solution such as pH, redox potential, oxidation state, ionic strength, and temperature (Payne et al., 

2004; Kretzschmar and Schäfer, 2005; Klaine et al., 2008; Wilkin, 2008). Most colloids are 

generated in situ in soils, aquifers, and surface waters and are comprised of sub-micron-sized 

mineral particulates and natural organic matter, as seen in Figure 4.1. Of particular importance in 

the sequestration of U and REEs are Fe and Mn-oxyhydroxides, organic compounds (humic 

aggregrates, in particular), and aluminosilicates (Henderson, 1984; Thurman, 1985; Scott et al., 

2005; Wang et al., 2013a).  

Nanomaterials in the environment Environ. Toxicol. Chem. 27, 2008 1829

Fig. 1. Size distributions of various types of environmental colloids and particles and several of the analytical techniques used to characterize
them. FFF ! field-flow fractionation; FCS ! fluorescence correlation spectroscopy; LIBD ! laser induced breakdown detection. Taken from
Redrawn and Wilkinson [5].

model particles (glass, anion exchange resin, bentonite, cal-
cium carbonate, wax, and a polysaccharide), covering a wide
range of positive and negative values in synthetic seawater
that contained no organic matter, all converged to a narrow
range of negative values when the samples were placed in
natural seawater. These authors concluded that the adsorption
of surface-active organic materials from seawater onto the sur-
faces of the particles masked their intrinsic properties and
dominated their surface electrical properties.

Hunter and Liss [49] extended this concept to suspended
particles in estuaries of fundamentally different inorganic
chemical composition, further bolstering the hypothesis that

the electrokinetic characteristics of particles in natural waters
are dominated by adsorbed organic matter. Hence, HS are like-
ly to form nanoscale coatings on solid phases [50] and reduce
aggregation by charge stabilization [51] and fibrils are likely
to increase aggregation via bridging mechanisms [52]. This
interaction between NPs and HS has been demonstrated with
CNTs and zero-valent iron and standard Suwannee River, USA,
HS [53,54]. Recent results from one of the authors (J. Lead,
University of Birmingham, UK, personal communication) sug-
gest, not unexpectedly, that other factors, such as pH, calcium
ion concentration, and the presence of other types of natural
colloids, will be important and that sediments (via aggregation
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Most environmental colloids have a strong cation exchange ability and adsorption 

capacity; this can make the bond between trace metal and radionuclide contaminants and colloids 

potentially irreversible (Kersting et al., 1999; Klaine et al., 2008). The oxidation state and 

mineralogical form of U and REEs in the colloids is important in determining the elements’ fate, 

toxicity, mobility, and bioaccessibility. Manganese- and Fe-oxyhydroxides have high surface 

reactivity, due in part to their generally high surface areas, providing them with an affinity to 

form surface coatings and strongly adsorb a number of cations, including trace contaminants such 

as U and REEs (Fendorf and Fendorf, 1996). 

Iron oxyhydroxides are one of the most adsorbent minerals in soils and sediments (Diaz 

et al., 2012), and are known to strongly adsorb uranyl species and REEs at circum-neutral pH 

(Henderson, 1984; Scott et al., 2005). The adsorption and co-precipitation of U with Fe-

oxyhydroxides is driven by two main processes: surface complexation, through the formation of 

outer sphere complexes, and reductive precipitation by dissolved Fe(II), which may lead to mixed 

U valences in sediments (Scott et al., 2005). In previous studies by Quinn et al. (2004), REEs 

were demonstrated to have a high affinity for ferric hydroxides in aqueous solution. The 

adsorption of REEs to Fe-oxyhydroxides follows a non-electrostatic surface complexation model 

(SCM), as well as the formation inner-sphere complexes (Quinn et al., 2007; Schijf and Marshall, 

2012).  

Ferromanganese and Mn-oxides have also been found to preferentially adsorb REEs, 

specifically Ce, through surface complexation and oxidative scavenging (Goldberg et al., 1963; 

Addy, 1979; Wood, 1990; Ohta and Kawabe, 2001; Nelson et al., 2003; Ohnuki et al., 2008; 

Loges et al., 2012; Schjif and Marshall, 2012). Oxidative scavenging of Ce, is caused by the 

oxidation of Ce(III) to Ce(IV), which is less soluble and reactive than Ce(III), coupled with the 
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reduction of Mn(IV) to Mn(II) (Ohta and Kawabe, 2001). This results in the formation of the Ce 

anomaly, where in sediments or particulates there is a higher relative concentration of Ce with 

respect to other REEs, and in associated waters there is a relative decrease in the concentration of 

Ce (Goldberg et al., 1963; Koeppenkastrop and De Carlo, 1992; De Carlo et al., 1998; Ohta and 

Kawabe, 2001).  

The method by which U and REEs adsorb to Fe- and Mn-oxyhydroxides is important, as 

more loosely adsorbed (outer sphere complexes) species may be readily re-released into solution 

or exchanged with other ions in solution, whereas tightly complexed species (inner sphere 

complexes) may form irreversible complexes with colloids in solution and eventually become 

buried and sequestered in stream and wetland sediments. Reduction of U(VI) species and ligands 

through adsorption and co-precipitation to settled U(IV) particulates is another potential method 

for the attenuation of U in tailings effluents (Scott et al., 2005). 

This study focuses on the characterization of colloids present in the passively attenuating 

stream and wetland system at the Bicroft Mine, and the relationship between U and REEs and 

these colloids. The association of U and REEs with colloids in the system is important, as 

colloids have been shown to be capable of transporting trace contaminants significant distances 

before aggregating and settling from solution, and may also play an important role in the 

sequestration of U and REEs into stream and wetland sediments (Langmuir, 1997; Kersting et al., 

1999; Li and Jen, 2001; Winde, 2002; Cvetkovic et al., 2004; Kretzschmar and Schäfer, 2005; 

Gómez et al., 2006; Mibus et al., 2007; Wigginton et al., 2007). Detailed characterization of 

colloids in the tributary stream system through field observations, tangential flow filtration, bulk 

chemistry, and mineralogical analyses were used to identify the mineralogy of colloids and their 

association with U and REEs in solution. The objective of this study is to determine whether U 
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and REEs (Ce and La) are associated with environmental colloids in the mine tailings effluent, 

and to characterize the mineral hosts for these elements in the stream and wetland system. The 

results of this study will help to demonstrate the importance of assessing the particulate, colloid 

and dissolved fractions within environmental monitoring programs for U mine waste. 

4.2 History of Mining and Milling at the Bicroft Mine 

The Bicroft Mine is a low-grade (~0.17 wt% U3O8) pegmatite-type U deposit that was the 

second largest producer of U, in the Bancroft area (Evans, 1962; Griffith, 1986; Hewitt, 1988; 

Lentz, 1996). Between 1956 and 1963, 2017 tonnes of U3O8 were recovered, leaving behind 

2,284,421 tonnes of milled tailings in the two impoundments (Griffith, 1967; Proulx, 1995). Ore 

mineralogy at the Bicroft Mine consisted predominantly of microcline, microcline perthite, 

quartz, peristerite (sodic plagioclase) and biotite, with accessory uraninite, uranothorite, fluorite, 

titanite, cyrtolite, calcite, pyrite, pyrrhotite, and molybdenite (Lillie et al., 1961). Ore was crushed 

and ground until fifty percent passed a size of 200 mesh (<0.074 mm) (Lillie et al., 1961). 

Through this process, colloid-sized particles (10-3 mm to 10-7 mm) of ore minerals including 

uraninite may have been produced. If these particles remained unrecovered during the 

metallurgical processing of the ore, colloid-sized detrital grains of ore minerals would have been 

deposited in the two tailings impoundments (Auger Lake and South Tailings Basin), allowing for 

the potential movement of these particles into effluents over time.  

4.3 History of Pollution at the Bicroft Mine 

The groundwater source for the tributary stream and wetland (Retention Pond) system is 

primarily the effluent from the Auger Lake tailings impoundment at the Bicroft Mine (Figure 

4.2). Tailings were mainly deposited into the Auger Lake tailings impoundment, which is 
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dammed at both the N and S ends, and drains through a culvert at the base of the S dam, as well 

as a weir spillway during heavy rains, developing the initial tributary stream system. Provincial 

Water Quality Objectives (PWQOs), are to be met where these drainage waters meet a public 

waterway, which is considered to be the mouth of Deer Creek, where it discharges into Inlet Bay 

of Paudash Lake (MOE 2003). 
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Figure 4.2 Uranium, Ce and La concentrations in filtered (<0.45 µm) water samples, Bicroft 

Mine, June 2011. Total U Guidelines: Drinking Water = 20 µg/L (MOE, 2002); Protection of 
Aquatic Life = 15 µg/L (CCME, 2007)). Water sample metal concentrations from Parsons et al. 

(in prep.). 
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During mine operations, surface water monitoring was conducted on a periodic basis by 

the property owner, to ensure that the discharge waters would not greatly impact the environment 

(MOE, 2003). Following closure of the mine, the Ontario Water Resources Commission (1960s) 

and Provincial Water Quality Monitoring Network (since the 1970s) have monitored the runoff 

from the tailings impoundments (MOE, 2003). Metal concentrations in Deer Creek downstream 

of the tailings impoundments ranged from1.1 µg/L to 8.17 µg/L for U, and were generally found 

to be exceed background levels (1.5 µg/L to 2.0 µg/L U), and occasionally exceed the PWQO for 

U of 5 µg/L (MOE, 2003). However, filtered (<0.45 µm) metal concentrations in the runoff from 

the Bicroft Mine are noted to be relatively low as compared to other U to other mines in the area 

(Dyno Mine and Madwaska Mine; MOE, 2003). 

In a detailed surficial water chemistry study recently conducted by the Geological Survey 

of Canada (Parsons et al., in prep.), elevated levels of U, Ce and La were present in the dissolved 

(<0.45 µm) fraction throughout the Bicroft stream and wetland system, as shown in Figure 4.2. 

Metal concentrations in June 2011 ranged from 0.56 µg/L to 27 µg/L for U, 0.24 µg/L to 42.76 

µg/L for Ce, and 0.19 µg/L to 19.81 µg/L for La (Parsons et al., in prep.), with concentrations 

generally decreasing through the stream and wetland system. With increased distance from Auger 

Lake, some of these U concentrations exceed guidelines for drinking water (20 µg/L) and the 

protection of aquatic life (15 µg/L); therefore, it is important to understand the processes which 

may be contributing to these high concentrations, as well as removing U from the aqueous system 

(MOE, 2002; CCME, 2007). Regulations for drinking water quality and the protection of aquatic 

life are not currently available for REEs, as the bioavailability, mobility and toxicity of these 

elements is relatively unknown (Sun et al., 1996). 
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4.4 Methods  

4.4.1 Sample Collection and Preparation  

Surface water sampling was conducted over two field seasons, October 2011 and July 

2012, to account for any seasonal changes in water composition. Two water samples were 

collected in each field season, with a sample from both the upstream and downstream portion of 

the tributary stream and wetland system, identified as SW1 and SW2 respectively, to determine 

whether the wetland was removing colloids from solution (Figure 4.3).  The samples collected 

were very clear with no visible turbidity, and samples collected at the SW1 location generally had 

a very slight yellow tinge, whereas samples from the SW2 location had no observable 

colouration. Heavy rains occurred the day prior to the collection of the SW1 sample in July 2012. 

This may have an influence on the system, potentially diluting the effluent waters with surficial 

runoff. There was no observable change in the rate of stream water flow between field seasons, 

although there was a greater abundance of leaf debris in the streambed during sampling in 

October 2011. 
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Figure 4.3 Bicroft Mine site map with field sampling locations of colloid surface water 

samples. 
 

In order to analyze the colloidal fraction of the surface waters, approximately 20 L of 

water were collected in 25 L Nalgene bottles. These bottles were pre-washed using 0.5 M HCl, 

rinsed twice with D.I. water, and then rinsed three times with sample water in the field to 

condition the container walls and prevent sample losses. Water was retrieved from the stream 

using a peristaltic pump (Solinst Model 410) fitted with polyethylene and tygon tubing and a 0.45 
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µm in-line flow-through filter (Solinst 860 Disposable In-Line Filters and GWV (Pall Corp.) 

High Capacity In-Line Groundwater Sampling Capsule) (Figure 4.4). While sampling, care was 

taken to ensure that tubing was changed between sampling locations and did not come in contact 

with the stream bottom, preventing the possible recapturing of readily mobilized fine-grained 

sediments.  

 
Figure 4.4 Apparatus used for collecting pre-filtered surface water samples for colloid 

analyses. 
 

4.4.1.1 Tangential Flow Filtration (TFF) 

Within 48 hours of sampling, the samples were processed using tangential flow filtration 

to separate the colloid fraction (retentate) from the truly dissolved fraction (permeate) by using a 

0.557 m2 (6 ft2) TFF cartridge (Millipore Prep/Scale Spiral Wound Ultrafiltration Cartridge) with 

a 10 kdalton (0.0005 µm) filter cut off. The methodology for using the TFF to separate the colloid 

fraction is adapted from previous research by Guegon et al. (2002) and Larsson et al. (2002). 

Prior to running the ~20 L sample of surface water through the TFF, the system was 

preconditioned using ~4 L of sample in recirculation mode (Figure 4.5) for one hour (Guegon et 

al., 2002).  This allows for the TFF system to adjust to the ionic strength of the sample and limit 

large filter losses, as well as providing an initial sample aliquot for metals and anion analysis 
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(Guegon et al., 2002). The 20 L sample is then filtered through the system in concentration mode 

(Figure 4.6). The pressure of the water flowing across the cartridge membrane was maintained at 

>1.02 atm (15 psi) and the flow rate ratio between retentate and permeate was maintained at 18:1 

(October for both SW1 and SW2), 21:1 and 15:1 (July, SW1 and SW2 respectively).  It is 

necessary to maintain a flow rate ratio of 15:1 or greater to ensure a good recovery (Larsson et al., 

2002; Hassellov et al., 2007). Sample water that has not passed through the filter during the TFF 

operation is returned to the original sample container (retentate), and is essentially dewatered over 

time until the final retentate volume is a concentration of the colloidal particles between 0.45 µm 

and 0.0005 µm (Guegen et al., 2002). The permeate, sample water that has passed through the 

0.0005 µm TFF filter cartridge, is considered to contain the “dissolved” fraction of solutes from 

the original water sample (Guegen et al., 2002).  

Between samples the system was flushed and then cleaned by pumping 2 L of DI water 

as waste in the retentate line, followed by the flushing of 6 L of DI water in the permeate line and 

an additional 1 L of DI water in the retentate line, after which the system is drained. The TFF 

system is then switched into recirculation mode and then cyclically cleaned with 1 L of 0.5 M 

Suprapur HCl for 20 minutes to remove trace metal contaminants (Guegen et al., 2002). The 

system is then drained and flushed with DI water until the water that is flushing from the system 

reaches a pH of 6 (or the pH of the input DI water). The system is then drained and cleaned with 

1 L of 0.1 M Suprapur NaOH for 20 minutes, followed by the draining and flushing of the system 

again with DI water until a pH of 6 is achieved (Guegen et al., 2002). 
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Figure 4.5 Flow diagram of tangential flow filtration system in recirculation mode. Image 

created by A. Gault (Queen’s University). 
 

 
Figure 4.6 Flow diagram of tangential flow filtration system in concentration mode. Image 

created by A. Gault (Queen’s University). 
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Two 100 mL aliquots of the initial <0.45 µm sample (prior to TFF), the permeate and the 

retentate were sent to the Geological Survey of Canada’s research laboratories for metal, anion, 

alkalinity, and DOC analyses. It is important to analyze the initial sample water (<0.45 µm) to 

calculate the concentration factor of the retentate, and for mass-balance calculations to determine 

filter losses as well as the relative concentrations of the colloidal and dissolved fractions. The 

aliquots to be analyzed for metals were preserved immediately with 5 mL of Optima-grade 8N 

HNO3 to 1% acidity. A portion of the remaining retentate samples were then split into 4 

centrifuge tubes with +36 mL of sample per tube and centrifuged using a ThermoFischer Sorval 

Legend XTR centrifuge with a fibrelite F15S-8X50 rotor at 14500 rpm (24446 G) for 16 hours to 

form a flocculated and solid mass of colloid material at the bottom of the centrifuge tube. The 

aggregated colloids (~1 µL) were then pipetted from the centrifuge tube and onto a Kapton® 

taped slide holder for synchrotron-based analyses, and onto a carbon-taped SEM stub for electron 

beam imaging and analysis. 

4.4.2 Water Chemical Analysis 

4.4.2.1 Metals  

The Geological Survey of Canada laboratories in Ottawa, ON, analyzed sample aliquots 

by Inductively Coupled Plasma–Mass Spectrometry (ICP-MS) for a 52 element suite of metals, 

including: Li, Be, B, Al, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, 

Ag, Cd, In, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, 

W, Re, Tl, Pb, Th, and U (Appendix B). An 11 element suite was run by Inductively Coupled 

Plasma–Emission Spectrometry (ICP-ES) to determine concentrations of Br, Ca, Cl, Fe, K, Mg, 
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Na, P, S, Sc, and Si.  Field and lab duplicates were included to check for accuracy and precision 

(Appendix C).  Most samples were within 5%.  

4.4.2.2 Anions  

Using a Dionex EG-40 ion chromatographer, the Geological Survey of Canada in Ottawa, 

ON measured the anion concentrations (Appendix B) in sample aliquots. Measured anions 

included: fluoride (F-), chloride (Cl-), sulfate (SO4
2-), bromide (Br-), nitrate (NO3

-) and nitrite 

(NO3
2-).  Field and lab duplicates were included to check for precision (Appendix C).  Precision 

was calculated to be within 5%. 

4.4.2.3 Alkalinity and DOC 

Alkalinity was measured as a concentration of CaCO3/L by using a PC-Titrate system, 

and dissolved organic carbon (DOC) was measured using a Shimadzu Direct Analyzer at the 

Geological Survey of Canada’s research laboratories in Ottawa, ON (Appendix B).  Lab and field 

duplicates were included and precision is within 4% (Appendix C). 

4.4.3 Environmental Scanning Electron Microscopy (ESEM) 

Micro-scale characterization of flocculated colloids mounted on SEM stubs was 

conducted using the FEI-MLA Quanta 650 FEG-ESEM (environmental scanning electron 

microscope) at Queen’s University. Prior to analysis on the SEM, samples were thoroughly 

carbon coated to prevent charging of the surface by the electron beam and provide better 

resolution images at high magnification. Through the use of the SEM’s backscatter detector and 

energy dispersive spectrometer (EDS) components, geochemical grain characterization was 

possible. The EDS spectra provided qualitative analyses of the chemical composition present, 
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allowing for chemical compositions and potential mineral identities of the samples to be 

determined.  The SEM allowed for an initial characterization of the U- and REE-hosting minerals, 

as well as initial understanding of how these trace elements were being adsorbed or co-

precipitated in the aqueous system. In addition to chemical analyses by EDS, the SEM provided 

high quality, detailed images, which aided in understanding of synchrotron micro-analysis results. 

4.4.4 Synchrotron Micro-Analysis 

Micro-scale characterization of flocculated colloids mounted on Kapton® taped slide 

holders was conducted using three synchrotron beamlines: X26A and X27A at the National 

Synchrotron Light Source (NSLS), part of Brookhaven National Laboratory (BNL) in Upton, 

NY, and Sector 20-ID beamline at the Advanced Photon Source (APS), part of Argonne National 

Laboratory in Argonne, IL. The use of three beamlines was required to analyze both REEs and U, 

as well as to obtain XANES and EXAFS for Fe. The Sector 20-ID beamline provided a higher 

flux, higher energy beam, and detectors for analyzing elements, such as U, which require higher 

energy levels for excitation. These beamlines are hard X-ray microprobes optimized to work with 

geochemical and environmental samples (Lanzirotti et al., 2009). 

4.4.4.1 X26A Beamline, NSLS, Brookhaven National Laboratory 

At the X26A beamline, was analyses were conducted using a micro-focused, 

monochromatic beam with a spot size of 5 µm (vertical) x 9 µm (horizontal). With the use of two 

100 mm long dynamically bent silicon mirrors in Kirkpatrick-Baez (KB) geometry, the beam at 

X26A was focused from 400 µm x 400 µm, and was monochromatized using two channel-cut 

crystal, silicon monochrometers.  The detectors are at a 90 ̊ angle to the incident beam. The 

samples were placed at a 45 ̊ angle to the incident beam, in a sample holder, which allows for the 
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beam to create an ellipse when it reaches the sample (Walker et al., 2005). Micro-XRF and 

µXRD analyses were conducted at this beamline in August 2012 and November 2012, to collect 

data on the geochemical and mineralogical composition and associations of REEs in samples. 

4.4.4.2 X27A Beamline, NSLS, Brookhaven National Laboratory 

At the X27A beamline, was analyses were conducted using a micro-focused, 

monochromatic beam with a spot size of 10 µm (vertical) x 15 µm (horizontal).  The focusing 

system is housed in a helium-purged enclosure and comprised of two, 20 cm long rhodium-coated 

silicon mirrors that are dynamically bent and arranged in KB geometry. The beam is 

monochromatized using two channel-cut crystals, Si(111) and Si(311), with a four-jaw motorized 

slit system. The detector for the beam is a Canberra 13-element Germanium Array X-ray detector 

with XIA XMAPS DSP (digital signal processing). Micro-XANES for Fe-bearing mineral phases 

was conducted at this beamline in March 2012.   

4.4.4.3 Sector 20-ID Beamline, APS, Argonne National Laboratory 

At the Sector 20-ID beamline, studies were conducted under a broad-focused, for bulk 

XANES, and a micro-focused beam with a spot size of 5 µm (vertical) x 5 µm (horizontal), for 

µXRD, µXANES, and XRF mapping. With the use of a liquid nitrogen cooled Si(111) fixed-exit 

double-crystal monochromator, the beam was focused for bulk work to 1 mm (vertical) x 3 mm 

(horizontal), a resolution of 1x10-4 and a flux of 1x1013 at 10 keV (PNC/XSD, 2012). The crystal 

covers an energy range of 4.3-27 keV. With the addition of Kirkpatrick-Baez mirrors in 

combination with a 13-element Ge detector, a powerful microbeam with a spot size of 1 µm to 3 

µm can be created allowing for micro-scale imaging and spectroscopy (Heald et al., 2001). The 

flux of the micro-focused beam is slightly decreased from that of the unfocused beam to 1x1012 at 
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10 keV (PNC/XSD, 2012). Bulk-XANES analyses were conducted at this beamline in August 

2012 and µXRF, µXRD and µXANES analyses were conducted at this beamline in December 

2012, to collect data on the geochemical and mineralogical composition and associations of U in 

samples, as well as the oxidation state of associated Ce species. 

4.4.4.4 X-ray Fluorescence (XRF) 

Micro X-ray Fluorescence (µXRF) mapping was performed at both the X26A and Sector 

20-ID beamlines to characterize the REE and U hosts in the Kapton® mounted flocculated 

colloid samples. To determine element correlations, µXRF fly-scan mapping and µXRF mapping 

(at the NSLS and APS, respectively) were used. Micro-XRF mapping can be completed relatively 

quickly to analyze a large area of the mounted sample for potential targets, and provides relative 

element concentrations across an area of interest to be visualized in triplot diagrams (see an 

example in Figure 4.24).  Elements of interest in this study included U, La, Ce, Fe, Mn, and Ca. 

Targets for µXRD and µXANES were selected from the µXRF maps. In order to analyze the 

REEs at the X26A beamline, care had to be taken to mitigate potential overlaps (within 200 eV) 

in edge energy between elements of interest (La and Ce) other elements present in the sample 

when analyzing µXRF element maps and using correlation plots calculated from µXRF data. In 

order to decipher between La and Ce, the La Lα2 and Ce Lα1 peaks were used, as there is less of 

an overlap in the edge energy than between La Lα1 and Ce Lα2. Other elements that may have 

potential interferences include Ti (Kα1) and Ba (Lα1) for La and V(Kα1) for Ce. When Ti was 

observed in high concentration in areas correlated with high La, µXRD would be required to 

decipher the mineralogical phases present as well as the elemental components.  

4.4.4.5 Micro-X-ray Diffraction (µXRD) 
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Micro X-ray Diffraction (µXRD) analyses were performed at both X26A and Sector 20-

ID to characterize the REE and U hosts in the Kapton®-mounted colloid samples. This allowed 

identification of microcrystalline minerals present in individual <20 µm grains. Using the 

computer program Fit2DTM (Hammersley, 1998), 2-dimensional (2-D) µXRD images obtained 

from the Bruker SMART 1500 CCD area detector with 1024 x 1024 pixel resolution, at the 

NSLS, and MAR165 CCD area detector with 4096 x 4096 pixel resolution, at the APS, were 

analyzed and the microcrystalline hosts of REEs (Ce and La) and U in colloids were determined. 

Instead of using a traditional beamstop at the APS, the MAR165 CCD detector was covered with 

a taut sheet of Kapton®, a sheet of lead, and burn paper to mark the beam spot. A needle was then 

punched through the burn paper, lead and Kapton®, leaving a hole marking the beam center 

location on the Kapton®. Following this procedure, a small disk of lead tape was stuck over the 

hole to block the beam, leaving most of the low q-space unobstructed, as the rings nearest the 

beam center are very critical to the µXRD calibration method. Data at the NSLS was collected for 

60s at 17,479 eV and at a wavelength of 0.7039 Å. Data at the APS was collected for 5-10s for 

17,000 eV and at a wavelength of 0.7039 Å. The 2-D images collected from X26A were analyzed 

in Fit2DTM after the program was calibrated using a two standard reference materials, α-Al2O3 

(standard reference material 647a) and silver behenate (AgC22H43O2). 2-D images collected at 

Sector 20-ID, were also analyzed in Fit2DTM after the program was calibrated using lanthanum 

hexaborate (LaB6) reference material. In the 2-D images, bright spots and spotty rings correspond 

to submicron to micron crystallites with non-random orientation (producing only discrete 

diffraction patterns), whereas nanometer-sized particles with random orientation produce smooth 

Debye-Scherrer rings (Manceau et al., 2002; Walker et al., 2005). 2-D images were then 

integrated in Fit2DTM, after masking spots and spotty rings, to form 1-D diffraction pattern 
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images. These 1-D diffraction patterns were then analyzed to determine mineralogical 

composition by using the International Center for Data Diffraction (ICDD, 2010) reference 

pattern database and peak-matching software X-Pert HighScore Plus (PANalytical). 

4.4.4.6 X-ray Absorption Spectroscopy (XAS) 

Bulk- and micro-X-ray Absorbance Near-Edge Structure (XANES and µXANES) were 

conducted at the Sector 20-ID beamline, and uXANES and Extended X-ray Absorption Fine 

Structure (EXAFS) were conducted at the X27A beamline. Bulk and µXANES analyses were 

used to determine the U, Ce, and Fe oxidation states by observing variations in the energy of the 

U Kα, Ce Lα1, and Fe Kα absorption edges and post edge. Micro-XANES and EXAFS for Fe-

bearing mineral phases were conducted at the X27A beamline at the NSLS, allowing for the 

oxidation state and identity of the Fe-bearing host mineral to be determined. Bulk Ce XANES 

analyses were performed by scanning across the Ce Lα1 absorption edge ranges (5610 eV to 6000 

eV), U bulk and µXANES analyses were performed by scanning across the U Kα absorption edge 

ranges (17,000 eV to 17,400 eV), and Fe µXANES and EXAFS analyses were performed by 

scanning across the Fe Kα absorption edge ranges (7020 eV to 7320 eV). For each element, the 

ranges were broken into three sections for XANES and five sections for EXAFS, with different 

corresponding step sizes (eV) and dwell times (1s-4s).  

Three Ce [one Ce(III) and two Ce(IV)] and four U [two of each U(IV) and U(VI)] 

standards were chosen to cover the various Ce and U oxidation states, and 14 Fe-bearing minerals 

were used as standards for Fe (Table 4.1). Standards were prepared by grinding the standard 

material to a fine powder, then spreading this thinly over a piece of Kapton® tape (Walker et al., 

2005). Fe-bearing mineral standards were prepared by grinding the standard material to a fine 

powder in ethanol, and then diluting the suspended fraction to 5 wt % Fe with boron nitride, prior 
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to spreading this thinly over a piece of Kapton® tape (Walker et al., 2005). The cerium sulphate 

and uraninite standards were analyzed with bulk and µXANES (for U) after each sample 

throughout each analytical program to track energy shifts in the beam over time. 

 

 

Table 4.1 List of mineral standards used in XAS analyses. 

 

Bulk and µXANES as well as EXAFS spectra were analyzed in the SixPack (Sam’s 

Interface for XAS analysis Package) program (Webb, 2005). Initially, standard and unknown 

spectra were normalized and pre-edge and post-edge corrected to remove background. After this, 

Element	  
Oxidation	  
State Mineral	   Chemical	  Formula

3+ Cerium	  carbonate	  hydrate Ce2(CO3)3*nH2O

4+ Cerium	  sulphate Ce(SO4)2

4+ Cerium	  hydroxide Ce(OH)4	  
4+ Uraninite UO2

4+ Coffinite U(SiO4)OH

6+ Autunite CaO(UO2)2(PO4)2*10-‐12H2O

6+ Carnotite K2O(UO3)2(V2O5)*nH2O
3+ Lepidocrocite γ	  -‐FeO(OH)
3+ Hematite Fe2O3

3+ Goethite α-‐FeO(OH)
3+ 2-‐Line	  Ferrihydrite Fe5O3(OH)9
2+ Pyrite FeS2
2+ Siderite FeCO3

3+ Maghemite Fe2O3

2+ Marcasite FeS2
2+ Clinochlore (Mg,Fe)5Al(AlS3O10)(OH)8
2+ Biotite-‐ferroan	  Phlogopite K(Mg,Fe)3AlSi3O10(F,OH)2
2+ Hornblende Ca2(Fe4Al)(AlSi7O22)(OH)2
2+ Illite K(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]

2+,3+ Magnetite Fe3O4

2+ Pyrrhotite Fe1-‐xS

Ce

U

Fe
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unknown oxidation states of Ce and U, and Fe mineralogy were determined.  This program uses 

least squares combination fitting to best fit the unknown spectra to the standards used (Figures 

4.7-4.9) and assigns a percentage value to each of the Ce or U oxidations states present, or a 

percentage value to the Fe mineral hosts present.  For Ce XANES, Ce(III) carbonate and Ce(VI) 

sulfate were used to determine the percentages of Ce(III) and Ce(IV) present, respectively (Figure 

4.7). For U XANES, uraninite(IV) and autunite(VI) were used to determine the percentages of 

U(IV) and U(VI) present, respectively, as these standards were the most representative of U 

minerals found at the Bicroft Mine (Figure 4.8). For each standard XANES spectra, 3 to 20 

XANES scans, from different areas of the prepared bulk standard were averaged to attain a 

standardized signal. There are notable differences in the Ce standards, from a definitive high 

photon energy single peak for Ce (III) to a shifted absorption edge and double peak signal for 

Ce(IV) (Fig. 4.7). For U, there is a slight shift in the absorption edge from U(IV) to U(VI), as 

well as an indicative shoulder in the post-edge of the U(VI) scan.  

 
Figure 4.7 Bulk-XANES spectra for Ce standards taken at APS Sector 20-ID in August 2012, 

used to analyze unknown spectra. The blue and red lines represent the bulk XANES scans for 
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Ce(III) carbonate and Ce(IV) sulfate, respectively. There is a definitive high photon energy single 
peak for Ce (III), as compared to a shifted absorption edge and double peak signal for Ce(IV). 

 
Figure 4.8 Bulk-XANES spectra for U standards taken at APS Sector 20-ID in December 

2012, used to analyze unknown spectra. The blue and red lines represent the bulk XANES scans 
for autunite (U(VI)) and uraninite (U(IV)), respectively. There is a slight shift in the absorption 

edge from U(IV) to U(VI) as well as a characteristic shoulder in the post-edge of the U(VI) scan. 
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Figure 4.9 Micro-XANES standard spectra for Fe taken at NSLS X27A in March 2012, used 

to analyze unknown spectra. 

4.5 Results and Discussion  

4.5.1 General Characteristics of Sampled Waters 

 All water samples were analyzed for alkalinity, dissolved metals, and anions. Field 

parameters for samples were not determined; however, Parsons et al., (in prep.) has compiled 

field parameters (pH, temperature, conductivity, dissolved oxygen (DO), and oxidation-reduction 
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potential (ORP)) for waters collected at the same locations in June and October 2011. Samples 

were collected in both July and October to determine whether seasonality caused variations in the 

aqueous system. Field parameters, including alkalinity, temperature, conductivity, DO, pH, and 

ORP are shown in Table 4.2. The variation in DO with distance from Auger Lake is demonstrated 

in Figure 4.10.  

Table 4.2 Field parameters for surface waters collected by Parsons et al., (in prep.) in June and 
October 2011. 

 
 

Jun Oct Jun Oct Jun Oct
SW1 7.0 7.5 1593 1517 10.27 10.41
SW2 7.3 7.7 785 1254 8.09 10.46

Mouth	  of	  
Deer	  Creek 6.6 7.1 61.2 191.5 7.86 8.41

Jun Oct Jun Oct Jun Oct
SW1 14.7 113 10.5 11.7 33.3 37.6
SW2 138 188 21.9 10.2 28 33.4

Mouth	  of	  
Deer	  Creek 274 230 19.9 8.8 6.9 2.1

ORP	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(mV)

Temperature	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(˚C)

Alkalinity	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
mg/L	  CaCO3Sample	  Site

pHSample	  Site Specific	  Conductance	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
µS/cm

DO	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
mg/L

Field	  Parameters
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Figure 4.10 Dissolved oxygen (DO) concentrations in surface waters, Bicroft Mine, June 

2011. Measured concentrations of DO from Parsons et al. (in prep.). 
 

 The surface waters at the Bicroft Mine site had circum-neutral pH values ranging from 6.6 

to 7.7. Waters from the October 2011 sampling period demonstrated slightly more alkaline pH 
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values. Conductivity measurements decreased significantly with increasing distance from Auger 

Lake, suggesting that ions were being removed from solution over the course of the stream and 

wetland system. The variance in the conductivity between SW1 and SW2 changed significantly 

between seasons. The conductivity remained much higher throughout the stream system in waters 

from October 2011. This may suggest that the attenuation processes for sequestering ions from 

solution are somewhat inhibited at lower ambient temperatures. The ORP remained fairly 

consistent for the SW2 sampling location between sample periods, however, there is an extreme 

variation in the ORP for the SW1 sample between June and October 2011. There is a noted 

increase in the measured redox potential by Parsons et al. (in prep) between June and October 

2011(Table 4.2) suggesting that waters collected in October 2011 have a higher oxidation 

capacity. This is important as it may allow for reduced U(IV) to become remobilized as U(VI) in 

the tributary system. Measurements of surface water temperature and DO at the SW1 location 

showed little variation between seasons. The observed temperature at SW1 in June 2011 is 

consistent with a groundwater source. SW1 is dominated by a groundwater source, whereas SW2 

is influenced by surface water inputs. Groundwater sources are expected to have a low 

temperatures during summer months, and an equivalent to slightly greater temperature relative to 

surface waters that have equilibrated to the ambient temperature of the environment in the fall, as 

observed in Table 4.2.  A large decrease in surface water temperature was observed at the SW2 

sample location in October, as expected, which correlated to an observed increased in DO. 

Alkalinity in surface waters remained fairly consistent at both sample locations, with a slight 

increase at both sampling locations in October 2011.  

4.5.1.1 Anions and Metals in Surface Waters Within the <0.45 µm Fraction 
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Surface waters at SW1 and SW2 were analyzed for six anions, Br, Cl, F, NO3, PO4, and 

SO4 in the <0.45 µm samples (results shown in Appendix B). Of these anions, Br and PO4 were 

found to be below the instrumental detection limit of 0.02 ppm. Sulphate was consistently in 

greatest concentrations, followed by Cl, F, and NO3, respectively, and was found to have 

significantly greater concentrations, greater than 100x, relative to other anions. In addition, there 

was a consistent decrease in the concentrations of all of these anions in solution between the SW1 

and SW2 sampling locations. 

The distribution of trace elements in the <0.45 µm samples for SW1 and SW2, showed 

Br, P, and Sc to be below instrument detection in ICP-ES analyses for both October 2011 and 

July 2012 results. Ag, Cr, Hf, Re, Se, Sn, Ta, Te, and Zr were found to be below detection for 

both the SW1 and SW2 samples from October 2011; whereas Co, Ga, In, Nb, Re, Se, Ta, Te, and 

Ti were found to be below ICP-MS instrument detection in both the SW1 and SW2 samples from 

July 2012. For all samples, there was generally a decrease in the concentration of metals in the 

<0.45 µm fraction from SW1 to SW2, with the exception of an increase in the concentration of U 

in the SW2 sample from October 2011. This may suggest the potential release of U from 

sequestering sediments in the streambed and wetland upstream with seasonal changes in the 

wetland. Dominant elements in the <0.45 µm fraction at the SW1 location in the July 2012 were, 

from high to low concentration, Ca, S, Mg, Si, Fe, Na, Mn, and K. At SW2 in July 2012, the 

dominant elements in the <0.45 µm fraction were, from high to low concentration, Ca, S, Mg, Na, 

Si, and K. There was a general decrease in the relative concentrations of dominant cations in 

solution in the system, from July to October. At the SW1 sample location, and a general increase 

in concentrations of dominant cations at the SW2 sample location. This may represent a decrease 

in the amount of metals released from the tailings impoundments at colder ambient temperatures, 
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or an increase in the precipitation of metals in the initial tributary stream. With an increase in the 

release of U from the Retention Pond at colder ambient temperatures, this suggests that the 

methods of sequestration in the wetland area are reversed, causing the Retention Pond to become 

a source for trace contaminants. 

The relative concentrations of dominant cations and anions in Bicroft surface waters were 

plotted on a Piper diagram (Figure 4.11) for comparison to background water levels upstream of 

the mine site in Deer Creek (concentrations from Parsons et al. (in prep.)). The corners of the 

cation tri-plot are Ca2+, Mg2+ and Na++K+. The corners of the anions tri-plot are SO4
2-, Cl-, and 

CO3
2-+HCO3

-. The upper quadrilateral combined these plots into a matrix transformation of the 

anions and cations (Piper, 1953).  

 
Figure 4.11 Piper diagram of dominant cations and anions in surface water samples (SW1 
and SW2) collected in October 2011, relative to background (upstream of mine in Deer Creek). 

Diagram created from GW_Chart Software Program (Piper, 1953). 
 

The Piper diagram shows the similarities in major ion concentrations between the SW1 

and SW2 samples from October 2011. Although their dominant anions and cations are 
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characteristic of natural waters, these diagrams demonstrate that tailings effluent samples have a 

significantly greater concentration of SO4
2- and Ca2+ as compared to local streamwaters.  

For the purposes of preliminary geochemical modeling of surface water (<0.45 µm 

fraction, as well as retentate and permeate fractions separated using TFF) data collected at SW1 

and SW2 in October 2011 were selected for analysis using PHREEQC-i (PHREEQC Interactive), 

a geochemical modeling program designed and distributed by the US Geological Survey.  

Overall, the six solutions are quite similar. Both the <0.45 µm fraction and the retentate fractions 

will contain colloids, variances between these and the permeate fraction are important in 

understanding the colloid fraction.  The charge balance of both sets of water data (SW1 and SW2) 

are less than 5%, suggesting that the results from geochemical modeling are high quality and 

relatively complete, independent of the results of the geochemical modeling (Appendix F) 

(USGS). Although the charge balance suggests that the results from geochemical modeling are 

good, the calculated pe used in modeling was determined from the measured ORP recorded by 

Parsons et al. (in prep.) and may differ from the SW1 sample due to oxidation following sampling 

and during TFF. The SW2 sample had a significantly lower specific conductance, suggesting that 

the ionic strength and concentrations of dissolved ions in the water are lower (as shown in 

Appendix G), when compared to those observed at SW1, likely due to the precipitation of 

minerals and the groundwater source for the water in the tributary stream above the Retention 

Pond and in the Retention Pond. Similar primary aqueous species are found in solution at both 

points in the tributary stream. As expected, the SW1 sample contained slightly higher molalities 

of aqueous species in solution than at SW2. There is slight change in the relative proportions of 

U(IV) and U(VI) aqueous species in solution between the SW1 and SW2 locations. The U(VI) 

species present are many orders of magnitude greater than U(IV) species in solution, as shown in 
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Table 4.3, and U(IV) species are nearly negligible. There is a decrease in the concentration of 

U(IV) species downstream of the Retention Pond relative to the upstream location. The aqueous 

species showing a slight increase in concentration in the SW2 sample, relative to the SW1 

sample, are bicarbonate (HCO3
-), and dominant U(VI) species U(VI)O2(CO3)2

2- and 

U(VI)O2(CO3)3
4- (Table 4.3). The increase in HCO3

- downstream is likely due to sulphate 

reduction in the wetland, also acting as a major source of alkalinity, and the attenuation of metals 

by organic matter. As organic matter reduces metal concentrations from solution in the Retention 

Pond, CO3
2- ions are released into the system reducing the concentration of H+ ions in solution 

forming HCO3
-, and increasing the pH of the system, as was observed in Table 4.2 (Sheoran and 

Sheoran, 2006). The dominant U ion in solution was found to be U(VI)O2(CO3)2
2- and 

U(VI)O2(CO3)3
4-, suggesting that the majority of dissolved U in solution is complexed with CO3

2- 

ions in surficial waters. Since the wateq4f.dat database does not include REEs, dominant ions or 

complexes for Ce and La in solution were not determined. Previous research conducted by 

Trenfield et al. (2011a;b), suggests that metal bioavailability is decreased, but not eliminated, 

when metals are present as a complex, rather than free ions in solution. This suggests that U in 

surface waters at the Bicroft Mine should have relatively low bioavailability. The bioavailability 

and toxicity of REEs in solution is currently unknown, however it is likely that the free metal ion 

is the most bioavailable (Sun et al., 1996). 
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Table 4.3 Key results for dominant ligands and U species from aqueous speciation 
modeling. 

 

The saturation indices (SI) of potential secondary minerals were also determined through 

PHREEQC-i modeling (Appendix G). A positive SI indicates a mineral that is saturated or even 

super-saturated in solution, and may precipitate from solution. A negative SI indicates a mineral 

that is under-saturated in solution, and unlikely to precipitate out of solution. Nearly all minerals 

Species Molality % Species Molality %
OH-‐ 1.26E-‐07 -‐ OH-‐ 1.73E-‐07 -‐
H+ 3.59E-‐08 -‐ H+ 2.25E-‐08 -‐
H2O 5.55E+01 -‐ H2O 5.55E+01 -‐
C(4) 7.16E-‐04 C(4) 7.76E-‐04
HCO3-‐ 6.36E-‐04 88.79 HCO3-‐ 7.12E-‐04 91.73
CO2 4.84E-‐05 6.76 CO2 3.58E-‐05 4.61
CaHCO3+ 1.80E-‐05 2.52 CaHCO3+ 1.68E-‐05 2.17
MgHCO3+ 5.22E-‐06 0.73 MgHCO3+ 5.05E-‐06 0.65
CaCO3 2.38E-‐06 0.33 CaCO3 3.52E-‐06 0.45
MnHCO3+ 1.60E-‐06 0.22 CO3-‐2 1.75E-‐06 0.23
MnCO3 1.32E-‐06 0.18 MgCO3 4.84E-‐07 0.06
FeHCO3+ 1.24E-‐06 0.17 MnCO3 2.23E-‐07 0.03
CO3-‐2 1.06E-‐06 0.15 MnHCO3+ 1.76E-‐07 0.02
MgCO3 3.32E-‐07 0.05 NaHCO3 1.18E-‐07 0.02
FeCO3 2.73E-‐07 0.04 UO2(CO3)2-‐2 6.21E-‐08 0.01
NaHCO3 1.24E-‐07 0.02 UO2(CO3)3-‐4 4.80E-‐08 0.01
UO2(CO3)2-‐2 5.37E-‐08 0.01 SrHCO3+ 2.26E-‐08 0.00
U(4) 8.75E-‐16 U(4) 8.43E-‐19
U(OH)4 8.75E-‐16 99.99 U(OH)4 8.43E-‐19 99.99
U(OH)3+ 1.40E-‐19 0.02 U(OH)3+ 8.57E-‐23 0.01
U(5) 5.50E-‐13 U(5) 1.09E-‐14
UO2+ 5.50E-‐13 100.00 UO2+ 1.09E-‐14 100.00
U(6) 8.40E-‐08 U(6) 1.17E-‐07
UO2(CO3)2-‐2 5.37E-‐08 63.97 UO2(CO3)2-‐2 6.21E-‐08 53.19
UO2(CO3)3-‐4 2.47E-‐08 29.36 UO2(CO3)3-‐4 4.80E-‐08 41.10
UO2(OH)3-‐ 2.73E-‐09 3.25 UO2(OH)3-‐ 4.60E-‐09 3.93
UO2CO3 2.69E-‐09 3.20 UO2CO3 1.96E-‐09 1.68
UO2OH+ 1.15E-‐10 0.14 UO2OH+ 6.93E-‐11 0.06
UO2F+ 3.77E-‐11 0.04 UO2F+ 1.17E-‐11 0.01
UO2F2 2.51E-‐11 0.03

SW1	  <0.45 SW2	  <0.45

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution
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show a decrease in the SI from the SW1 to the SW2 sample. Due to kinetic limitations in the time 

frame of this system, only minerals with SI’s in the +/- 1.0 range are likely to control metal 

solubilities in solution. Minerals with SI’s >1.0 are likely prevented from precipitating by kinetic 

limitations. Minerals with +/- 1.0 SI’s include: anhydrite, aragonite, boehmite, barite, gypsum, 

halloysite, magnesite, phillipsite, prehnite, rhodochrosite, and wairakite (Figures 4.12 and 4.13). 

Minerals with high saturation indices (>> 1.0) include: Fe-oxyhydroxides, hematite, magnetite, 

goethite, maghemite, as well as aluminosilicates and aluminohydroxides. Minerals containing Fe 

and Al with high saturation indices may be indicative of minerals present in colloids which were 

redissolved due to the acidification of the waters prior to analysis, causing the SI to decrease 

significantly for other minerals containing these elements. Minerals that are oversaturated in the 

<0.45 µm and retentate fractions and less saturated or undersaturated in the permeate (truly 

dissolved) fraction (as shown by basaluminite, prehnite, halloysite, Fe(OH)3, and goethite in 

Figures 4.12 and 4.13), suggest Fe and Al phases that are present in the colloids. None of the 

saturated minerals in solution contain Mn in their chemical formula, suggesting that Mn minerals 

are unlikely to precipitate from solution and are not part of the colloid fraction. The PHREEQC 

results also suggest U minerals, coffinite and uraninite, have a near -1.0 SI in the SW1 sample 

(Appendix G), meaning these minerals will not likely precipitate from solution but may act as 

passive unreactive nanoparticles in solution inherited from mining and milling processes. This 

provides strong evidence for the role of colloids and interfacial surfaces in adsorbing and 

precipitating U and REEs from surface waters in the stream and wetland system at the Bicroft 

Mine. 
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Figure 4.12. Saturation indices (SI) versus minerals with SI near +/- 1.0 that may control 
mineral solubilities in solution. Three fractions of the SW1 sample (October-2011) are shown 

[<0.45 µm (blue), retentate (red), and permeate (green)]. 
 



 

116 

 

 
Figure 4.13 Saturation indices (SI) versus minerals with SI near +/- 1.0 that may control 

mineral solubilities in solution. Three fractions of the SW2 sample (October-2011) are shown 
[<0.45 µm (blue), retentate (red), and permeate (green)]. 

4.5.2 Tangential Flow Filtration (TFF), Colloid Concentration Calculations and Bulk 

Chemistry Elemental Associations 

ICP-MS/ES results obtained from the Geological Survey of Canada for aliquots of the 

total (<0.45 µm), permeate (dissolved) and retentate (colloidal) samples from TFF were used to 

calculate the abundance of chemical elements in the dissolved and colloidal fractions (Appendix 

H). To determine these abundances, the concentration factor (CF) of the fractionated system was 

determined. Following the calculations described by Hasselov et al. (2007), the concentration 

factor is described by: 
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𝐂𝐅 =    (𝐩𝐞𝐫𝐦𝐞𝐚𝐭𝐞  𝐯𝐨𝐥𝐮𝐦𝐞!𝐫𝐞𝐭𝐞𝐧𝐭𝐚𝐭𝐞  𝐯𝐨𝐥𝐮𝐦𝐞)
𝐫𝐞𝐭𝐞𝐧𝐭𝐚𝐭𝐞  𝐯𝐨𝐥𝐮𝐦𝐞

     (4.1) 

 

The concentrations of chemical elements in the colloid fraction is determined by: 

𝐌𝐞 𝐜𝐨𝐥𝐥𝐨𝐢𝐝 = 𝐌𝐞 𝐫𝐞𝐭𝐞𝐧𝐭𝐚𝐭𝐞! 𝐌𝐞 𝐩𝐞𝐫𝐦𝐞𝐚𝐭𝐞
𝐂𝐅

    (4.2) 

 

The component of the initial concentration that is retained on the filter membrane, termed the 

retention coefficient (RC), is described by: 

𝐑𝐂 = 𝟏 − 𝐌𝐞 𝐩𝐞𝐫𝐦𝐞𝐚𝐭𝐞
𝐌𝐞 𝐫𝐞𝐭𝐞𝐧𝐭𝐚𝐭𝐞

       (4.3) 

 

To determine the mass balance of the system the percent loss across the filter is calculated by: 

𝐋𝐨𝐬𝐬% = 𝐌𝐞 𝐭𝐨𝐭𝐚𝐥(!𝟎.𝟒𝟓𝐮𝐦)!( 𝐌𝐞 𝐜𝐨𝐥𝐥𝐨𝐢𝐝! 𝐌𝐞 𝐩𝐞𝐫𝐦𝐞𝐚𝐭𝐞)
𝐌𝐞 𝐭𝐨𝐭𝐚𝐥(!𝟎.𝟒𝟓𝐮𝐦)

  𝐱  𝟏𝟎𝟎  (4.4) 

 

From the colloid concentration calculations and bulk chemistry data, it is clear that La 

and Ce are present in both the colloid and dissolved phases in varying amounts between samples, 

with the greatest relative percent of colloids observed in the SW1-October 2011 sample (Figure 

4.14). Uranium, however, was predominantly found in the dissolved phase, with less than 1% of 

its total concentration in the colloid fraction in all samples. In the SW1 samples, there is a strong 

correlation between the relative percentages in the colloid and dissolved fractions for Al and La, 

and for U and Mn. This suggests that colloids containing Al may also contain La at the SW1 

sample location. Total concentrations (<0.45 um fraction) for U, Ce and La between the October 

and July sample seasons showed little variation, with U and La having slightly higher 

concentrations in the October 2011 sampling, and Ce having slightly higher concentrations in the 
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July 2012 sampling. The variances between the results for SW1 between the October 2011 and 

July 2012 samples may be due to a number of factors. The July 2012 sample was collected after a 

day of heavy rain in the area, causing possible dilution of the system due to the addition of 

surficial runoff to the stream system. Large (>1 um), near colloid size, possibly detrital U 

particles were identified (see section 1.5.3.1) under ESEM and in synchrotron micro-analyses of 

the SW1-July 2012 sample. It is possible that these near colloid sized particles settled from 

solution prior to ICP-MS analyses at the GSC, as they were maintained in a refrigerated 

environment for over one month, prior to shipment to the GSC. Twenty-four hours before ICP-

MS analysis, samples were shaken by hand to allow for the re-suspension of settled colloids and 

to allow for larger particles to settle overnight. However, without re-suspension of the colloids, 

using an ultrasonic bath, prior to ICP-MS analysis, it is likely that any settled colloidal material 

was not re-suspended into solution and went un-analyzed, skewing the results for the July 2011 

sampling period (Chipley, personal discussion) . 
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Figure 4.14 Relative percent concentrations of Ce, La, U, Fe, Mn, and Al in colloid (blue) 

and dissolved (red) fractions from TFF. 
 

During the TFF processing of surface water samples, in particular those collected at 

SW1, orange-brown staining of the spiral-wound filter cartridges was observed. Although 

particulate retention is expected in general filtration processes, in TFF, the flow of the sample is 

tangential to the surface of the filter membrane reducing the effects of membrane clogging and 

polarization effects at the filter membrane surface (Guegen et al., 2002). Fouling of the 

membrane surface, due to the accumulation of sample material on the filter membrane can cause 

problems with quantitative analyses associated with the measurement of colloid composition 

(Guegen et al., 2002). Large losses (>10%) in key elements (Fe, Al, Ce, La) were observed in 

calculated concentration results for the dissolved and colloidal fractions (Appendix H). In TFF, 

filter losses are expected to be <10% of the total concentration (Guegen et al., 2002; Hassellov et 

al., 2007). In a study conducted by Hassellov et al. (2007), evidence for the direct oxidation of 

Fe(II) due to atmospheric exposure through sampling and TFF was reported for natural waters. 
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This study stressed the importance for maintaining the ambient redox conditions of the sample to 

prevent significant filter losses of Fe, up to 100%, and any other elements associated with these 

amorphous Fe precipitates (Hassellov et al., 2007). Since Fe has a high affinity to adsorb other 

elements, Fe losses can greatly affect the mass balance for other elements in solution (Hassellov 

et al., 2007). Hassellov et al. (2007) attributed these losses to air exposure during TFF, which 

cause Fe to be precipitated onto the filter membrane, resulting in a rusty colour on the membrane 

at the end of the experiment. 

In the present study, it was assumed that the shallow surface waters (<30 cm in depth) 

collected ~200 m downstream of the effluent outflow pipe for the Auger Lake tailings 

impoundment would have equilibrated to the oxidized environment. In research conducted by 

Parsons et al. (in prep.) at the GSC, the increasing content of dissolved oxygen in stream waters 

downstream of Auger Lake can be observed (Figure 4.10). These results, and the abundant Fe 

oxides present in the stream channel below Auger Lake, suggest that waters collected at SW1 are 

relatively well oxidized. However, observations of rust-coloured staining on the filter membranes, 

and large losses apparent in mass balance calculations, suggest the Fe(II) is not fully oxidized at 

SW1, and that filter losses are most likely due to the hydrolyzation of Fe(II) to form amorphous 

iron oxides. 

These results have allowed for the initial characterization and determination of the 

relative association of U, Ce and La with other elements in the colloidal fraction. To determine 

which elements are associated with filter losses, and which elements are likely to be adsorbed to 

the Fe and Al on the filter, correlation plots were produced following the methods in Roth et al. 

(2001). These plots can be used for determining mass balances by comparing the total element 

concentration in the <0.45 µm samples to the combination of the element concentrations 
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calculated to be in the colloid and dissolved fractions (Figure 4.15-4.18). In these figures losses 

are demonstrated by elements plotting below the line representing a 1:1 ratio, as these elements 

have lower concentrations in the colloid + dissolved fractions than in the original <0.45 µm pre-

TFF sample. The higher relative loss of adsorbed elements by Fe(III) is due to a higher total 

concentration of Fe(III) than these elements (Hassellov et al., 2007). Generally, greater losses 

were found, as expected, at the SW1 location.  This further suggests that the water ~200 m 

downstream of the tailings effluent pipe are slightly sub-oxic, and as the system interacts with the 

atmosphere over the downstream course of the wetland and stream system, oxic water conditions 

are achieved by SW2. Losses in Fe were commonly associated with losses in Al, Ag, As, Cd, Cr, 

Pb, REEs (La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb, and Lu), Sn, Th, Y and Zn. 
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Figure 4.15  Correlation plot of calculated colloid + dissolved fraction elemental 

concentrations (ppb) vs. <0.45 µm elemental concentrations (ppb) for SW1 surface water 
sample from July 2012. Black line represents a 1:1 ratio of concentrations and no to little 

element retention on the filter cartridge. Elements plotting below the line show greater 
concentrations in the initial total (<0.45 µm) water sample than in the combined retentate + 

permeate aliquots suggesting a loss due to retention on the filter cartridge. Precision is within 5% 
for most samples, or the size of the point on the graph. 
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Figure 4.16 Correlation plot of calculated colloid + dissolved fraction elemental 

concentrations (ppb) vs. <0.45 µm elemental concentrations (ppb) for SW1 surface water 
sample from October 2011. Black line represents a 1:1 ratio of concentrations and no to little 

element retention on the filter cartridge. Elements plotting below the line show greater 
concentrations in the initial total (<0.45 µm) water sample than in the combined retentate + 

permeate aliquots suggesting a loss due to retention on the filter cartridges. Precision is within 5% 
for most samples, or the size of the point on the graph. 
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Figure 4.17 Correlation plot of calculated colloid + dissolved fraction elemental 

concentrations (ppb) vs. <0.45 µm elemental concentrations (ppb) for SW2 surface water 
sample from July 2012. Black line represents a 1:1 ratio of concentrations and no to little 

element retention on the filter cartridge. Elements plotting below the line show greater 
concentrations in the initial total (<0.45 µm) water sample than in the combined retentate + 
permeate aliquots suggesting a loss due to retention on the filter cartridge. Iron was below 

detection limits in the permeate and retentate aliquots, and is not plotted in the graph. Precision is 
within 5% for most samples, or the size of the point on the graph. 
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Figure 4.18 Correlation plot of calculated colloid + dissolved fraction elemental 

concentrations (ppb) vs. <0.45 µm elemental concentrations (ppb) for SW2 surface water 
sample from October 2011. Black line represents a 1:1 ratio of concentrations and no to little 

element retention on the filter cartridge. Elements plotting below the line show greater 
concentrations in the initial total (<0.45 µm) water sample than in the combined retentate + 
permeate aliquots suggesting a loss due to retention on the filter cartridge. Iron was below 

detection limits in the permeate and retentate aliquots, and is not plotted on the graph. Precision is 
within 5% for most samples, or the size of the point on the graph. 

 

A key finding in the correlation plots calculated from bulk chemistry data of TFF aliquots 

is the difference in element associations between U and REEs, specifically La and Ce. It is clear 

from the correlation plots that there is little to no loss of U across the filter; therefore, U is less 

likely to be associated with colloidal-sized particles comprised of Fe and Al in the system and 

may instead be present as detrital colloidal-sized U grains, dissolved ions or combined with other 

dissolved ligands as aqueous species in tailings effluent. Uranium has a high affinity for 
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complexing with CO3 ligands in aqueous solutions at circum-neutral pH (Krupka et al., 1999). 

With CO3 being one of the dominant ligands in solution, U ions are likely complexed to CO3. The 

U-CO3 complex has been demonstrated to prevent U from readily forming strong bonds with 

strong adsorbents, such as Fe and Mn-oxyhydroxides (Krupka et al., 1999), potentially inhibiting 

U adsorption to precipitating Fe-oxyhydroxides during the oxidation of the waters during TFF. 

Rare Earth Elements (including La and Ce), Zn, and Ba, however, were very well correlated with 

the primary elements demonstrating filter losses Fe and Al. This suggests that these elements are 

likely to be associated with flocculated and precipitated colloids in the sediments, as well as 

adsorbed and co-precipitated to reactive sites of stream and wetland sediments containing these 

minerals. Scanning electron microscopy and synchrotron based microanalysis, including µXRD, 

bulk and µXANES, and XRF mapping were used to determine the minerals hosts for these 

elements of interest and the speciation of these elements. 

 

4.5.3 U and REE Hosts in Colloids 

4.5.3.1 Environmental Scanning Electron Microscopy (ESEM) 

ESEM analysis was used to retrieve images of the colloids and determine whether the 

general chemistry of flocculated colloids was fairly homogenous, and whether coarse detrital 

grains with high U counts were present. Using a backscattered electron detector (BSED) on the 

ESEM, U and REEs appear as very distinctive phases. The brightness of a grain under SEM is 

dependent on the average atomic number, therefore minerals containing U, REEs, and other high 

atomic number elements appear bright. The general chemical composition of colloidal material 

was also identified. All four colloid samples showed similar textures and chemical composition. 

Colloids appeared as a round- to tube-shaped, amorphous, fluffy, coagulated matrix between 
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bow-ties of lathed gypsum. The morphology of the gypsum crystals suggests they likely 

precipitated from remnant solution during the drying of the samples prior to carbon coating 

(Figure 4.19). The size and amount of gypsum lathes varied between samples, however, the 

chemical composition of the flocculated colloid matrix (Figure 4.20(A)) and the gypsum lathes 

(Figure 4.20(B)) appeared consistent.  

 
Figure 4.19 BSE images of mounted colloids from SW1 - July 2012 (A and B) and SW2 (C) 
– October 2011. (A) Broad scale image showing bright, crystalline, gypsum lathes dispersed in a 

fluffy, flocculated matrix of round to tube-shaped colloids. (B) Zoomed in image of the fluffy, 
flocculated colloid matrix, illustrating the round to tube shaped interconnected amorphous 

particles of the colloid matrix. (C) Close-up of well-developed bow-tie shaped crystalline gypsum 
lathes surrounded by the colloid matrix, which has been dehydrated in the ESEM forming 

desiccation cracks. 
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Figure 4.20 EDS Spectra for (A) flocculated colloids and (B) gypsum lathes from SW1 – 
July 2012. The relative counts of different elements in the spectra represent the proportional 

amounts of these elements in the spot sized EDS spectra analysis. Colloids (A) are predominantly 
comprised of Fe with O and Si, with minor amounts of Al, Ca, S and Mg, whereas EDS analyses 

show the gypsum lathes (B) are predominantly comprised of Ca and S in addition to O, with 
small amounts of K, Al, Mg, Na, Si, and Fe. 

 

The only U-bearing grains detected using ESEM were in the sub-sample from SW1 in 

July 2012 (Figure 4.21). These grains, varying from 1 um to 4 um in size and are presumed to be 

detrital due to their dense and subrounded-angular shape relative to the amorphous, fluffy 

colloidal matrix as shown in Figure 4.19(B). Although there is exposure of oxidized tailings 

surrounding the tailings impoundments, aeolian processes are unlikely to have only dispersed 

nanoparticle sized grains of U into the stream and wetland and not more commonly found 

minerals in the oxidized tailings such as feldspars, quartz and biotite, which were not observed on 

the ESEM. Samples were also protected from exposure and potential contamination from other 

outside sources in the lab by drying them within a specialized covered container for SEM pegs, 

and were only uncovered for carbon coating and placement of the sample pegs in the ESEM for 

analysis.  If contamination did occur, it would be expected that other large grains of varying 

A"

B"
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composition would also be observed. Rare earth elements were not detected as they are not in 

high enough concentrations in the colloid particles to be measured by the EDS. Gypsum and 

colloids may also coat the detrital grains, leading to a mixed EDS signal and not allowing for U 

mineral identification. To further determine the mineralogy of these crystalline U colloids, as well 

as the mineralogy of colloids associated with higher concentrations of REEs, synchrotron micro-

analyses were required. 

 
Figure 4.21 Detrital U-rich grains found under BSED during ESEM analyses of sample 

SW1 – July 2012. The primary composition of all detrital U-rich grains found under the ESEM is 
U, O, Si, P, Ca, S, Fe, and Al. 

4.5.3.2 Synchrotron Micro-analyses 

To further identify the mineralogical hosts of U and REEs in colloids at the Bicroft Mine 

site, synchrotron microanalyses including bulk- and µ-XANES, µXRD and XRF mapping were 

used. Bulk-XANES for Ce were collected at the APS synchrotron on the SW1 colloid samples. 

Unfortunately, the two SW2 samples yielded poor XANES results, which are likely caused by 

low concentrations of the element in the targeted area, with multiple scans resulting in self-

absorption. Bulk Ce XANES for the SW1 samples were consistent with a Ce(III) oxidation state 
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(Figure 4.22). This suggests that Ce may predominantly be adsorbed to Fe-rich colloids, as 

Ce(III) is often oxidized, independent of the redox conditions, to Ce(IV) when adsorbed to the 

surface of Mn-oxides or ferromanganese oxides (Schijf and Marshall, 2012; Loges et al., 2012). 

This Ce anomaly has been reported to be much more pronounced in the Mn-oxide system than the 

Fe-oxyhydroxide system (Moffett, 1994; Nelson et al., 2003; Ohnuki et al., 2008; Loges et al., 

2012; Schijf and Marshall, 2012), providing further evidence that REEs, in particular Ce, are 

most likely adsorbed to Fe-oxyhydroxides. Alternately, these results may also indicate that 

catalyzation of the oxidation of Ce(III) to Ce(IV) once adsorbed to Mn-oxides and 

ferromanganese oxides is not occurring under the field conditions observed in the surface waters 

at the Bicroft Mine.  

 
Figure 4.22 Bulk Ce XANES collected at the APS in August 2012. Bulk XANES scan collected 
on the SW1 – July 2012 (A) and SW1 – October 2011 (B) samples showing good fit to the data 
with 100% Ce(III). The blue line represents the collected, background subtracted scan for the 

sample and red line represents the fit of the standard reference scans to the data. In this case the 
red line represents 100% Ce(III) carbonate.  

 
XRF mapping conducted at the X26A beamline shows a strong correlation between REEs 

(Ce and La) and Fe and Mn in correlation plots composed from XRF element maps (Figure 

4.23(A and B)). In addition, Ce and La also show strong correlation in plots from XRF element 

maps, suggesting that mineralogical host(s) do not discriminate between the adsorption of Ce and 
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La and that they are adsorbed at a constant ratio (Figure 4.23(C)). The bunching of points at low 

concentrations in Figure 4.23, is likely because of the low concentration of both Ce and La in this 

sample. Since these samples are not thin sections, with near uniform depth of the sample across 

the areas mapped, areas on the Kapton® tape that had a greater volume of the colloid material 

clumped together would result in an increased number of counts, and areas with a thin layer of 

colloids would plot with relatively low counts. The detection of U and its association with Fe and 

Mn, was not determined at the X26A beamline. Because of its low concentrations, U detection 

requires higher flux, and the use of a 13-element Ge detector, as U requires a higher energy beam 

for excitation. Hot spots of high REE counts in XRF mapping were then targeted using µXRD to 

determine the host mineralogy. µXRD targets produced no to poor results, resulting in no 

identifiable host minerals due to lack of diffraction. Sub-micron crystallites with non-random 

orientation are displayed as bright spots and spotty rings in 2-D images due to discrete diffraction 

patterns, causing poor and often unidentifiable diffraction patterns. To characterize the colloid 

host mineralogy, Fe µXANES were collected at the X27A beamline. Goethite, lepidocrocite, two-

line ferrihydrite, and hematite were identified as host minerals through least-squares fitting of Fe 

µXANES spectra (Figure 4.24). This further suggests that REEs (Ce and La) are primarily 

adsorbed to colloidal sized Fe-oxyhydroxides in solution. Chi values (spoil values) for the fitting 

of µXANES were used to optimize the fit, as well as maintain errors in analysis to a minimum. 

Spoil values for most µXANES completed on samples ranged from 0.6 to 3.0 which are 

considered to be excellent (0-1.5) to good (1.5-3) values (Seiter et al., 2008). 
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Figure 4.23 µXRF map element correlation plots for REEs on sample SW1 – October 2011. 
Graphs show the relative correlation of concentration of two elements per pixel. The number of 

counts for each element can be considered a relative concentration. The graphs show the 
correlation between La and Fe (A), La and Mn (B) and La and Ce (C). A good correlation has a 
near 1:1 ratio for the two elements and would suggest that those elements likely coincide in the 

same minerals in the corresponding µXRF Map.  
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Figure 4.24 Fitted Fe µXANES collected on SW1 and SW2 samples from October 2011. 

Background subtracted Fe µXANES collected on 2 targets from SW1 (A and B) and 3 targets on 
SW2 (C, D and E) were fitted using the standard reference µXANES patterns for 14 Fe minerals 
(Figure 4.9). The blue line represents the collected, background subtracted scan for the sample 

and red line represents the fit of the standard reference scans to the data.  
 

 Bulk U XANES collected at the APS synchrotron for the SW1 – July 2012 sample 

showed a mixture of 79% U(IV) and 21% U(VI) (Figure 4.25). The oxidation state of U in the 

other colloid samples was undetermined under the broad beam, as quality bulk XANES scans 
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could not be achieved. The total concentration of U in all samples was low (0.058 to 0.112 ppb) 

and it is hypothesized that the majority of the U in these samples is contained within a few coarse 

detrital grains and not dispersed as adsorbed species to colloids under the cross-sectional area of 

the beam, preventing a quality scan from being collected. Since detrital grains of U were only 

observed in the SW1-Jul sample on the ESEM, and this was the only sample with decipherable 

quality bulk XANES scans, this further suggests the presence of detrital U grains composed of 

primary ore materials, most likely uraninite or uranothorite, which are U(IV) bearing. Previous 

studies have shown that secondary U mineral rims or coatings can form on detrital U(IV) grains 

in oxidized systems (Deditius et al., 2007). Since these U(IV)-bearing grains have been 

transported into an oxidized environment, it is likely that the surface of these grains has oxidized 

to form secondary U(VI) minerals, such as autunite and carnotite. Additionally, U(VI) present in 

the dissolved fraction of the surface water has likely adsorbed in small concentrations to other 

mineral hosts in the colloids, accounting for the 21% U(VI) observed in the bulk U XANES. To 

verify these hypotheses, XRF mapping with a micro-scale beam was conducted.  



 

135 

 

 
Figure 4.25 Bulk U XANES on sample SW1 – July 2012. The blue line represents the collected, 
background subtracted scan for the sample and red line represents the fit of the standard reference 

scans to the data. The fitted (red line) is composed of a fit of 79% U(IV) and 21% U(VI). 
 

XRF maps of colloids mounted on Kapton®, show areas of U hotspots, and where U 

hotspots are associated with other elements, such as Fe and Mn (Figure 4.26). Element correlation 

plots were developed from the XRF element maps to demonstrate whether the elements correlate 

in relative concentrations to each other. The correlation plots for U and Fe, and U and Mn for all 

samples showed generally good correlation at low concentrations, suggesting that U may also be 

present in a more mobile U(VI) oxidation state and readily adsorbed to Fe and Mn-

oxyhydroxides, as is the case for REE-Fe and REE-Mn correlation. However, at higher U 

concentrations there is much poorer correlation between U and Fe, and U and Mn (Figure 4.27). 

This further supports the hypothesis that U in the colloidal fraction may be comprised of both 

detrital U grains and U adsorbed onto other minerals in the colloid fraction. The poor correlation 

at higher U concentrations, and for the SW1-Jul sample at all concentrations (Figure 4.27(A)), is 
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indicative of either another mineral phase, not composed of Fe and Mn, to which U(IV) is 

adsorbed, or a U-rich detrital mineral such as uraninite or uranothorite.  

 
Figure 4.26 µXRF tri-plot element maps. Element maps are comprised of 3-elements, Fe, Mn 

and U represented by 3-colours, red, blue and green, respectively. Mixtures of these colours 
imply a mixture of these elements in that pixel, with corresponding relative concentrations to the 

triangle legend in D. From A to D the maps correspond to samples (A) SW1 – July 2012, (B) 
SW1 – October 2011, (C) SW2 – October 2011, and (D) SW2 – July 2011. Targets (numbers) 

corresponding to the locations of µXRD and µXANES conducted on the sample are included in 
map images A and C. 
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Figure 4.27 µXRF map element correlation plots for U on all four colloid samples (letters 

corresponding to the same samples and maps in Figure 4.26). Graphs show the relative 
correlation of concentration of two elements per pixel. The number of counts for each element 
can be considered a relative concentration. The graphs show the correlation between U and Fe, 

and U and Mn for (A) SW1 – July 2012, (B) SW1 – October 2011, (C) SW2 – October 2011, and 
(D) SW2 – July 2011. 
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To determine the mineralogy of hot spots of U, µXRD and µXANES were collected at a 

series of targets on each sample. Targets for µXRD on areas of high U concentrations in colloid 

samples generally showed no to little diffraction, creating at most irregular spots, or fuzzy faint 

rings rather than smooth Debye-Scherrer rings in 2D µXRD images. This indicates that the 

crystal size of the target mineral is either too large relative to the diameter of the synchrotron 

beam, or the orientation of these micron to sub-micron crystallites was not sufficiently random to 

produce full rings. Two targets on the SW2 – October 2011 sample did provide diffraction 

patterns, determined to be goethite (FeO(OH)), gypsum (CaSO4·2H2O), and uraninite (UO2), 

using the International Center for Data Diffraction (ICDD 2010) reference pattern database and 

peak matching software X-Pert High Score Plus (Figure 4.28). This target is located in an area of 

the XRF map containing U, Fe, and Mn together (Target 4, Figure 4.26(C)).  
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Figure 4.28 2D µXRD image showing Debye-Scherrer rings for goethite, gypsum and 

uraninite and corresponding target location on the tricolor µXRF map of the SW2 – October 
2011 sample. µXRF element map is comprised of 3-elements, Fe, Mn and U represented by 3-
colours, red, blue and green, respectively. Mixtures of these colours imply a mixture of these 

elements in that pixel, with corresponding relative concentrations shown in the triangle legend.  
 

In general, µXANES for colloids were indecipherable due to noise or poor signal, as 

samples did not have a high enough concentration of U in the target location to yield a µXANES 

scan.  Five targets did provide µXANES results, four in the SW1 – July 2012 sample and one in 

the SW2 – October 2011 sample (Figure 4.29). Micro-XANES results for these targets generally 

agreed well with the percentages of U(IV) and U(VI) in bulk XANES samples, with a greater 

proportion of U(IV) (Table 4.4). Targets in XRF maps with a higher correlation (based on colour) 

of U with Fe and Mn generally showed a greater proportion of U(VI) than targets with less of a 

correlation between U and Fe and Mn.  However, these targets still contained greater than 50% of 

U(IV). The proportion of U(IV) in samples where detrital U was not observed through ESEM 
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analyses may be the result of secondary precipitation of U(IV) due to reductive precipitation of U 

by the oxidation of Fe(II) in the system which catalyzes the reduction of U(VI) to U(IV) (Scott et 

al., 2005). Interestingly, µXANES from the SW2 location showed a greater proportion of U(VI) 

(Figure 4.29(B)). This suggests that U in the colloid fraction below the Retention Pond is 

primarily adsorbed to other minerals, as U(VI) is very mobile in oxidized conditions. In addition, 

the concentrations of trace elements, including U and REEs, is significantly decreased in the 

stream water (<0.45 µm) below the Retention Pond (see Figure 4.2). It is possible that a large 

amount of the near colloid-sized detrital U is flocculated and settled from solution prior to exiting 

the Retention Pond, leaving predominantly colloids that have absorbed U(VI).  
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Figure 4.29 Uranium µXANES for SW1 and SW2, fitted to determine relative % U(IV) and % 
U(VI) in the sample. The blue line represents the collected, background subtracted scan for the 
sample and red line represents the fit of the standard reference scans to the data. Background 

subtracted U µXANES collected on 4 targets on SW1 – July 2011 (A, B, C, and D) and 1 target 
on SW2 (E) were fitted using the standard reference µXANES patterns for two U minerals 

(Figure 4.8). Target numbers for corresponding µXRF maps can be found in Table 4.4. 
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Table 4.4 Relative proportions of U(IV) and U(VI) in colloids determined from U µXANES 
(Figure 4.29) on prospective targets. Map target numbers correspond to numbers shown on maps 
in Figure 4.26. 

 

 

The oxidation state of U in colloids and precipitated sediments from the colloid fraction 

is important as it contributes to the potential for U to be remobilized into solution if there is a 

change in the chemical composition of the system. The adsorption and co-precipitation of U with 

Fe-oxyhydroxides can be related to two processes, surface complexation and reductive 

precipitation by dissolved Fe(II), which may lead to mixed valence behavior in sediments (Scott 

et al., 2005). In contrast, surface complexation modeling shows that REE adsorption to Fe-

oxyhydroxides is primarily through adsorption and co-precipitation (Quinn et al., 2007; Schijf 

and Marshall, 2012). The reductive precipitation of U with Fe-oxyhydroxides requires a source of 

soluble Fe(II) (Scott et al., 2005). The Fe(II) catalyzes the reaction, allowing for adsorbed U(VI) 

to be reduced to a solid U(IV) mineral, rendering it immobile, and forming Fe(III), as 

demonstrated in the following formula (Scott et al., 2005):   

𝟐𝐅𝐞 𝐈𝐈 +   𝐔 𝐕𝐈 → 𝟐𝐅𝐞 𝐈𝐈𝐈 +   𝐔(𝐈𝐕)       (4.5) 

 

In natural environments, a mixed valence state of U(IV) and U(VI) in sediments can be attributed 

to competition between the two methods for adsorption and co-precipitation (Allen and Holmes, 

1993; Scott et al., 2005).  The observation that U is present at Bicroft Mine as coarse detrital 

minerals, as well as oxidized and re-precipitated in the colloids is important, as U(IV) is relatively 
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immobile and insoluble in neutral pH environments as compared to U(VI) species (Langmuir, 

1978). Ferrous Fe oxidation was observed during the TFF process and the results of Parsons et al. 

(in prep.) show that the tributary waters become increasingly oxidized as they move through the 

stream and wetland environment. This would allow for adsorbed U to be maintained in a more 

stable and less mobile state than adsorbed and co-precipitated U(VI). 

4.6 Conclusions 

The chemistry of surface water samples prior to TFF shows a general decrease in the 

amount of metals and sulphate (in the <0.45 um fraction) released from the Auger Lake tailings 

impoundments at colder ambient temperatures, which may also be coupled with an increase in the 

precipitation of metals in the initial tributary stream above the Retention Pond. The decrease in 

ambient temperatures in October 2011 is also accompanied by an increase in the release of U 

from the Retention Pond, which suggests that the methods of sequestration in the wetland area are 

less effective in the fall, and may also result in the release of trace contaminants from the pond. 

Chemical and mineralogical characterization of host minerals in the tributary streams 

suggests that the mobility of U in the colloid fraction is governed by transport of detrital U(IV) 

grains, adsorption of U(VI) to Fe- and Mn-oxyhydroxides, and reductive precipitation of U(IV) 

coupled with the oxidation of Fe(II). In contrast, REE (Ce and La) mobility is primarily governed 

by adsorption to Fe- and Mn-oxyhydroxides in the colloid fraction of the aqueous system. In 

conducting TFF on waters downstream of the tailings impoundments, orange-brown staining of 

the filter membrane was observed in SW1 samples, suggesting that dissolved Fe(II) was oxidized 

and precipitated during TFF processing. TFF reservoir mass-balance calculations identified losses 

of Fe and Al on the filter membrane, as well as similar losses of REEs. In contrast, U showed 



 

144 

 

little to no filter loss during TFF, which suggests that U is not primarily associated with the 

formation of Fe-oxyhydroxides in solution.  

The strong association of REEs with Fe-oxyhydroxides in both XRF element correlation 

plots, µXRD, and Fe µXANES results provides further evidence that REEs are primarily 

adsorbed, through surface complexation, to colloid particles composed of Fe-oxyhydroxides 

(goethite, lepidocrocite, two-line ferrihydrite and hematite) that may flocculate and precipitate 

from aqueous solution. In addition, the presence of Ce(III) in bulk XANES analyses suggests that 

any adsorption of Ce by colloidal Mn-oxides in solution does not catalyze the oxidation of Ce(III) 

to Ce(IV). The observation of REE adsorbtion to colloidal species is important, as the 

bioavailability and toxicity of REEs is poorly understood. In general, metals are considered most 

bioavailable in the free ion state (Walker et al., 2007). Since the REEs were found to readily 

complex and precipitate from solution during the flocculation and settling of Fe-oxyhydroxides, 

this suggests that REE bioavailability in this system is relatively low. 

The lack of diffraction under the micro-focused synchrotron beam, and poor element 

correlations between U and Fe- and Mn-oxyhydroxides at high U concentrations, suggests that U 

is present in the Bicroft colloids and stream sediments as coarser, non-microcrystalline, detrital 

crystals of colloid size, such as the primary ore minerals, uraninite (UO2) and uranothorite 

((Th,U)SiO4). Micro-XANES analyses show that U in the SW1 colloids is primarily (60-80%) 

U(IV), providing further evidence that U is hosted in detrital minerals and has not been 

extensively oxidized and adsorbed to other colloids in solution. The presence of U(IV) may also 

result from secondary precipitation of U(IV) minerals from Fe(II) catalyzed reduction. The 

predominance of U as U(IV) is important, as U(IV) is considered relatively insoluble and less 

mobile than U(VI) in circum-neutral pH environments (Langmuir, 1978). Micro-XANES 
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analyses show that 20-40% of the U in the SW1-Jul sample is U(VI), and 80% in the SW2-Jul 

sample. Uranium(VI) was found to be associated with colloids of Fe-oxyhydroxide composition, 

primarily goethite, and was likely adsorbed by outer sphere complexes (Essington, 2003). The 

increase in the amount of U(VI) downstream of the Retention Pond, along with a general decrease 

in U concentration, suggests that detrital grains and reductively precipitated U is filtered or settled 

out of solution in the Retention Pond. This demonstrates that the Retention Pond may act as a 

repository for these trace elements. 

The results of this study will help to develop better monitoring strategies for U tailings 

sites that could reduce the impacts of future U mining operations. The transport of U and REEs 

by colloids in an aqueous system demonstrates the potential for long range transport of these 

elements. However, their associations with readily flocculated Fe-oxyhydroxides or detrital 

grains, which appear to readily settle from solution in low-flow environments, suggests that the 

long term use of passive attenuating stream and wetlands systems is an appropriate method of 

reducing the environmental impacts associated with U mine tailings effluents. 
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Chapter 5 

Characterization of the Attenuation of U and REEs by Stream and 

Wetland Sediments near the Bicroft Mine, Bancroft, Ontario 

5.1 Introduction 

The extraction of U from the mining and milling of ore to produce fuel for nuclear power 

plants poses a unique environmental risk. Unlike other mine wastes, U mill tailings contain long-

lived radioactive elements (U, Th, Ra, and Rn) and maintain approximately 85% of the 

radioactivity of the original unprocessed ore (Abdelouas et al., 1999). The mitigation of human 

and ecosystem exposure to radioactivity from mine wastes is difficult, as the release of 

radioactivity cannot be completely prevented through physical, chemical and biological controls.  

Since the U in most ores is disseminated throughout the host rock, mining and milling produces a 

large volume of hazardous waste, which is often deposited in unlined surficial tailings 

impoundments. Following deposition, tailings may undergo chemical reactions including both 

oxidative and reductive dissolution, bringing U and other associated trace metals (Pb, REEs) and 

radionuclides (226Ra) into aqueous solution and potentially contaminating large volumes of 

surface and groundwater (Schöner, 2009). Therefore, reducing human and ecological exposure to 

toxic elements and preventing the release of these radioactive elements is imperative. 

The natural attenuation of U from mine wastes has been observed in other studies of 

stream and wetland sediments by Schöner et al. (2004; 2009) in Thuringia and Saxony, Germany, 

Veselic et al. (2001) in Slovenia, Groudev et al. (1999) in Bulgaria, and Shinners (1996) and 

Lottermoser and Ashley (2005) in Australia. These studies have suggested that U is primarily 

attenuated by Fe- and Mn-oxyhydroxides and natural organic matter; however, the host 
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mineralogy of U in sediments was undetermined. The natural attenuation of REEs has been 

observed in previous studies, focusing on the use of REEs as a tracer for geochemical processes 

by relating the absolute and relative concentrations of REEs to a variety of environments 

(Goldberg et al., 1963; Hogdahl et al., 1968; Kolesav et al., 1975; Quinn et al., 2006). However, 

the release of lanthanides from mine waste through weathering processes, and their 

environmental impacts and toxicity once released into aqueous solution, have not been fully 

characterized (Brookins, 1989). Previous studies have determined that REEs are mobilized under 

acidic conditions, and precipitated or otherwise sequestered at higher pH conditions (Brookins, 

1989). In addition, REEs are known to readily complex with ligands, dominantly CO3
2- and 

organic ligands in the aqueous environment and are often associated with particulate matter and 

organics in shallow surface waters (Cantrell and Byrne, 1987; Brookins, 1989). Although there is 

qualitative evidence for the natural attenuation of these elements when released from mine waste, 

quantitative evidence of the host mineralogy and the processes involved in sequestering U and 

REEs (Ce and La) are poorly understood and critical gaps in field-based research remain 

(Brookins, 1989; Schöner et al. 2009).  

This study focuses on understanding the mineralogical and geochemical controls that 

influence the sequestration and stability of U and REEs (Ce and La) in sediments of a passively 

attenuating stream and wetland system sourced by effluent from a U tailings impoundment at the 

Bicroft Mine near Bancroft, Ontario. The passive treatment system has been in operation for over 

fifty years with minimal remediation, providing information on both the processes involved in 

attenuating these trace elements and the long-term effectiveness of this method of pollution 

control. Detailed characterization of the tailings, stream and wetland sediments through field 

observations, bulk chemistry, and mineralogical observations from scanning electron microscopy 
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and synchrotron micro-analyses were used to identify the main sources for U and REE 

attenuation and stability. The results of this study will help to develop better monitoring strategies 

for U tailings sites and should reduce the impacts of future U mining operations. 

5.1.1 Geology of the Bicroft Mine, Bancroft, ON  

The decommissioned Bicroft Mine operated from 1957 to 1963, and is located 19 km 

southwest of Bancroft, Ontario in the Cardiff Township of Haliburton County. The mine is 

located along Deer Creek, north-northeast of Paudash Lake. The area is comprised of high-grade 

metamorphic and metasomatic rocks cross-cut by pegmatitic and granitic dykes and sills 

associated with three plutonic complexes: Cheddar Batholith, Cardiff Plutonic Complex, and the 

Faraday Granite (Evans, 1962). The Bicroft Mine is one of 125 low-grade (~0.17 wt% U3O8) 

pegmatite-type U prospects discovered in the area and is located on the southeastern corner of the 

Cardiff Plutonic Complex (Figure 5.1) (Evans, 1962; Griffith, 1986; Hewitt, 1988; Lentz, 1996).   
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Figure 5.1 Geological diagram showing the locations of U mines near Bancroft, Ontario 

(after Hewitt, 1988). Modified from Robinson, 1961. 
 

A kilometre-wide zone of pegmatitic granite dykes in a region of easterly dipping 

amphibolite-grade metamorphic and metasomatic gneisses hosts the disseminated U deposits of 

this area (Griffith, 1986). The distribution of pegmatite dykes is controlled by late fractures and 

partial assimilation of graphitic pelitic gneiss (host rock) by intrusive bodies during the waning 

stages of the Grenville Orogeny, ca. 1020-1050 Ma (Evans, 1962; Rimsaite, 1982; Easton, 1986; 

Griffith, 1986; Heaman et al., 1987; Lentz, 1996). Uranium ore minerals are disseminated as part 
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of an accessory suite of minerals within pegmatitic granite dykes, which strike in a N-NW 

direction. Lenticular bodies of massive ore have also been found following wall-rock lineations 

from the dyke contacts with the wall rock (Griffith, 1986). Processed ore at the Bicroft Mine 

consisted mainly of microcline, microcline perthite, quartz, peristerite (sodic plagioclase), and 

biotite, with accessory uraninite, uranothorite, fluorite, titanite, cyrtolite, calcite, pyrite, 

pyrrhotite, and molybdenite (Lillie et al., 1961). 

5.1.2 Wastes Produced by Mining, Milling, and Metallurgical Operations  

The Bicroft Mine was the second largest producer of U in the Bancroft area, producing 

over 2017 tonnes of U oxide (U3O8) and generating approximately 2,284,421 tonnes of tailings 

over the life span of the mine (Table 5.1) (Lillie et al., 1961; Griffith, 1986). Wastes from the 

processing plant were transported as slurry through a 25.4 cm wood stave pipe and discarded into 

two tailings impoundments, Auger Lake and the South Tailings Basin, between 1957 and 1963 

(Lillie et al., 1961; Griffith, 1967; Proulx, 1995). Details of the ore processing and subsequent 

neutralization of tailings at the Bicroft Mine are outlined in Chapter 1 (1.3).  
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Table 5.1 Production including waste rock and tailings at the Bicroft Mine from 1957-1963. 
Table adapted from Griffith (1967) and Proulx (1995). Values are representative for the price of 
mining, milling, and value of U in 1956-1963, to adjust for inflation $1 is equivalent to $7.98 in 
2013 (Bank of Canada, 2013). Adaptation includes the alteration of tons to tonnes. 

 

5.1.3 History of Pollution at the Bicroft Mine 

Tailings were primarily deposited into the Auger Lake tailings impoundment, which is 

dammed at both the N and S ends (Figure 5.2). Effluent from Auger Lake drains through a culvert 

at the base of the tailings dam and is the primary water source for the downstream tributary and 

wetland system. Surface water overlying the tailings in Auger Lake also drains through a weir 

spillway during heavy rains, and mixes with effluent from the tailings dam toe drain. Once 

released, effluent initially flows over 200 m as a tributary stream before draining into a Retention 

Pond (wetland) that is dammed with a weir and spillway at its south end. Waters discharged from 

the Retention Pond feed a second tributary stream, which connects to Deer Creek ~500 m 

upstream of Inlet Bay of Paudash Lake (Figure 5.2). Provincial Water Quality Objectives 

(PWQOs), established by the Government of Ontario, are to be met where these drainage waters 

meet a public waterway. In an Ontario Ministry of the Environment report (MOE, 2003), it is 

suggested that PWQOs are expected to be met at the mouth of Deer Creek, where waters 

discharge into Inlet Bay of Paudash Lake.  

Year

Sorting+
Plant+
Discard+
(tonnes)

Average+
Discard/day+
(tonnes)

Tonnes+
Milled

Average+
Milled/day+
(tonnes)

Recovery
/Tonne+
Milled

Mill;head+
Grade+

($/tonne)

Gross+
Production

1957 % % 375,596 1,029 $19.05 $20.86 $7,156,693
1958 7,284 68 421,551 1,155 $21.00 $22.80 $8,850,454
1959 42,591 117 384,985 1,054 $21.53 $23.17 $8,288,700
1960 47,496 130 367,121 1,007 $22.11 $23.45 $8,117,007
1961 47,302 129 305,375 837 $22.01 $23.35 $6,724,823
1962 44,167 % 322,880 885 $14.51 $15.47 $4,682,178
1963 n/a n/a 106,914 n/a n/a n/a $2,437,831
TOTAL 188,840 444 2,284,421 994 $20.03 $21.51 $46,257,686

Production+at+the+Bicroft+Mine
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Tailings effluent and surface water runoff from the impoundments at the Bicroft Mine 

has been monitored by the Ontario Water Resources Commission in the 1960s and the Provincial 

Water Quality Monitoring Network since the 1970s. In addition, surface water monitoring was 

conducted on a periodic basis by the mine property owner during production (MOE, 2003). Metal 

concentrations in Deer Creek downstream of the tailings impoundments range from 1.1 µg/L to 

8.17 µg /L and were previously found to exceed background levels (1.5 µg/L to 2.0 µg/L) and 

occasionally exceed the PWQO of 5 µg/L (MOE, 2003). However, effluent from tailings 

impoundments at the Bicroft Mine were found to have the lowest overall concentrations of 

dissolved metals in receiving waters relative to other U mines in the area (MOE, 2003).  

In addition to water sampling, sediment and biotic sampling were conducted by the MOE 

in 1986 and 1987 (MOE, 2003). High concentrations of 238U were found in sediments of the 

tributary stream below the Retention Pond (88 ug/g), and in Deer Creek. Sediments in Deer Creek 

showed concentrations of 690 µg/g and surface sediments from Inlet Bay of Paudash Lake had 

concentrations of 120 µg/g (MOE, 2003), suggesting that contaminated sediments extend at least 

1.2 km away from the tailings impoundments and mine site. In a document published by the 

Deputy Minister’s Committee in 1965, a tailings dam breach is reported to have occurred in 1957 

sending tailings as far as Paudash Lake, which may explain some of the high levels of sediment 

contamination observed in the MOE’s studies. However, the concentration of U measured in the 

tailings (63 ppm) was much lower than the concentrations of U detected downstream at the mouth 

of Deer Creek (346 ppm) (MOE, 2003). This finding led researchers at the MOE to suggest that 

effluents from the Retention Pond and not the tailings impoundments were the primary 

contributor to elevated levels of U in sediments downstream (MOE, 2003).  
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Studies conducted by the MOE (2003) on the impact of the Bicroft Mine’s waste on local 

biota have suggested that there is an increase in toxicity to mayflies, which correlates with an 

increase in uptake of U and other metal contaminants in bioassay tests. Of the three mines in the 

region studied by the MOE (Madawaska, Bicroft and Dyno), Bicroft was the only mine that 

showed a decrease in the diversity and population of benthic organisms (MOE, 2003). This 

implies that metals within the stream and wetland are present in a bioavailable form. However, 

the MOE (2003) advises that there is generally a lack of pronounced toxic effects on biota in the 

system, as well as relatively low levels of metal contaminants in the waters, suggesting that the 

availability of metals from the tailings in relatively low (MOE, 2003). 

5.2 Methods  

5.2.1 Sample Collection  

In order to characterize the chemical and mineralogical controls by which U, La, and Ce 

are sequestered, 15 bulk samples of hardpan, pebbles, streambed sediments and tailings were 

collected during field work in October 2011 from the tributary stream and wetland system, and 

the tailings basins (Figure 5.2). In addition, two sediment cores were collected in the Auger Lake 

tailings basin and Retention Pond to examine the role of changing U redox conditions in the 

mobility and attenuation of U (Figure 5.2). The core collected from the South Tailings Basin was 

analyzed for bulk chemistry (results in Appendix D), however, the Auger Lake Tailings Basin 

was deemed to have the greatest influence on the system, and efforts in detailing the geochemical 

processes and controls of system were focused there. 
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Figure 5.2 Bicroft Mine site map with field sampling locations of bulk sediment (pink) and 

core (yellow) samples. All samples were collected in October 2011. PWQO are to be met at the 
discharge point of Deer Creek to Paudash Lake (blue). 
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Stream sediments represent a mixture of settled particulate matter and flocculated and 

settled colloids from the tailings basin effluents, as well as minerals co-precipitated onto water-

sediment interfaces in the streambed. Samples were collected at regular (~50 m) spacing over the 

course of the tributary stream system to target observed variances in the sediment and potential 

changes in the methods by which these sediments attenuate U, Ce and La from solution. Bulk 

sediment samples were collected in 120 mL polyethylene sample containers using plastic trowels, 

and the trowel was rinsed carefully between sampling locations to avoid cross-contamination.  

Sediments cores were collected to examine changes in the solid-phase chemistry and U 

redox state with depth in the Auger Lake tailings basin and Retention Pond. Changes in U redox 

conditions may contribute to release of U and REEs from the tailings and provide a potential 

method for the sequestration of these trace elements in the Retention Pond. Aluminum (Al) tubes 

6 cm in diameter and cut to 45-50 cm in length were used to core the sediments. Two holes were 

drilled into the sides of one end of the tube to allow for the attachment of a drive head and were 

driven into the sediments by hand. Prior to the removal of the corer, the length of the Al tube 

above the sediments was measured to determine the amount of compression within the core 

sediments post-sampling. Sediments surrounding the corer were then shoveled away and the core 

tube quickly removed. The drive head was then detached and both ends of the tube were covered 

and sealed with multiple layers of parafilm and duct tape as well as a PVC cap to prevent sample 

loss. All bulk sediment samples and cores were immediately chilled in the field and frozen upon 

return to the laboratory at Queen’s University. 

5.2.2 Sample Preparation 

Frozen samples were split in half using a table saw to cut through the Al tube, in order to 

preserve half of the sediments for future analyses and to allow for increased accessibility to a flat 
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sampling surface for thin section sampling methods. To minimize cross-contamination, all 

utensils used to separate and extract samples were wiped with a damp cloth (using de-ionized 

water) and then dried using Kimwipes® between steps and samples. Subsequently, samples were 

dried in their original containers.  Cores were dried using a pressurized portable glove bag filled 

with N2 to prevent the oxidation of potentially reduced samples. Bulk stream sediments were 

assumed to be oxidized as they were collected at surface, and were thus dried on the counter 

while covered by a Kimwipe® to prevent contamination from atmospheric dust. 

Once dried, sub-samples from the sediment cores and bulk stream sediments were 

collected for bulk XRD analyses at Queen’s University, as well as bulk chemistry analyses at 

ACME Analytical Laboratories in Vancouver, BC (Appendix D). Prior to analyses, all samples 

were gently sieved through a 177 µm stainless steel sieve to provide a more uniform material for 

sample analysis and reduce the effects of sediment grain size variation. Sub-samples from the 

cores were chosen to capture different intervals reflecting variations in colour, grain size, or 

sediment texture (Figure 5.3). Approximately 0.5 g to 5.0 g of each sub-sample was then sent to 

ACME Analytical for analyses, and blind duplicates were submitted to evaluate precision. 
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Figure 5.3 Sub-sampled sections of the A) Auger Lake (AL) and B) Retention Pond (RP) 

cores for bulk chemistry and XRD.  

5.2.3 Ultra-Trace Analysis, 4-Acid Digestion (ACME Analytical Ltd.) 

Ultra-trace analysis following 4-acid digestion (package 1T-MS, ACME Catalogue 2011) 

was completed on all bulk sediments and sub-samples from the sediment cores (Appendix D). 

Samples were prepared by heating and digesting 0.25 g of sample in HNO3-HClO4-HF until 

fuming and complete dryness was achieved. The remaining residue was then transferred into a 

test tube and dissolved in HCl. Samples were then analyzed for a 43-element suite plus 12 REEs 

by ICP-MS. Elements analyzed included: Ag, Al, As, Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, 

Dy, Er, Eu, Fe, Ga, Gd, Hf, Ho, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pr, Rb, S, Sb, 

Sc, Sm, Sn, Sr, Ta, Tb, Th, Ti, Tm, U, V, W, Y, Yb, Zn, and Zr. Results from these analyses 

showed that a few samples had Mn concentrations above the limit of quantitation (10,000 ppm) 

for this method. These samples were then re-analyzed by ICP-ES after 4-acid digestion (package 

7TD, ACME Catalogue 2011) to determine the percent-level concentrations of Mn in samples. 
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To check for accuracy and precision in these measurements, one certified standard 

sediment reference material (STSD-1) was included and split between the start, middle and end of 

the sample order (Lynch, 1990; 1999). ACME also included four in-house standard reference 

materials (STD OREAS24P, STD OREAS45C, STD SU-1B, and STD OREAS131B), duplicates, 

and sample blanks to measure accuracy and precision of the analytical methods (Appendix E). 

Precision in duplicates was within 5% and the accuracy of standard reference materials was 

within 10% of expected values, or within the 95% confidence interval published for the 

respective standards by Ore Research & Exploration Pty Ltd. (2010). 

5.2.4 Bulk X-Ray Diffraction (XRD) 

In order to identify the major crystalline phases present in the samples, X-ray diffraction 

(XRD) was completed using the Philips X-Pert diffractometer at Queen’s University.   Samples 

from each of the sieved fractions of bulk and core sub-samples were analyzed, and major 

mineralogical phases were identified using the X-Pert Highscore Mineral Identification program. 

Results are tabulated in Appendix I.  

5.2.5 Petrographic Analyses  

Nine sub-samples from the stream sediments and sediment cores were made into thin 

sections following the method described in DeSisto et al. (2011) and Walker (2006). Thin 

sections were made for the S2 bulk sediment sample, S4 hardpan (HP) and pebble (Peb) samples, 

and the S7 pebble (Peb) sample from the streambed sampling locations (Figure 5.2), as well as 

five subsamples from the sediment cores, based on variations in colour, texture, grain size, bulk 

chemistry data, and potential changes in oxidation state. Two of the thin section samples were 

from the Auger Lake (AL) tailings core, and three were from the Retention Pond (RP) core. 
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The sampling, construction, and lifting procedures for thin sections are based on DeSisto 

et al. (2011). Initially, the bottoms of 100 mL Nalgene sampling bottles were removed using a 

saw and sanded until smooth.  Unsieved bulk stream sediments, pebbles, and hardpan were 

prepared by making grain mounts. Sediments were then placed in the bottom of a small paper cup 

with the altered Nalgene bottles on top.  Samples were set by applying Epo-Tek 301 epoxy and 

allowing it to cure at room temperature. For the sediment cores, the altered Nalgene bottle was 

pushed into the desired target area of the core while the material was still damp to create a 

sediment plug. This plug was then removed and placed into a small paper cup, and left to dry 

completely in the pressurized glove bag filled with N2. The core samples were then set with 

EpoTek-301 epoxy by squirting the epoxy around the exterior of the Nalgene bottle and allowing 

for the dried sample to absorb the epoxy, pushing air bubbles to the surface and preserving the 

sample for thin section preparation. Labels and directional arrows were then added to the Nalgene 

sample bottles to ensure the stratigraphic relationship between layers of the sample was 

maintained. The epoxied sediment plugs and grain mount samples were then shipped to 

Vancouver Petrographics for the production of double polished, liftable thin sections. 

Vancouver Petrographics prepared the thin sections by cutting through the epoxied 

samples, parallel to the bottle top, and adhering the sample to a glass slide with Krazy® glue. The 

sample was then ground under kerosene with minimal heat exposure to a final thickness of 35-45 

µm. The use of kerosene rather than water during the grinding process reduced the potential for 

dissolution of relatively soluble minerals in the samples. The use of Krazy® glue in the 

production of thin sections allowed for the samples to be readily lifted off of the glass slide and 

placed on to a Kapton® taped slide holder for synchrotron micro-analyses, as the glass slide 

interferes with micro-diffraction results.  
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Once received, thin sections were examined optically under the petrographic microscope 

under both transmitted and reflected light. Potential REE- and U-hosting phases, Fe- and Mn-rich 

minerals, as well as wood and other organic matter were identified as targets for micro-analytical 

work on the Environmental Scanning Electron Microscope (ESEM) and synchrotron. Thin 

sections were subsequently examined under the ESEM and then lifted from their glass slides and 

placed on a Kapton®-taped slide holder, as the synchrotron beam must be able to pass through 

the sample and have no interference with the glass slide during µXRD to obtain a clear diffraction 

pattern for the minerals present. 

5.2.5.1 Environmental Scanning Electron Microscopy (ESEM)  

Micro-scale characterization of thin sections was conducted on the FEI-MLA Quanta 650 

FEG-ESEM at Queen’s University. Samples were mounted on a thin section holder and analyzed 

under low vacuum, as the samples were not carbon coated prior to analysis. Carbon coating of the 

samples hinders the ability for the targets selected from ESEM analysis to be readily identified at 

the synchrotron, and the removal of carbon coating may cause the scouring and pitting of soft 

minerals.  Grain-specific characterization of samples was possible using the ESEM’s backscatter 

electron detector (BSED) and energy dispersive spectrometer (EDS) components. The EDS 

spectra were used to qualitatively determine the major and minor element composition of specific 

areas of interest in each sample. Potential targets for trace element micro-analysis at the 

synchrotron were selected using the ESEM based on their the chemical composition of the host 

material, the presence of U, Ce, or La associated with these host materials, as well as the 

representativeness of the target within the thin section sample. The ESEM allowed for the 

qualitative analysis of how U, Ce, and La were adsorbed or co-precipitated with sediments in the 

aqueous system, in addition to characterizing host materials for these trace elements. The ESEM 
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also provided detailed, high quality images of targets at various scales. These made it easier to 

locate targets at the synchrotron and further interpret micro-analysis results. 

5.2.5.2 Synchrotron Bulk and Micro-focused Analysis 

Two hard X-ray microprobe synchrotron beamlines were used as part of this study; the 

X26A beamline at the National Synchrotron Light Source (NSLS), part of Brookhaven National 

Laboratory (BNL) in Upton, NY, and the Sector 20-ID beamline at the Argonne Photon Source 

(APS), part of Argonne National Laboratory in Argonne, IL. The use of two beamlines was 

required to analyze both REEs and U. The Sector 20-ID beamline provided a higher flux, higher 

energy beam, and detectors for analyzing elements such as U which require higher energy levels 

for excitation. The X26A beamline was used as it provided better XRF mapping and detection of 

REEs, as well as more readily decipherable µXRD images. Both of these beamlines are optimized 

to work with geochemical and environmental samples (Lanzirotti et al., 2009). 

Samples were prepared using a similar method for both beamlines. First, thin sections 

were placed in a glass petri dish and soaked in acetone to dissolve the Krazy Glue® binding the 

sample to the glass slide. The doubly polished section was then lifted and carefully mounted, in 

the same orientation, to a piece of Kapton® taped to a 35 mm slide holder. For the APS, samples 

were required to have two layers of Kapton® tape sealing the thin section inside to prevent the 

loss of sample, due to its potentially radioactive nature. In order to prevent damage to the sample 

and minimize the air bubbles between layers of tape, Kapton® tape was initially taped to itself, 

taking care to minimize bubbles. Remaining bubbles were then pushed out from under the tape 

using a silicone squeegee.  These double layer tape strips were then cut to form 50 mm x 50 mm 

squares. In order to find targets identified on the ESEM, lines of reference were drawn on to the 

interior side of one square by using a backlit map table and flipping the sample upside down. 
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Once lines of reference were traced, the Kapton® squares were inverted and secured to the 

sample holder. The sample was then sealed by taping together the edges with two layers of 

Kapton® tape. In addition to targeted grains in thin section, envelopes of each of the bulk stream 

sediment samples and six subsamples from the Auger Lake and Retention Pond cores were 

prepared for bulk synchrotron analysis. Sediment envelopes were prepared by placing 0.5 g – 2 g 

of the sample on the sticky side of a piece of 50 mm wide Kapton® tape, which was then folded 

over and sealed within two more layers of Kapton® tape to prevent sample loss. To characterize 

the U and REE hosts in the Kapton® mounted thin sections and bulk sediments, micro X-ray 

radiation fluorescence (µXRF) mapping and micro X-ray diffraction (µXRD) analyses were 

conducted at both beamlines (X26A and Sector 20-ID), and bulk and micro-X-ray absorbance 

near edge structure (XANES and µXANES) were conducted at the Sector 20-ID beamline. 

5.2.5.3 X26A Beamline, NSLS, Brookhaven National Laboratory 

At the X26A beamline, the study was conducted using a 5 µm (vertical) x 9 µm 

(horizontal) monochromatic, micro-focused beam. The beam is monochromatized using two 

channel-cut crystal silicon monochrometers, and is focused from 400 µm x 400 µm with the use 

of two 100 mm long dynamically bent silicon mirrors in Kirkpatrick-Baez (KB) geometry. The 

detectors are at a 90°angle to the incident beam and the samples were placed at a 45° angle to the 

incident beam in a holder, allowing the beam to create an ellipse when it reaches the sample 

(Walker et al., 2005). Analyses were conducted at the X26A beamline in both August 2012 and 

November 2012. 

5.2.5.4 Sector 20-ID Beamline, APS, Argonne National Laboratory 
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At the Sector 20-ID beamline, analyses were conducted under a 5 µm (vertical) x 5 µm 

(horizontal) micro-focused beam for µXRD, µXANES, and XRF mapping, and under a focused 

beam for bulk XANES. The beam was focused for bulk work to 1 mm (vertical) x 3 mm 

(horizontal), with a resolution of 1x10-4 and a flux of 1x1013 at 10 keV, using a liquid nitrogen 

cooled Si(111) fixed-exit double crystal monochromater, and covers an energy range of 4.3-27 

keV (PNC/XSD 2012). With the addition of a 13-element Ge detector in combination with 

mirrors in KB geometry, a 1 µm (vertical) x 3 µm (horizontal) micro-beam was created and 

allowed for micro-scale imaging and spectroscopy to be conducted (Heald et al., 2001). Analyses 

were conducted at the Sector 20-ID beamline in both August 2012 and December 2012. 

5.2.5.5 X-ray Fluorescence (XRF) 

Micro X-ray Fluorescence (µXRF) mapping was performed at both the X26A and Sector 

20-ID beamlines to characterize the REE and U hosts. Micro-XRF fly-scan mapping and µXRF 

microprobe mapping (at the NSLS and APS, respectively) were used to determine relative 

element concentrations in mapped areas of pre-determined targets. Micro-XRF mapping enables a 

large area of the thin section sample to be mapped relatively quickly for the pre-determined 

targets, and for relative element concentrations across the area of interest to be portrayed in triplot 

diagrams (see an example in Figure 5.12). Primary elements of interest in this study include U, 

La, Ce, Fe and Mn. Targets for µXRD and µXANES were selected from visualized triplot 

diagrams of µXRF maps. In order to analyze the REEs at the X26A beamline, care had to be 

taken to mitigate potential overlaps (within 200 eV) in edge energy between elements of interest 

(La and Ce) other elements present in the sample when analyzing µXRF element maps and using 

correlation plots calculated from µXRF data. In order to decipher between La and Ce, the La Lα2 
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and Ce Lα1 peaks were used, as there is less of an overlap in the edge energy than between La 

Lα1 and Ce Lα2. Other elements that may have potential interferences include Ti (Kα1) and Ba 

(Lα1) for La and V(Kα1) for Ce. When Ti was observed in high concentration in areas correlated 

with high La, µXRD would be required to decipher the mineralogical phases present as well as 

the elemental components. 

5.2.5.6 Micro-X-ray Diffraction (µXRD) 

Micro X-ray Diffraction (µXRD) analyses were performed at both beamlines (X26A and 

Sector 20-ID) to characterize the REE and U hosts in the Kapton® mounted thin sections. This 

allowed for microcrystalline minerals present in <20 µm grains, as well as larger grains to be 

identified. Two-dimensional (2-D) µXRD images, from the Bruker SMART 1500 CCD area 

detector with 1024 x 1024 pixel resolution at the NSLS, and the MAR165 CCD area detector 

with 4096 x 4096 pixel resolution at the APS, were analyzed using the computer program 

Fit2D™ (Hammersley, 1998) to determine the microcrystalline hosts of U, Ce and La. Instead of 

using a traditional beamstop at the APS, the MAR165 CCD detector was covered with a taut 

sheet of Kapton®, a sheet of lead, and burn paper to mark the beam spot. A needle was then 

punched through the burn paper, lead and Kapton®, and with the removal of the burn paper and 

lead, a hole marking the beam center location was left on on the Kapton® tape. After this 

procedure, a small disk of lead tape was stuck over the hole to block the beam leaving most of the 

low q-space unobstructed, as the rings nearest the beam center are very critical to the µXRD 

calibration method. Data were collected at the NSLS at a wavelength of 0.7039Å for 60 s at 

17,479 eV, and data at the APS were collected at a wavelength of 0.7039Å for 5-10 s at 17,000 

eV.  
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The Fit2D™ program was calibrated to analyze 2-D images collected at X26A using two 

standard reference materials, α-Al2O3 (standard reference material 647a) and silver behenate 

(AgC22H43O2). For 2-D images collected at the APS, the Fit2D™ program was calibrated using 

lanthanum hexaborate (LaB6) reference material. In the 2-D images, bright spots and spotty rings 

correspond to submicron- to micron-sized crystallites with non-random orientation (producing 

only discrete diffraction patterns), whereas nanometre-sized particles with random orientation 

produce smooth Debye-Scherrer rings (Manceau et al., 2002; Walker et al., 2005). After masking 

spots and spotty rings, 2-D images were integrated in Fit2D™ to form 1-D diffractograms. The 

mineralogy of the targets was determined by analyzing the 1-D diffraction patterns in the X’Pert 

High Score Plus peak-matching program using the International Center for Data Diffraction 

(ICDD 2010) reference pattern database. 

5.2.5.7 X-ray Absorption Spectroscopy (XAS) 

The oxidation states of U and Ce were determined using bulk and µXANES analyses by 

observing slight variations in the U Kα and Ce Lα1 absorption edges and post-edge. Bulk 

XANES analyses on Ce were performed at the APS by scanning across the Ce Lα1 adsorption 

edge range (5610 to 6000 eV) . Bulk and µXANES U analyses were performed by scanning 

across the U Kα adsorption edge range (17,000 to 17,400 eV). To determine the oxidation state of 

Ce and U in the samples, two Ce and two U standards were chosen. Cerium(III) carbonate and 

cerium(IV) sulphate were chosen for Ce oxidation state, and uraninite [U(IV)] and autunite 

[U(VI)] were used as standards for U oxidation state (Figure 5.4 and 5.5, respectively). Standards 

were prepared by grinding the substance to a fine powder and then spreading this thinly over a 

piece of Kapton® tape with a gloved finger, then folding the tape over itself 4 to 6 times before 

analysis. To record any shifts in the energy of the beam over the course of the beam time, bulk 
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and µXANES analyses were conducted on cerium sulphate and uraninite standards after each 

sample. For each standard XANES spectra, 3 to 20 bulk XANES scans from different areas of the 

prepared bulk standard were averaged to attain a representative signal. There are notable 

differences in the Ce standards, from a definitive high photon energy single peak for Ce (III) to a 

shifted double peak signal for Ce(IV). For U, there is a slight energy shift from U(IV) to U(VI) as 

well as a characteristic shoulder in the post-edge of the U(VI) scan. 

 
Figure 5.4 Bulk-XANES standard spectra for Ce taken at APS Sector 20-ID in August 2012, 
used to analyze unknown spectra. The blue and red lines represent the standard averaged bulk 

XANES scans for Ce(III) carbonate and Ce(IV) sulfate, respectively. 
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Figure 5.5 Bulk-XANES standard spectra for U taken at APS Sector 20-ID in August 2012, 
used to analyze unknown spectra. The blue and red lines represent the standard averaged bulk 

XANES scans for autunite (U(VI)) and uraninite (U(IV)), respectively. 
 

The SixPack (Sam’s Interface for XAS Analysis Package) program was used to analyze 

all bulk and µXANES data (Webb, 2002). Unknown spectra from targets and standards were 

initially normalized and pre-edge and post-edge corrected to remove background. Least squares 

combination fitting was then used to best fit the standards (Figures 5.4 and 5.5) to the unknown 

spectra and assign a percentage value to each of the Ce or U oxidation states present. 

5.3 Results and Discussion  

5.3.1 Physical Characteristics of Sediments and Tailings  

The Bicroft Mine stream sediments include soft muds, medium to very coarse grained 

sandy and pebbly sediments, and cemented hardpan crusts. Over the course of the stream and 

wetland system the physical characteristics of the sediments vary greatly, as shown in Figure 5.6. 

In sediment cores, notable variations in colour, textures, and grain size were observed with depth 
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(Table 5.2). It is hypothesized that these variances in physical characteristics reflect spatial 

differences in the main processes involved in sequestering U and REEs from solution.  

Immediately below the Auger Lake toe drain, very fine-grained orange-red sediments (S1 

and S2) with a mud-like consistency, amorphous texture and filamentous algae were deposited 

along the stream banks (Figure 5.6 (A and B)). Further downstream, the volume of sediments 

deposited decreases significantly and they change from a soft, mud-like consistency to thin 

coatings of fine-grained sediments on pebbles and boulders in the streambed (S4), as well as 

hardpan. Below the Retention Pond, stream sediments change in colour from rusty orange-red to 

brown-black, and sediment build-up on stream banks is minimal. Sediments below the Retention 

Pond vary from medium-very coarse grained material to fine-grained coatings on pebbles (S7). 

The observed grain sizes, textures, and Munsell colours in bulk sediment and core samples 

collected are outlined in Table 5.2. 
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Figure 5.6  Bulk sediment sampling locations in the tributary stream systems. A) S1, B) S2, C) 
S3, D) S4 (sediments in foreground, hardpan in background), E) S5, F) S6, G) S7, H) S8, I) S9. 
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Table 5.2 Description of grain sizes, characteristics, and Munsell colours observed in bulk 
sediment and core samples. 

 

Sample'
Location Depth Grain'Size Description

Munsell'
Colour

S1 Surface Silt+to+fine+sand
Orange2red+silt+to+fine+sand+with+layers+of+green2
black+algae+and+granule+sized+clasts+(unidentified+

mineralogy)
2.5Y5/8

S2 Surface Silt+to+fine+sand
Orange2red+clayey2silt,+homeogenous+

composition,+plant+and+leaf+matter+present+but+
removed+during+sampling

10YR5/8

S3 Surface Silt+to+medium+sand Red2brown+silt+to+medium+sand 10YR4/6

S4 Surface Silt+to+coarse+sand
Orange2brown+to+brown+fine+to+coarse+sand+with+

subrounded+granules+and+pebbles
2.5Y3/6

S4;HP Surface
Clay+to+fine+sand+with+dispersed+coarse+

sand+and+granules

Yellow2orange+and+grey2brown+colliform+
hardpan,+with+notable+layering+with+included+

subrounded+granules+and+pebbles+
2.5Y4/6

S4;Peb Surface Clay+to+fine+sand
Thin+(<3mm)+yellow2brown+clay+to+fine+sand+

coatings+on+pebbles
2.5Y3/4

S5 Surface
Fine+to+medium+sand+matrix+with+

subrounded+coarse+sand+and+granules+

Poorly+sorted+red2brown+to+grey2brown+fine+to+
medium+sand+with+subrounded+coarse+sand+and+

granules+of+potassium+feldspar
2.5Y4/6

S6 Surface Fine+to+coarse+sand
Poorly+sorted+brown+to+brown2black+fine+to+
coarse+sand+with+subrounded+granules

5Y4/2

S7 Surface Clay+to+coarse+sand+with+granules

Poorly+sorted+grey2brown+clay+to+coarse+sand+
with+vugs+of+very+coarse+grained+sand+to+pebbles+
of+potassium+feldspar,+notable+layering+and+silty2

clay+rich+zones

5Y2/4

S7;Peb Surface Clay+to+fine+sand
Thin+(<2mm)+brown+to+brown2black+clay+to+fine+

sand+coatings+on+pebbles
2.5Y1/2

S8 Surface Fine+to+coarse+sand Red2brown,+poorly+sorted,+fine+to+coarse+sand 2.5Y2/4
S9 Surface Fine+to+coarse+sand Yellow2brown,+poorly+sorted,+fine+to+coarse+sand 2.5Y2/2

AL;S1 2;5'cm Fine+sand Brown2red,+fine+sand+tailings 2.5Y4/4
AL;S2 5;7'cm Fine+sand Grey2red,+fine+sand+tailings 5Y4/4

AL;S3 7;9'cm Fine+sand
Red2brown,+fine+sand+tailings+with+notable+
layering,+thin+cap+of+yellow2white+sediments+

above+this+unit
2.5Y4/6

AL;S4 11;15'cm Fine+sand
Red2brown,+fine+sand+tailings+below+a+unit+of+
layered+red,+grey+and+yellow2white+fine+sand+

tailings,+layering+at+bottom
2.5Y4/6

AL;S5 17;19'cm Fine+sand Brown2red,+fine+sand+tailings 2.5Y4/4

AL;S6 19;24'cm Fine+sand Brown2red+fading+to+Red2brown,+fine+sand+tailings 2.5Y4/4

AL;S7 24;27.5'cm Fine+sand Light+grey+fine+sand+tailings 2.5Y4/2
AL;S8 27.5;29.5'cm Fine+sand Grey2brown+fine+sand+tailings 5Y5/2
AL;S9 29.5;32'cm Fine+sand Darker+grey2brown+fine+sand+tailings 5Y5/4
AL;S10 32;34'cm Fine+sand Darker+grey2brown+fine+sand+tailings 5Y4/4

RP;S1 1;3'cm Silty+clay+with+clasts+of+fine+grained+sand
Unexposed+to+surface+orange2red+silty2clay+and+
organic+rich+sediments,+plant+and+leaf+matter+are+

apparent
2.5Y4/6

RP;S2 0;4.5'cm Silty+clay
Grey2brown+silty2clay+and+organic+rich+sediments++

between+layers+of+plant+and+leaf+matter
10YR3/4

RP;S3 4.5;7'cm Silty+clay
Grey2brown+silty2clay+and+organic+rich+sediments+

with+deteriorating+plant+and+leaf+matter
10YR4/4

RP;S4 7;9'cm Silty+clay
Condensed+grey2brown+silty2clay,+slightly+more+
clay+rich+with+less+plant+and+leaf+matter+apparent

2.5Y4/4

RP;S5 9;11'cm Silty+clay
Condensed+grey2brown+silty2clay,+slightly+more+
clay+rich+with+no+plant+and+leaf+matter+present

5Y4/4

RP;S6 11;13'cm Clay+to+coarse+sand
Boundary+between+dark+grey2brown+clay+rich+unit+

and+medium+to+coarse+grained+sand,+with+a+
crumbly+texture

5Y6/4

RP;S7 13;14'cm Fine+to+coarse+sand
Grey2black+fine2coarse+grained+sand+with+
granules+of+visible+potassium+feldspar

2.5Y3/2

RP;S8 14;18.5'cm
Coarse+sand+matrix+with+angular+to+sub2

rounded+granules+and+pebbles

Poorly+sorted+grey2brown+coarse+sand+with+
angular+to+subrounded+granules+and+pebbles+of+

quartz+and+potassium+feldspar
2.5Y3/4

RP;S9 18.5;20'cm Fine+to+coarse+sand
Poorly+sorted+grey2brown+fine+to+coarse+sand,+
primarily+fine+to+medium+grained+with+less+

notable+clasts
2.5Y3/4

RP;S10 20;24'cm
Medium+to+coarse+sand+matrix+with+
angular+to+subrounded+granules+and+

pebbles

Poorly+sorted+grey2brown+medium+to+coarse+sand+
with+angular+to+subrounded+granules+of+quartz+

and+potassium+feldspar
2.5Y3/4

RP;S11 24;26'cm Fine+to+medium+sand Grey2brown+fine+to+medium+sand 2.5Y3/4

RP;S12 26;28'cm Fine+to+coarse+sand
Orange2red+fine+to+coarse+sand,+reaction+rim+with+

surrounding+sediments
2.5Y4/4

RP;S13 28;30'cm Fine+to+coarse+sand Grey2brown+fine+to+medium+sand 2.5Y3/4

Bulk'Stream'Sediments

Auger'Lake'Core

Retention'Pond'Core
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5.3.2 Chemical Composition of Sediments and Tailings 

The bulk chemical composition of stream sediments, pond sediments, and tailings are 

summarized in Appendix D. Uranium, Ce and La were the primary elements of interest, and 

demonstrate similar relative concentrations over the course of the tributary stream and wetland 

system (Figure 5.7). In studies conducted by the MOE (2003), U concentrations were found to be 

lowest in the tailings impoundments, 17.8 ppm and 38.9 ppm, for Auger Lake and the South 

Tailings Basin, respectively. However, it is clear with the increased sampling frequency of this 

study that the primary source of the U in sediments is from the tailings impoundments and not the 

Retention Pond, as was suggested by the MOE (2003).  

Near-surface tailings in the impoundments show signs of weathering and oxidation, 

which suggests that oxidation of minerals containing U and REEs may have mobilized these 

elements into solution. Over time, U and REEs released to the water cover over the tailings are 

transported to the downstream environment by overtopping of the impoundment spillways. With 

very little disturbance to the water cover, oxidation of the tailings is suggested to be limited to the 

topmost layers of tailings in the basin. The most probable cause for U and REE released into sub-

oxic waters that emanate from the toe drain of the Auger Lake tailings dam is reductive 

dissolution. Tailings were neutralized prior to deposition in the tailings basins with lime to a pH 

of 8 to precipitate out the high Fe concentrations in solution (Lillie et al., 1961). This 

neutralization would allow for the precipitation of amorphous Fe-oxyhydroxides within the 

tailings basins. With burial and time the tailings at depth would become reduced, allowing for 

biotic or abiotic reductive dissolution of Fe-oxyhydroxides and degradation of organic matter to 

occur (Ribet et al., 1995; Davranche and Bollinger, 2000; Pedersen et al., 2005; Grybos et al., 

2007). Uranium and REE dissolution were observed to coincide with reductive dissolution of Mn- 
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and Fe-oxyhydroxides and organic matter in a study conducted by Grybos et al. (2007). Grybos et 

al.’s (2007) observation of a strong correlation between the release of REEs and the release of 

dissolved organic matter (DOM), was suggested to have been due to reductive dissolution by 

bacterial oxidation of organic carbon. The correlation between the release of dissolved Fe(II) and 

U was complicated by other chemical components of the system. Grybos et al. (2007) suggested 

that the release of U was related to the release of Fe(II) and DOM into solution, but is limited by 

the conversion of solubilized U(VI) to insoluble nano-particulate precipitates of U(IV) minerals. 

Therefore, although U is likely being brought into solution through reductive dissolution, it is 

generally controlled by the crystalline state and surface area of the solid (Davranche and 

Bollinger, 2000; Pedersen et al., 2005). Amorphous Fe-oxyhydroxides with adsorbed U and REEs 

are more likely to bring these contaminants into solution with reductive dissolution than U and 

REEs that have been co-precipitated as part of the crystal structure of more crystalline Fe-

oxyhydroxides (Grybos et al., 2007).  

With increasing distance downstream, there is a general increase in the concentrations of 

U, Ce and La in stream sediments, suggesting the sediments act as a natural repository for these 

trace elements. Interestingly, the highest concentrations of U were found in sediments where the 

tributary stream entered a larger water body with slower flow, 202 ppm and 211 ppm at the 

Retention Pond and Deer Creek, respectively. The decrease in water movement and changes in 

ionic strength may have resulted in increased flocculation of colloids and deposition of particles 

suspended in solution.  

At S2, where the thickest deposits of sediments were observed in the tributary stream 

system, the concentrations of U, Ce and La (142 ppm, 1270 ppm and 560 ppm, respectively), are 

double the concentrations in sediments collected immediately below the basal discharge point of 
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the Auger Lake tailings basin (70.2 ppm, 678 ppm and 255 ppm, respectively). This is also where 

the highest overall concentrations of REEs were observed in the system, suggesting a possible 

correlation between Fe and REEs, as precipitated sediments at S2 have a bright yellow-orange to 

orange-red colouring characteristic of Fe-oxyhydroxides (Figure 5.6b). There is also a general 

decrease in the concentrations of U, Ce and La at S4 (138 ppm, 353 ppm and 155 ppm, 

respectively), where hardpan and pebble coatings were observed. The possible wet/dry cycling 

with stream movement over steep sections of the streambed and large boulders, as well as the 

small volume of sediments deposited at this sampling location relative to sampling locations 

immediately up and downstream, may contribute to the remobilization or lack of precipitation of 

minerals from solution, resulting in a decrease in the concentration of U, Ce and La. 
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Figure 5.7 Map of bulk surficial sediment and tailings concentrations of U (orange), Ce 

(green), and La (purple), expressed in ppm, throughout the Bicroft Mine tailings impoundments, 
Retention Pond, and tributary stream system. 
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At the S4 and S7 bulk sediment sample locations, hardpan (S4-HP) and coated pebbles 

(S4-Peb and S7-Peb) were also collected and analyzed. Bulk chemical data for these samples 

show similarities in the concentrations of U; however, the data also demonstrates large variances 

between the amounts of Ce and La sequestered by the sediments compared to the hardpan and 

coatings on pebbles (Figure 5.8). There are likely mineralogical variances that account for these 

different methods in element attenuation, as this data suggests that sequestration of the most 

particle-reactive elements (e.g. Ce) increases over time in the streambed precipitates.   

 
Figure 5.8 Bulk concentrations (ppm) of U (blue), La (red) and Ce (green) in stream 

sediments from S4 and S7, relative to the concentrations in hardpan (HP) and pebble 
coatings (Peb).  

 
Concentrations of U, Ce and La in the Auger Lake tailings core showed a general trend of 

increasing concentration with depth, whereas in the Retention Pond sediment core, there was an 

initial decrease in concentrations, followed by an increase in concentrations at greater depths 

(Figure 5.9). It is likely that these variations in concentration relate to changes in the tailings or 

sediment U redox conditions with depth. Under reducing conditions, U and REEs are less readily 

weathered and mobilized into solution (Langmuir, 1978; Brookins, 1989).   
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Figure 5.9 Bulk concentrations (ppm) of U (blue), La (red) and Ce (green) with depth in  

sediment cores from the Auger Lake (AL) tailings basin and Retention Pond (RP). 
Variations in concentration with depth are notable in both cores, with changes most predominant 

in the concentration of Ce (ppm). 
 

In Table 2 a change in the colour of the tailings from red-brown to light grey was 

observed between AL-S6 and AL-S7, which is the same depth where a sudden increase in U and 

REE concentrations is observed in bulk chemical analyses of the tailings (Figure 5.9). This 

observed change in colour is most likely related to a change in the redox state of Fe with depth 

(ferric to ferrous). If the tailings are reduced from S7-S10, primary U- and REE-bearing phases 

are likely stable under these conditions and less likely to become oxidized and release these 

elements into solution. Reductive dissolution of U- and REE-bearing Fe-oxyhydroxide phases 

created in milling operations, may be ongoing, as observed by Grybos et al. (2007) in incubation 

studies, and allow for continued release of U and REEs into solution without the direct oxidation 

of the tailings. Synchrotron bulk and µXANES analyses were used to further investigate the U 

redox state of the tailings samples. 

In previous studies of U attenuation in wetlands, Schöner et al. (2009) found that U was 

not attenuated due to changes in U redox conditions, but that the majority of U was sequestered in 

the first 5-25 cm of the sediment column due to an unspecified high adsorption capacity, 
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independent of organic carbon content. The attenuation of U and REEs in the Retention Pond 

core demonstrate a similar trend in the top 10 cm (RP-S1 to RP-S4); however, a second increase 

in the concentration of U, Ce and La (RP-S7 to RP-S13) was observed below 13 cm depth (Figure 

5.9). This change may be the result of U redox changes with depth, but may also be attributed to 

changes in the sediments’ physical composition and organic content. Sub-samples RP-S4 to RP-

S6, in Table 5.2, showed a decrease in organic content and an increase in the density or 

compaction of silty-clay rich sediments. Sample RP-S6 marks a change in the physical 

composition of the sediment from silty-clay rich to a medium-coarse grained sand with granules 

and pebbles of potassium feldspar and little interstitial matrix (Table 5.2). In addition, visible 

organic matter increased in the RP-S7 to RP-S13 sub-sampled sediments, and larger roots had to 

be removed before mineralogical or chemical analyses. The strong correlation between abundant 

organic matter and higher U and REE concentrations suggests that U and REEs may be adsorbed 

to organic matter in the Retention Pond sediments, however further research is required to 

determine the roll of organic matter in the Retention Pond.  

5.3.3 Bulk X-Ray Diffraction (XRD)  

X-ray diffraction was conducted on all bulk stream sediments and sub-samples from the 

tailings and sediment cores. Samples were initially sieved to separate the <175 µm fraction for 

analysis. Sieving was conducted to ensure that a similar size fraction was being analyzed and to 

prevent the dilution of minerals in the system by large pebbles and coarse grains in the bulk 

sediments. In general, sediments were composed of quartz, plagioclase (albite and anorthite), 

potassium feldspar, and micas (biotite and phlogopite). Accessory rutile, sphalerite, and actinolite 

were detected in some samples. For a complete table of bulk XRD results see Appendix I. 

Although there is no bulk XRD evidence of U- and REE-bearing minerals, these minerals may be 
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present in trace quantities (<3 wt.%). Uranium and REEs are also likely adsorbed and/or 

coprecipitated with other minerals at the nano-crystalline scale, or present as nanoparticles of 

primary U and REE ore minerals. To identify the main mineral hosts for U and REEs in these 

sediments and tailings, micro-scale analyses were conducted. 

5.3.4 Uranium and REE Hosts in Tailings and Sediments 

The oxidation state and mineralogical form of U and REEs in the tailings and sediments 

is important in determining the elements’ bioaccessibility, toxicity, mobility, and fate. To 

determine the mineral hosts for U and REEs in the tailings and stream and wetland sediments, 

petrographic thin sections were made from a selection of the samples. These samples included 

four bulk stream sediments, S2, S4-HP, S4-Peb, S7-Peb, two samples from the Auger Lake 

tailings core, AL-S4 and a composite sample comprised of AL-S7 to AL-S9, as well as three 

samples from the Retention Pond, a sample comprised of RP-S2 and RP-S3, a sample comprised 

of RP-S5 and RP-S6, and a sample of RP-S8, RP-S9 and RP-S10 (Figure 5.10). Samples were 

selected based on physical characteristics and the bulk chemical composition of the sediments. In 

order to decipher the variations in chemical and mineralogical compositions of these different 

sediment types, results from petrographic and synchrotron micro-analyses, including µXRF, bulk 

and µXANES, and µXRD, were used to determine element associations with different minerals 

and organic materials, as well as U redox changes in the sediment column. 
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Figure 5.10 Thin section sampling locations in the Auger Lake (A and B) and Retention 

Pond (C, D and E) cores. With reference to bulk-sediment sampling locations (Figure 5.3), the 
respective thin sections contain sediments from sub-sections: A) AL-S4, B) AL-S7 to AL-S9, C) 
RP-S2 and RP-S3, D) RP-S5 and RP-S6, E) RP-S8 to RP-S10. These thin sections are referred to 

in the thesis as A) AL-S4, B) AL-S789, C) RP-S23, D) RP-S56, E) RP-S8910, respectively. 
 

From qualitative observations of their abundance in thin sections, birnessite and goethite 

were found to be the predominant hosts for U, Ce and La in stream and wetland sediments, 

followed by other secondary Fe- and Mn-oxyhydroxides, clay minerals, organic root matter, and 

primary ore minerals. In tailings, there is a greater abundance of primary ore minerals as the 

predominant hosts for U, Ce and La. For a complete list of identified minerals see Table 5.3. 

Manganese and Fe-oxides, hydroxides and oxyhydroxides have high surface reactivity, due to 

their large surface areas, providing them with an affinity to form surface coatings and strongly 

adsorb a number of cations, including trace contaminants such as U and REEs (Fendorf and 
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Fendorf, 1996). Synchrotron micro-analysis, and in particular µXRD, was the primary tool used 

to identify the mineralogy of host phases present.   

Table 5.3 List of observed U- and REE-hosting minerals from µXRD analyses, subdivided 
by the type of mineral. 

 
 

ESEM analysis was used to obtain images and EDS spectra for primary U and REE ore 

mineral grains, Fe- and Mn-oxyhydroxides, natural organic matter, as well as to determine other 

potential targets for synchrotron micro-analyses. Under the backscattered electron detector 

(BSED) on the ESEM, U and REEs appear as very distinctive phases. The brightness of a grain 

under the ESEM is dependent on the average atomic number of the material, therefore, U and 

REEs along with other high atomic number elements appear bright under the ESEM BSED. In 

addition, the shape and textures of U- and REE-hosting minerals and other targets of interest were 

also determined.  To ascertain whether a target is detrital or a secondary precipitate, the shape of 

the grain or target is critical. An angular to subrounded particle containing high concentrations of 

U or REEs would suggest that the particle is detrital, whereas U and REEs associated with 

minerals with colloform or amorphous textures suggest a secondary precipitate. 

5.3.4.1 Iron Oxyhydroxides 

Mineral	  Type Observed	  Minerals	  in	  μXRD
Fe-‐oxy-‐hydroxide Goethite,	  lepidocrosite,	  

maghemite,	  ferrihydrite,	  
magnetite,	  hematite,	  akaganeite

Mn-‐oxy-‐hydroxide Birnessite,	  todorokite
Other Biotite,	  laumontite,	  brucite,	  illite,	  

alunite	  
Detrital	  Ore Uraninite,	  brannerite,	  

bastnastite,	  lanthanite,	  cerianite
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Iron oxyhydroxides are one of the most adsorbent minerals in soils and sediments (Diaz 

et al., 2012), and are known to strongly adsorb uranyl species and REEs between a pH of 5 and 

10 (Henderson, 1984; Scott et al., 2005). The adsorption and co-precipitation of U with Fe-

oxyhydroxides is related to two main processes, surface complexation and reductive precipitation 

by dissolved Fe(II), which may lead to mixed valence behavior in sediments (Scott et al., 2005). 

Rare earth element adsorption to Fe-oxyhydroxides has been demonstrated as being primarily 

adsorbed and co-precipitated through a non-electrostatic surface complexation model (SCM), or 

inner-sphere complexes (Quinn et al., 2007; Schijf and Marshall, 2012). During surface 

complexation, U(VI) adsorbs to goethite, maghemite and magnetite as the uranyl ion (UO2
2+) by 

forming outer sphere complexes, and with lepidocrocite and ferrihydrite through bidentate inner-

sphere complexes (Hsi and Langmuir, 1985; Dodge, 2002). Inner-sphere complexes are 

considered to be more tightly bound, and less likely to release the adsorbed ion or ligand, as they 

are bonded by covalent bonds (Essington, 2003). Outer-sphere complexes have a water molecule 

between the adsorbed ion or ligand and the surface of the adsorbing mineral, and are maintained 

by electrostatic forces, allowing for these adsorbed ions or ligands to be readily exchanged with 

another ion or ligand in solution (Essington, 2003). The reductive precipitation of U with Fe-

oxyhydroxides requires a source of soluble Fe(II) (Scott et al., 2005). The Fe(II) catalyzes the 

reduction of adsorbed U(VI) to a solid U(IV) mineral, rendering it immobile and forming Fe(III), 

as demonstrated in the formula (Scott et al., 2005):   

𝟐𝐅𝐞 𝐈𝐈 +   𝐔 𝐕𝐈 → 𝟐𝐅𝐞 𝐈𝐈𝐈 +   𝐔(𝐈𝐕)       (5.1) 

In natural environments, a mixed valence state of U(IV) and U(VI) can result from competition 

between adsorption and co-precipitation reactions (Allen and Holmes, 1993; Scott et al., 2005). 
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 Iron oxyhydroxides were found to be one of the predominant hosts for U and REEs in 

sediments throughout the initial tributary stream and wetland system at the Bicroft Mine. Of the 

Fe-oxyhydroxides, goethite was the most common, and often occurred with with birnessite (Mn-

oxide). Iron oxyhydroxides were initially identified using the ESEM. BSED images of Fe-

oxyhydroxides identified under the ESEM are shown in Figure 5.11. Variations in the textures of 

the Fe-oxyhydroxides in these samples ranged from fluffy to colloform in appearance. 

 
Figure 5.11 BSED images of Fe-oxyhydroxides. A) Colloform goethite and birnessite observed 

in S4-HP, B) layered and colloform goethite observed in RP-S23, C) colloform goethite and 
birnessite observed in RP-S8910, and D) fluffy to cemented Fe-oxyhydroxides in S4-HP. 

 

Further analysis of these and other Fe-oxyhydroxide targets using synchrotron micro-

analysis at the NSLS and APS, have confirmed the identity of specific Fe-oxyhydroxide minerals 
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through µXRD, and their relationship to U and REE distributions using µXRF data obtained 

during element mapping. Element maps graphically represent the relative amounts of the two 

elements of interest (Fe and U or Fe and REE) for each pixel. If two elements selected occur in 

every pixel of the µXRF map, but in varying amounts, the result will be a broad correlation line, 

whereas a grain that contains one element but not the other will be displayed as a trend along the 

axis of dominant element. For all targeted Fe-oxyhydroxides there was generally a good 

correlation between Fe and U (Figure 5.12). For the pebble coatings collected at S7 (Figure 

5.12(A)), there are two distinct trends between Fe and U: one centered along a correlation line, 

and a second trend at lower U concentrations.  This latter trend most likely represents the rock 

fragment, which is quite crystalline and previously unexposed before being cross-cut to make a 

thin section. The strong Fe-U correlation shown in Figure 5.12(B), suggests that U was strongly 

adsorbed or coprecipitated with Fe-oxyhydroxides consistently in the layered and colloform 

structure of the Fe-oxyhydroxide in the near surface sediments of the Retention Pond (Figure 

5.11(B)). For the S4 hardpan sample, shown in Figure 5.12(C), there is poor correlation between 

Fe and U in the µXRF map. There is a large amount of Mn relative to Fe content in this sample 

target, if U is preferentially adsorbed to Mn there should be very little correlation between U and 

Fe, as observed. There are slight trends within the Figure 5.12(C) correlation plot cloud 

suggesting some adsorption of U with Fe-oxyhydroxides in the sample, however the trend along 

the X-axis suggests an alternate source for U in the sample. For the µXRF map of RP-SS8910 

(Figure 5.12(D)), there are three notable trends in the U vs. Fe plot. There is a correlation 

between Fe and U across a broad range of relatively low Fe and U concentrations, as well as 

distinct trends of Fe with low U, and U with low Fe. It is plausible that these latter trends 

represent trapped grains or fragments of other minerals that are Fe and U rich, respectively, as 
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shown in the ESEM image of this sample in Figure 5.11(C). Micro-XRD collected for the most 

U-rich part of Figure 5.12(D) provided an indeterminate image that would indicate a coarsely 

crystalline phase, and µXANES suggested a composition of 100% U(IV). This suggests that the 

U-rich area may be an encapsulated detrital grain of uraninite or uranothorite, or perhaps a 

secondary precipitate of uraninite or another U(IV) mineral as the result of reductive 

precipitation.  

For the REEs, correlations between Fe and REEs were less dispersed and more consistent 

than Fe and U, with the exception of example E (Figure 5.13). The La vs. Fe correlation plots for 

samples S4-HP and RP-S8910 (Figure 5.13(A&B)) are highly correlative and suggest that REEs 

are strongly adsorbed by Fe-oxyhydroxides in these samples targets. For the La vs. Fe correlation 

plot in sample AL-S4 (Figure 5.13(C)), the two trends represent different components of the 

image. The trend along the Fe axis represents the pink-purple area of the corresponding µXRF 

map, which is rich is Fe and Mn. The trend between La and Fe in the middle of the plot represents 

the yellow-green areas of the corresponding µXRF map, where La appears to be adsorbed to Fe. 

The correlation plot for the S7 pebble coating sample (Figure 5.13(D)) demonstrates good 

correlation between Fe and La at very low La concentrations, and no data points at higher La 

concentrations. This signifies that there are very low concentrations of REEs in this sample. The 

correlation plot for Figure 5.13(E) demonstrates little to no correlation between La and Fe, 

suggesting that the REEs of this target are associated with another mineral other than Fe-

oxyhydroxides. The trend along the Fe axis represents the rim of Fe-oxyhydroxides observed on 

the S4-Peb sample, whereas the trend along the La axis represents the green grain to the left of 

the pebble coating. This grain is rich in Ti (titanium), which overlaps with La Lα1 excitation 

energy, causing a high La concentration to be observed which may result in a false signal for La. 
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Figure 5.12 µXRF tri-plot element maps and element correlation plots for U. Element maps 
are comprised of three elements, Fe, Mn and U represented by three colours, red, blue and green, 

respectively. Mixtures of these colours imply a mixture of these elements in that pixel, with 
relative concentrations corresponding to the triangle legend in A. From A to D the maps 

correspond to samples (A) S7-Peb, (B) RP-S23, (C) S4-HP, and (D) RP-S8910. Graphs show the 
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relative correlation of concentration of two elements per pixel. The poor correlation (D) between 
high U counts and relative counts in Fe provides further evidence that U exists either as an 

adsorbed species with another non-Fe-bearing mineral, or as a detrital grain and not adsorbed to 
Fe-oxyhydroxide particles in the µXRF map. At low U counts the correlation between U and Fe 
suggests that U is often present in a more mobile U(VI) oxidation state and readily adsorbed to 
Fe-oxyhydroxides. Targets (red and white circles) corresponding to the locations of µXRD and 
µXANES conducted (Figure 5.14 and 5.16) on the sample are included in map images A and D. 
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Figure 5.13 µXRF tri-plot element maps and element correlation plots for La. Element maps 
are comprised of three elements, Fe, Mn and La represented by three colours, red, blue and green, 

respectively. Mixtures of these colours imply a mixture of these elements in that pixel, with 
relative concentrations corresponding to the triangle legend in A. From A to E the maps 

correspond to samples (A) S4-HP, (B) RP-S8910, (C) AL-S4, (D) S7-Peb, and (E) S4-Peb. 
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Graphs show the relative correlation of concentration of two elements per pixel. The poor 
correlation (D) between high La counts and relative counts in Fe provides further evidence that 
La exists as an adsorbed species with another non-Fe-bearing mineral or as a detrital grain and 

not adsorbed to Fe-oxyhydroxide particles in the µXRF map. Generally, there is good correlation 
between La and Fe in µXRF plots, suggesting that La is often associated with or adsorbed to Fe-

oxyhydroxides. Targets (red and white circles) corresponding to the locations of µXRD 
conducted (Figure 5.14) on the sample are included in map images A and D.  

 
For U, goethite, lepidocrocite and ferrihydrite were the main Fe-oxyhydroxide mineral 

hosts identified by µXRD analysis (Figure 5.14). These µXRD targets correspond to highlighted 

locations (red and white circles) on the µXRF maps in Figure 5.12. 

 
Figure 5.14 2D µXRD images showing Debye-Scherrer rings for goethite, lepidocrocite, 

magnetite, birnessite and illite, corresponding to targets located on tricolor µXRF Maps (red 
and white cirlces) in Figure 5.12.  
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For Ce and La, maghemite, hematite, lepidocrocite, and goethite were the Fe-

oxyhydroxide mineral hosts determined by µXRD analysis (Figure 5.15). These µXRD targets 

correspond to locations on the µXRF maps (red and white circles) in Figure 5.13. Ferrihydrite and 

maghemite were the common Fe-oxyhydroxide mineral hosts observed in the tailings. Goethite, 

hematite and lepidcrocite were the primary Fe-oxyhydroxide mineral hosts in the Retention Pond 

sediments, and lepidocrocite, goethite, ferrihydrite and maghemite were the primary Fe-

oxyhydroxide mineral hosts in the stream sediments. 

 
Figure 5.15 2D µXRD images showing Debye-Scherrer rings for goethite, lepidocrocite, 

maghemite, birnessite and franklinite, corresponding to targets located on tricolor µXRF Maps 
(red and white cirlces) in Figure 5.13. From A to E the maps correspond to samples (A) S4-HP, 

(B) RP-S8910, (C) AL-S4, (D) S7-Peb, and (E) S4-Peb. 
 

The oxidation state in sediments composed of Fe-oxyhydroxide minerals is important as 

it is a major control on the mobility of U in the environment. Uranium(VI) is known to be very 

soluble and mobile at circum-neutral pH in oxidized environments, whereas U(IV) is considered 
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relatively immobile and insoluble under the same conditions (Langmuir, 1978). In addition to 

controlling the mobility of adsorbed ions, the oxidation state can also influence the method by 

which the aqueous U complexes are adsorbed or co-precipitated. Uranium present purely in the 

4+ oxidation state may represent a small detrital or primary U grain that has been buried or 

incorporated into Fe-oxyhydroxide minerals, or U minerals that have precipitated from reductive 

precipitation (Scott et al., 2005). The reductive precipitation of U can be facilitated by  abiotic 

methods of reduction including reduction by ferrous Fe, sulfide reduction, reduction by the 

formation of hydroxysulfate (green rust), and reduction in the inter-layer of Fe-bearing micas, and 

biotic mechanisms such as microbially assisted reduction are all possible mechanisms for 

reducing U(VI) from solution (Ginder-Vogel and Fendorf, 2008). Further research is required to 

determine the method by which U is reductively precipitated from solution. Uranium present in 

the 6+ oxidation state represents an adsorbed U ion or ligand through surface complexation or a 

pure U(VI) secondary mineral precipitate (like those shown in Table 1.2). A mixture of U(IV) 

and U(VI) suggess both reductive precipitation and surface complexation with Fe-oxyhydroxides 

(Scott et al., 2005). To determine whether surface complexation or reductive precipitation was the 

primary method of attenuation for U by Fe-oxyhydroxides, µXANES analysis was used to 

determine the relative percent U(IV) and U(VI) in the samples. 

Micro-XANES analyses for U, corresponding to target locations for µXRD (Figure 5.14) 

in µXRF element maps (Figure 5.12), show a mixture of results for the oxidation state of U 

associated with Fe-oxyhydroxides (Figure 5.16). The blue line in the µXANES graphs represents 

the collected background-subtracted scan for the target, and the red line represents the fit of the 

standard reference scans to the data. The µXANES scan of the lepidocrocite and magnetite target 

from the S7-Peb sample (Figure 5.16(A)) shows a 100% correlation with U(VI). This suggests 
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that U is bound as uranyl ions or other U(VI) species through surface complexation. From 

previous research conducted by Dodge et al. (2002), the association of U with lepidocrocite 

would suggest that these U(VI) complexes are tightly bound through covalent bonding by 

forming bidentate inner-sphere bonds with the lepidocrocite crystal structure, producing a 

relatively immobile precipitate. The µXANES scans for the other three targets show a mixture of 

U(IV) and U(VI) (Figure 5.16(B-D). This is suggestive of a competing environment between 

adsorption and co-precipitation by outer sphere surface complexation to goethite, and reductive 

precipitation of U. The mixed U oxidation state is likely due to kinetic and chemical barriers 

preventing the complete reduction of U(VI) to U(IV) with depth. Aqueous U(VI) species 

adsorbed and co-precipitated with goethite, as outer sphere complexes, have a relatively higher 

potential for remobilization, as these complexes are only bound to the goethite mineral surface 

through electrostatic forces, not covalent bonds (Gadelle et al., 2001). Uranium(IV) precipitated 

by reductive precipitation has low mobility, as U(IV) has low solubility under these conditions.  
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Figure 5.16 Fitted U µXANES for SW1 and SW2, fitted to determine relative % U(IV) and % 
U(VI) in the sample. The blue line represents the collected, background-subtracted scan for the 
sample and red line represents the fit of the standard reference scans to the data. Background-

subtracted U µXANES collected for samples (A) S7-Peb, (B) RP-S23, (C) S4-HP, and (D) RP-
S8910, were fitted using the standard reference µXANES patterns for two U minerals (Figure 

5.5). Target locations for corresponding µXRF maps can be found in Figure 5.12 (white and red 
circles). (A) Fitted with a mixture of 0% U(IV) and 100% U(VI), (B) fitted with 54% U(IV) and 

46% U(VI), (C) fitted with a mixture of 79% U(IV) and 21% U(VI), and (D) fitted with a mixture 
of 43% U(IV) and 57% U(VI).  

 
Therefore, the primary Fe-oxyhydroxide mineral for the adsorption of U in the Bicroft 

Mine stream and wetland sediments is probably goethite. Goethite adsorbs U using a mixture of 

reductive precipitation and outer-sphere surface complexation, whereas lepidocrocite and 

magnetite were found to only adsorb U through bidentate inner-sphere surface complexation.  

The mobility of U in this system once adsorbed and/or co-precipitated is quite low, except in 

instances of outer-sphere surface complexation (Gadelle et al., 2001). REEs associated with Fe-
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oxyhydroxide sediment targets are presumed to be adsorb through inner-sphere surface 

complexation only, and are primarily co-precipitated with maghemite, hematite, lepidocrocite, 

and goethite (Quinn et al., 2007; Schijf and Marshall, 2012). REEs typically bind to other ligands 

or complexes in solution, but once bound to Fe-oxyhydroxides the mobility of the REEs is low 

(Quinn et al., 2004; Gammons et al., 2005).   Further, the stability of these precipitated minerals 

is dependent on the chemistry of the system being maintained. Changes in the U redox state, pH, 

temperature and solution chemistry of the stream and wetland may increase the mobility of 

precipitated minerals or adsorbed ions, bringing them back into solution (Quinn et al., 2006a,b).   

5.3.4.2 Manganese Oxyhydroxides 

Birnessite (MnO2) is the primary Mn-bearing mineral found in sediments (Al-Attar and 

Dyer, 2002). Its surface charge (Murray, 1974), cation exchange ability (le Goff et al., 1996), and 

redox properties make it a good mineralogical candidate for the adsorption of U and REEs (Wang 

et al., 2013a). Through surface complexation in tunnels within the birnessite and todorokite 

crystal structure, water molecules and large cations may be trapped and adsorbed, leading to 

eventual co-precipitation with the corresponding Mn-oxide (White, 1983; Feng et al., 1995; Al-

Attar and Dyer, 2002). In natural systems, Mn-oxidizing bacteria have been found to be the 

principle drivers of Mn(II) oxidation, even in low dissolved oxygen environments. The movement 

of Mn minerals and dissolved Mn(II) into oxygenated environments provides the ideal conditions 

for rapid, biologically mediated oxidation of Mn and the subsequent formation of Mn-oxides 

(Tebo, 1991; Clement et al., 2009; Wang et al., 2013a).  

Manganese oxides have been previously considered in the literature as unstable substrates 

for U retention, as adsorbed U(IV) can be readily oxidized by Mn to form soluble and highly 

mobile U(VI), even in waters with low dissolved oxygen content (Fredrickson et al., 2002; Liu et 
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al., 2002; Wang et al., 2013a). Studies conducted by Wang et al. (2013a, b), suggest that re-

oxidized or oxidized U(IV) is not readily mobilized into solution, as the adsorption of the U and 

incorporation of U(VI) in the Mn-oxide crystal lattice structure control the release of U, and may 

ultimately serve as a potential repository and remediation strategy for U contaminated waters 

(Webb et al., 2006). 

Ferromanganese and Mn-oxides have also been found to preferentially adsorb REEs, 

specifically Ce, through complexation and oxidative scavenging (Goldberg et al., 1963; Addy, 

1979; Wood, 1990; Ohta and Kawabe, 2001; Nelson et al., 2003; Ohnuki et al., 2008; Loges et 

al., 2012; Schjif and Marshall, 2012). Oxidative scavenging of Ce is caused by the oxidation of 

Ce(III) to Ce(IV), which is less soluble and reactive than Ce(III), by the coupled reduction of 

Mn(IV) to Mn(II) (Ohta and Kawabe, 2001). This results in the formation of the Ce anomaly in 

sediments, whereby there is a higher relative concentration of Ce with respect to other REEs, and 

an associated decrease in the concentration of Ce in corresponding waters (Goldberg et al., 1963; 

Koeppenkastrop and De Carlo, 1992; De Carlo et al., 1998; Ohta and Kawabe, 2001).  

To determine whether Ce is preferentially adsorbed to Mn-oxides in the sediments at the 

Bicroft Mine, REE concentrations in stream sediments were normalized to the concentration of 

REEs in the Upper Crust (Taylor and McLennan, 1981) (Figure 5.17). The upper crust standard 

was used as it provided corresponding data for 14 of the 15 REEs and normalizing to the Upper 

Crust (Taylor and McLennan, 1981) and North American Shale Composite (NASC) (Gromet et 

al., 1984) yielded similar results. The normalization of the data demonstrated no notable Ce 

anomaly, suggesting that Ce in the system has not been oxidatively scavenged by Mn-oxides. In 

addition, results demonstrate that there is little variation in the relative amounts of different REEs 

adsorbed at each stream sampling location, suggesting that the methods by which REEs are 
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sequestered in these sediments are fairly consistent.  In a previous regional geological study of the 

U, Mo, and REE mineralization in these late-tectonic granitic pegmatites by Lentz (1996), there 

was a large variation in the trend of the REE-normalized plots, dependent on the degree of 

hybridization as shown by low and high CaO + FeO + MgO content (Figure 5.18).  The REE-

normalized trend for Bicroft shows a similar trend to some of Lentz’s (1996) low CaO + FeO+ 

MgO samples, with a notable Eu anomaly and relatively even concentration across the elements, 

increasing in concentration in the heavy REEs. However, the general trend, from the 

normalization of the bulk stream sediment data, shows a higher correlation to published results 

for amphibolite facies felsic gneisses (A), garnet (B), and igneous zircons (C), as shown in Figure 

5.19 (Pride and Muecke, 1981; Fujimaki, 1986; Chamberlain et al., 1988). Bulk XANES analyses 

were also conducted on these samples, at the APS synchrotron, to determine the relative oxidation 

state of Ce in the bulk sediments and sub-sampled core sediments. Results from these analyses 

demonstrated that Ce was only present in the 3+ oxidation state in tailings and sediments (Figure 

5.20). 

 
Figure 5.17 Normalized REE plot for the concentration of REEs in Bicroft stream 

sediments and tailings relative to the concentrations in the upper crust. 
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Figure 5.18 Comparative normalization of REEs from Lentz (1996). Chondrite-normalized 

plot for low (circle) and high (triangle) CaO + FeO + MgO contents. 
 

 
Figure 5.19 Comparative normalizations of REEs from literature for (A) amphibolite facies 
felsic gneisses (Chamberlain et al., 1988), (B) garnet (Pride and Muecke, 1981), and (C) igneous 

zircon (Fujimaki, 1986). 
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Figure 5.20 Fitted Ce bulk-XANES for AL-S9, S4-HP, RP-S1, and S6. Fitted to determine 

relative % Ce(III) and % Ce(IV) in the sample. The blue line represents the collected, background 
subtracted, scan for the sample and red line represents the fit of the standard reference scans to 

the data. Background subtracted Ce bulk-XANES collected were fitted using the standard 
reference µXANES patterns for two Ce minerals (Figure 5.4). All bulk-XANES scans 

corresponded to a composition of 100% Ce(III). 
 

Mn-oxyhydroxides were found to be one of the predominant hosts for U and REEs in the 

sediments throughout the tributary stream and wetland system at the Bicroft Mine. Of the Mn-

oxyhydroxides, birnessite was by far the most prevalent, and was often intergrown with goethite 

and other Fe-oxyhydroxides. Manganese oxyhydroxides were initially identified using the ESEM. 

BSED images of Mn oxyhydroxides identified under the ESEM are shown in Figure 5.21. 

Manganese oxyhydroxides in these samples had a layered or colloform appearance. 
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Figure 5.21 BSED Images and associated EDS spectra for Fe- and Mn-oxyhydroxides from 

A) S4-HP, B) S2, and C) RP-S8910. The relative counts of different elements in the spectra 
represent the proportional amounts of these elements in the EDS spectra analysis. For targeted 
locations in samples, predominant compositions were as follows: (A) Si, Fe, O, Al, Mn, and 

minor amounts of Ca, S, Cl, Na and Mg, (B) Mn, O, Fe, Si, and minor amounts of Ce, Al, and 
Mg, and (C) Si, O, Fe, Ca, Al, Mg, Ce and La, with minor amounts of Mn. 

 

Analysis of these and other Mn-oxyhydroxide targets through the use of µXRD, and their 

correlation with U and REEs through the use of µXRF element mapping and correlation plots, 

have been used to further characterize the Mn-oxyhydroxide hosts. Since Mn-oxyhydroxides have 

a high affinity to adsorb these and many other metals (Wang et al., 2013a), it is important to 
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understand which Mn-oxyhydroxides correlated well with elevated U and REE concentrations, 

and the relative oxidation states of the adsorbed species.  

Micro-XRF element mapping showed the presence of U in association with Mn in 

samples S4-HP, S2, and RP-S8910 (Figure 5.22). The Mn-oxide present in each of these samples 

was identified as birnessite through the analysis of µXRD 2D images (Figure 5.22). The Fe-

oxyhydroxide mineral goethite was also identified in association with Mn targets in samples S4-

HP and RP-S8910. Further analysis of these targets with µXANES was used to determine the 

relative percent U(IV) and U(VI) in the samples (Figure 5.23). The S4-HP sample contained 64% 

U(IV) and 36%U(VI) and the S2 sample contained 100% U(VI). Micro-XANES scans collected 

for the RP-S8910 and other birnessite targets resulted in poor quality results that could not be 

used to quantify the U species present. Poor quality µXANES scans suggests that the relative 

concentration of U in these target locations is low. The mixture of U(IV) and U(VI) observed 

suggests that U is bound through adsorption and potentially reductive precipitation to birnessite. 

Nano-scale detrital or precipitated grains of U(IV) minerals, from reductive precipitation, may be 

buried within the layered or colloform structure of the birnessite, contributing to the U(IV) signal. 

It is unclear how stable these precipitates are, as the stability of U(IV) is dependent on its ability 

to remain in the reduced state. Recent research conducted by Wang et al. (2013), suggests that the 

high reactivity and strong adsorption capacity of Mn-oxides is dominant in sequestering U. This 

infers that whether U is adsorbed and co-precipitated as U(IV) or U(VI) that U will be attenuated 

and maintained as part of the Mn-oxide crystal lattice structure by surface complexation. 
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Figure 5.22 µXRF tri-plot element maps, element correlation plots and corresponding 

µXRD images for U. Element maps are comprised of 3-elements, Fe, Mn and U represented by 
3-colours, red, blue and green, respectively. Mixtures of these colours imply a mixture of these 
elements in that pixel, with corresponding relative concentrations to the triangle legend in A. 

From A to C the maps correspond to samples (A) S4-HP, (B)S2, and (C) RP-S8910. Graphs show 
the relative correlation of concentration of two elements per pixel. The number of counts for each 
element can be considered a relative concentration. The graphs show the correlation between U 

and Mn. Targets (white circles) corresponding to the locations of µXRD conducted on the sample 
are included in µXRF map images. Associated 2D µXRD images showing Debye-Scherrer rings 

for goethite and birnessite. 
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Figure 5.23 Fitted U µXANES for S4-HP and S2, fitted to determine relative % U(IV) and % 
U(VI) in the sample. The blue line represents the collected, background subtracted, scan for the 

sample and red line represents the fit of the standard reference scans to the data. Background 
subtracted U µXANES collected for samples (A) S4-HP, and (B) S2, were fitted using the 
standard reference µXANES patterns for two U minerals (Figure 5.5). Target locations for 

corresponding µXRF maps can be found in Figure 5.22 (white circles). (A) Fitted with a mixture 
of 64% U(IV) and 36% U(VI), (B) fitted with 0% U(IV) and 100% U(VI). µXANES for (C) RP-
S8910 were not possible as the U in the sample was at too low of a concentration to detect and 

formulate a decipherable µXANES pattern. 
 

Thin sections analyzed for REEs, S2, S4-HP, RP-S23, S4-Peb, and S7-Peb demonstrated 

the presence of Ce and La in association with Mn (Figure 5.24). The Mn-oxides identified from 

µXRD in these samples were birnessite and todorokite (Figure 5.25). Birnessite was the most 

common of the two Mn-oxide minerals observed. In the S7-Peb sample goethite was also 

observed in association with birnessite.  
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Figure 5.24 BSED images of Mn-oxyhydroxides, µXRF tri-plot element maps and 

corresponding element correlation plots for REEs. Element maps are comprised of 3-
elements, Fe, Mn and La represented by 3-colours, red, blue and green, respectively. Mixtures of 

these colours imply a mixture of these elements in that pixel, with corresponding relative 
concentrations to the triangle legend in B. From A to D the maps correspond to samples (A) S2, 
(B) S4-HP, (C) S7-Peb and (D) S4-Peb. Graphs show the relative correlation of concentration of 

two elements per pixel. The poor correlation (A and D) between high La counts and relative 
counts in Mn provides evidence that La exists as an adsorbed species with another mineral, exists 
in low concentrations (B), or as a detrital grain and not adsorbed to Mn-oxyhydroxide particles in 

the µXRF map. Generally, there is poor correlation between La and Mn in µXRF plots, 
suggesting that La is not readily adsorbed to or associated with Mn-oxyhydroxides, however, La 

and Mn correlate well in (C) where La may be sorbed to Mn. Targets (white circles) 
corresponding to the locations of µXRD conducted on the sample are included in µXRF map 

images. 
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Figure 5.25 2D µXRD images showing Debye-Scherrer rings for birnessite and todorokite. 

 

5.3.4.3 Primary Ore Mineral and Detrital U and REE Grains 

Primary ore minerals containing U, Ce and La were observed in the AL-SS789 thin 

section from the Auger Lake tailings core and as detrital grains in the RP-S23 and RP-S56 thin 

sections from the Retention Pond core sediments. These grains were observed under the BSED of 

the (Figure 5.26). These grains are angular to subrounded and range from 5 µm to 125 µm in size, 

with high enough concentrations of U, Ce and La to be detected by EDS spectra (<133 eV) on the 

ESEM (Figure 5.26). These ore mineral and detrital grains generally diffracted poorly under 

µXRD, appearing in 2D µXRD images as blanks, bright spots, or spotty Debye-Scherrer rings 

(Figure 5.27(C)). This is because the crystal being analyzed is larger than the diameter of the 
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synchrotron beam, causing poor diffraction. In addition, the oxidation state of the U associated 

with the target in bulk or µXANES was used to assess whether the U present is likely hosted by 

primary ore minerals or their detrital equivalents.  Ore minerals would be expected to have U 

present primarily in the 4+ oxidation state, whereas U sequestered by secondary precipitates 

would likely be present as a mixture of U(IV) and U(VI), or dominantly U(VI) (Langmuir, 1978). 

Micro-XANES collected in coordination with µXRD targets showed a 100% U(IV) signature for 

the U-bearing grains in the Auger Lake tailings, which likely represents uraninite or uranothorite 

(Figure 5.28). 
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Figure 5.26 BSED images and associated EDS spectra for U- and REE-bearing grains from 
(A and B) AL-S789, and (C and D) RP-S56. Images (A) and (D) show angular grains composed 
of U, Si, O and Th. Images (B) and (C) show angular grains composed of Si, O, Br, P, Al, Ce and 

La. The detrital grain observed in image (C) also shows signs of weathering and possible 
dissolution. 
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Figure 5.27 BSED image, element correlation plot, µXRF tri-plot element map, and 
corresponding µXRD images for U-bearing minerals in AL-S4. Element maps (D) are 

comprised of 3-elements, Fe, Mn and U represented by 3-colours, red, blue and green, 
respectively. The correlation plot (B) for Fe and U shows poor correlation between these 
elements. Confirming that the U in the µXRF map exists as a primary ore mineral and not 
adsorbed to Fe-oxyhydroxide particles in the µXRF map. The µXRD targets (white circle) 

corresponding to the locations of µXRD (C) conducted on the sample are included in µXRF map 
images. Associated 2D µXRD images showing spotty Debye-Scherrer rings for uraninite. The 

spotty nature of the rings also suggests a non-nanocrystalline target. 
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Figure 5.28 Fitted U µXANES for AL-S4. Fitted to determine relative % U(IV) and % U(VI) in 
the sample. The blue line represents the collected, background subtracted, scan for the sample and 

red line represents the fit of the standard reference scans to the data. Background subtracted U 
µXANES collected on AL-S4 were fitted using the standard reference µXANES patterns for two 
U minerals (Figure 5.5). All µXANES scans collected for this tailings subsample were fitted to a 

composition of 100% U(IV). 
 

The presence of U(IV)-bearing grains in the Auger Lake tailing core suggests that the 

tailings have not been completely oxidized during milling and processing, or once deposited in 

the tailings impoundment. This also implies that there is still a significant potential for the 

continued release of these trace elements into solution and subsequent release into the stream and 

wetland system. The presence of U- and REE-bearing detrital grains greater than 200 m 

downstream in the Retention Pond is important, as it demonstrates the ability for these nano-scale 

particles to be mobilized significant distances without being dissolved. These detrital grains may 

have originated from a previous tailings dam breach, or may have been transported as suspended 

particulate matter in the effluent from the tailings impoundments and eventually settled out of 

solution. The significant amount of detrital grains observed in the Retention Pond core sediments 

suggests that the slower flow environment of the wetland allows for these suspended particles to 
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settle. The presence of these grains creates the potential for continued release of U and REE into 

the stream and wetland system. 

5.3.4.4 Organics 

It has been suggested that natural organic matter (NOM) has an ability to significantly 

affect the adsorption of U and REEs to natural solids (Thurman, 1985). Uranyl ion complexation 

with NOM creates very stable inner-sphere complexes and may promote the reduction of U(VI) 

to U(IV) (Nash et al., 1981). In studies conducted by Krupka et al. (1999) and Masset et al. 

(2000), high concentrations of organics in solution enhanced the adsorption of U to Fe-oxides at 

circum-neutral to acidic pH. However, the presence of carbonate species and complexes in 

solution have the opposite effect on the adsorption of U to organics and other minerals, and in 

some cases inhibit adsorption (Krupka et al., 1999). In recent field investigations by Schöner et 

al. (2008), no correlation between U enrichments in wetland sediments and high organic carbon 

concentrations were found. This suggests that organics do not play a significant role in U 

attenuation. Unlike U, REE complexation with NOM forms a stronger bond than REE-carbonate 

complexes, allowing for them to dominate aqueous systems when in significant concentration 

(Tang and Johannesson, 2010; Purdy and Jamieson, 2012). Studies have found that NOM 

contains the dominant and primary ligands for REE complexation, particularly at circum-neutral 

pH (Wood, 1993; Pourret et al., 2007; Tang and Johannesson, 2010). However, REE association 

with NOM may prevent the sequestration of REEs from aqueous systems; humic substances 

shield the REEs from forming stable complexes with inorganic sediment substrates, including Fe-

, Mn- and Al-oxyhydroxides (Davranche et al., 2005). 

Targets for particulate organic matter were located in the RP-S8910 thin section sample, 

and identified under the BSED (Figure 5.29). Cell and root structures were observed, and varied 
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from <100 µm to 5 mm in size. High concentrations of Ce and La were found in association with 

most of the solid organic matter targets in EDS spectra from the ESEM (Figure 5.28). There was 

generally low correlation between Fe and Mn with the REEs and U detected for these targets in 

µXRF mapping, suggesting that the U and REEs detected may be adsorbed to the observed 

organic material (Figure 5.30). Targets, from µXRF mapping, for high concentrations of U and 

REEs associated with this decayed plant matter for µXRD and µXANES did not detect U or 

REEs. However, goethite was found to be infilling plant cells in the RP-S8910 sample (Figure 

5.29(A)) and demonstrated good correlation between REEs and Fe and Mn in µXRF element 

correlation plots (Figure 5.31).   
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Figure 5.29 BSED images and associated EDS spectra for organic material with Fe, Mn and 
REEs from (A-C) RP-S8910. Images show roots or cells composed of C, Si, O, Al, Fe, Mn, Ce, 

and Ca. 
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Figure 5.30 µXRF tri-plot element maps and corresponding element correlation plots, for 
RP-S8910. Element maps are comprised of 3-elements, Fe, Mn and U or La represented by 3-
colours, red, blue and green, respectively. Mixtures of these colours imply a mixture of these 
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elements in that pixel, with corresponding relative concentrations to the triangle legend in B. 
Maps correspond to BSED images A and C in Figure 5.29. Graphs show the relative correlation 

of concentration of two elements per pixel. The graphs show the correlation between U or La and 
Fe or Mn. There is a good correlation with Fe and Mn with La in (A) and a poor correlation (C) 

between high U counts and relative counts in Mn and Fe, suggesting that the U may be associated 
with with another mineral in the µXRF map, or exists as a detrital grain and not adsorbed to Fe or 

Mn-oxyhydroxide particles in the µXRF map. Targets (white circles) corresponding to the 
locations of µXRD conducted on the sample are included in µXRF map images. 

 

 
Figure 5.31 2D µXRD images showing Debye-Scherrer rings for goethite, associated with 

organic matter (A) in Figure 5.29. 
 

Since particulate organic matter was observed only in one thin section from the Retention 

Pond core sediments and not throughout the reach of the stream and wetland system, it is not 

suspected to be a primary host for U and REE in the stream sediments. However, organic material 

may play a large role in U and REE sequestration, as well as the reduction of U(VI) to U(IV), at 

depth in the wetland sediments. Further research and increased sampling of Retention Pond 

sediments and associated pore waters would be required to determine the impact of organic 

material on U and REE sequestration at the Bicroft Mine. 

5.3.5 Uranium Oxidation State in Stream Sediments and Depth Profiles of Cored Sediments 

A"
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In recent literature, the role of U redox changes in stream and wetland sediments in the 

long-term attenuation of U has been debated. There is consensus that the reduction of uranyl ions 

in solution allows for the reductive precipitation of U(IV), which is suggested to be a stable and 

sustainable mechanism for U sequestration from solution (Dybek, 1962; Burns et al., 1997; 

Schöner et al., 2009). This is exemplified in column and lab experiments, which have 

demonstrated the sequestration of U under reducing conditions (Barnes and Cochran, 1993; Owen 

and Otton, 1995; Shinners, 1996; Dushenkov, 1997; Veselic et al., 2002). However, the 

attenuation of U primarily due to a change in the U redox conditions in the natural environment 

has not been documented, and has been considered as an insignificant attenuation method as most 

of the U present is weakly associated with Fe- and Mn-oxyhydroxides, carbonate minerals, 

macrophytes and microorganisims through adsorption (Coetzee et al., 2002; Schöner et al., 2004; 

Schöner et al., 2009). Field studies by Schöner et al. (2009) have demonstrated that U is generally 

sequestered in the topmost 5-25 cm of the sediment profile, and is not correlated to the U redox 

state of the surrounding pore waters or organic carbon content. In addition, other methods of U 

reduction including sulfide reduction, reduction by ferrous Fe, reduction by the formation of 

hydroxysulfate (green rust), and reduction in the inter-layer of Fe-bearing micas are all possible 

abiotic mechanisms for reducing U(VI) from solution in an oxidizing environment (Ginder-Vogel 

and Fendorf, 2008). The reduction of U(VI) may also occur biotically by dissimilatory metal-

reducing bacteria (DMRB), sulfate reducing bacteria (SRB) and the oxidation-reduction of 

organic carbon (Ginder-Vogel and Fendorf, 2008). 

At the Bicroft Mine, a mixture of U(IV) and U(VI) species in bulk stream sediments 

(Figure 5.32), sub-sampled tailings (Figure 5.33) and wetland sediments (Figure 5.34) was 

observed through bulk XANES analyses. The mixtures of U oxidation states observed over the 
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course of the tributary stream system suggests that U is present primarily in a relatively labile 

form with precipitated Fe- and Mn-oxyhydroxides, as was previously observed in this Chapter. 

Generally, U was present as U(VI) in bulk stream sediments, however there is a notable mixture 

of U(IV) and U(VI) below the Retention Pond. Variations in the amount of U(IV) and U(VI) 

present depend on the local mechanisms of attenuation.  If a detrital or primary ore mineral grain 

of U(IV) composition was within the sampled area for bulk XANES, a predominantly U(IV) 

signal may be observed, as a detrital grain has a higher concentration of U than that observed in 

precipitated sediments and would overwhelm the XANES scan. In addition, at S9 (Figure 5.2), 

where the highest concentrations of U in sediments were observed at the confluence with Deer 

Creek, bulk U XANES detected the highest percentage of U(IV). This, again, may be due to the 

presence of detrital grains of U within the sediments, rather than adsorbed species, as the 

concentration of U in a detrital grain is expected to be much higher. An alternative reason for an 

increase in the %U(IV) downstream of the Retention Pond, is the method by which U is 

attenuated. Downstream of the Retention Pond there is a notable change in predominant Fe-

oxyhydroxide mineralization observed in stream sediments, as also observed in Figure 4.22 in 

Chapter 4, from goethite, maghemite and lepidocrocite above the Retention Pond to hematite, 2-

line ferrihydrite and lepidocrocite below the Retention Pond. The presence of minerals like 

goethite and lepidocrocite above the Retention Pond is likely related to the relatively rapid 

precipitation of these phases from the tailings pond effluent (Schwertmann and Murad, 1983). 

Hematite is generally formed as a secondary mineral due to internal rearrangement and 

dehydration of precipitated ferrihydrite, recrystallizing and forming hematite (Schwertmann and 

Murad, 1983). Adsorbed U to these Fe-oxyhydroxides may undergo reductive precipitation 
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through dehydration and or incorporation into the crystal structure by recrystallization processes, 

increasing the relative %U(IV) observed in sediments. 

 
Figure 5.32 Map of Bulk-XANES collected on bulk sub-samples of stream sediments. The 
relative percentages of U(IV) (green) and U(VI) (Purple) are shown in bulk surficial sediments 
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from the tributary stream system. Samples noted as ‘BD’ were below detection, and bulk-XANES 
were either undecipherable or not collected as the signal was not great enough to attain a result. 

 
Six sub-samples from the Auger Lake tailings core were analyzed for bulk U XANES 

(Figure 5.33). XANES analysis was not successful due to low U concentrations in the top 15 cm 

of tailings. A consistent U(IV) signal was determined from the lower portion of the core. This 

correlates well to the observed colour changes in Table 5.2 and the lack of observable U targets in 

the AL-S4 thin section. The change in colour of the tailings and the observed oxidation state 

suggest a U redox boundary at approximately 15 cm depth. The presence of of U(IV) in the 

tailings at a shallow depth suggests that the majority of U in the tailings is still present as grains 

of primary U(IV) ore minerals within the tailings impoundments. This also suggests the potential 

for long-term release of U and other elements from these tailings impoundments, and the need to 

maintain these tailings in a reduced or sub-oxic environment. 
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Figure 5.33 Fitted U Bulk-XANES for the Auger Lake tailings impoundment core sub-

samples. Fitted to determine relative % U(IV) and % U(VI) in the sample. The blue line 
represents the collected, background subtracted scan for the sample and red line represents the fit 
of the standard reference scans to the data. Background subtracted U bulk-XANES collected were 

fitted using the standard reference bulk-XANES patterns for two U minerals (Figure 5.5). All 
bulk-XANES scans collected were fitted with to a composition of 100% U(IV). The top 3 sub-
samples were below detection, and bulk-XANES were either undecipherable or not collected as 
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the signal was not great enough to attain a result. It is presumed that these tailings were oxidized 
based on colour, allowing for U to be dissolved and mobilized. 

 
Six sub-samples from the Retention Pond core were also analyzed for bulk U XANES 

(Figure 5.34). There is a consistent near-equal composition of U(IV) and U(VI) in these 

sediments, with a predominantly U(IV) signal in the top 3 cm of the core. There are likely a 

number of mechanisms causing U retention in these sediments, including: adsorption and co-

precipitation with Fe- and Mn-oxyhydroxides, adsorption to organic matter, reduction by bacteria, 

reduction by Fe- or Mn-oxides, and reduction by organic matter. It is unclear which of these 

processes are occurring and which are predominant. However, the significant presence of Fe and 

Mn-oxyhydroxides in these samples suggests that adsorption and co-precipitation, as well as the 

reduction of U(VI) from solution by Fe- and Mn-oxides are the predominant mechanisms for U 

attenuation in the wetland sediments. 
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Figure 5.34 Fitted U Bulk-XANES for the sub-sampled Retention Pond core. Sub-samples 
were fitted to determine relative % U(IV) and % U(VI) in the samples. The blue line represents 
the collected, background subtracted, scan for the sample and red line represents the fit of the 

standard reference scans to the data. Background subtracted U bulk-XANES collected were fitted 
using the standard reference bulk-XANES patterns for two U minerals (Figure 5.5). Bulk-

XANES scans collected varied between a near 50-50 mixture of U(IV) and U(VI) to 100% U(IV) 
in the first sub-sample. The lack of a clear trend from U(VI) to U(IV) with depth in the core, 

suggests that a U redox boundary does not exist within the depth of the core, or that kinetic or 
chemical barriers prevent a complete change in the redox state of sequestered U. 
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From these results it is unclear whether changes in U redox conditions played a 

significant role in the sequestration of U from solution in the Retention Pond. Further work is 

required to determine the redox conditions of the surrounding pore waters, as well as the 

availability and predominance of bacteria and reducing agents in the sediments. However, the 

results from the Auger Lake tailings core suggest that most of the U in the tailings impoundments 

has been maintained in a stable reduced state due to a shallow U redox boundary at 15 cm, 

limiting the potential release of U, REEs, and other trace metal contaminants over time.  

5.4 Conclusions 

In summary, there are variations in the overall chemistry and mineralogical composition 

between the three main types of samples analyzed: tailings (oxidized and unoxidized), stream 

sediments (up and downstream of the Retention Pond), and Retention Pond sediments. The 

oxidized tailings provided no discernible XANES scans, as U (and REEs) in these tailings had 

been oxidized and most likely released into solution, and was mineralogically comprised of 

maghemite, birnessite, franklinite, rutile, pyroxene, and quartz. Unoxidized tailings demonstrated 

the presence of primary ore mineral grains composed of uraninite and cerianite, with all U present 

as U(IV). Over the course of the tributary stream there was a notable variation in the U oxidation 

state and mineralogical composition up and downstream of the Retention Pond. Upstream of the 

Retention Pond U was found to be present only as U(VI), whereas downstream there was a 

mixture of U(IV) and U(VI). Mineralogically the upstream portion of the stream was dominated 

by goethite, birnessite, maghemite and lepidocrocite, whereas downstream the sediments were 

dominated by goethite, hematite, ferrihydrite, lepidocrocite, birnessite and todorokite. These 

variations suggest that downstream of the Retention Pond there was a greater potential for the 

dehydration of precipitated Fe-oxyhydroxides and recrystallization, allowing for the potential 
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reductive co-precipitation of U(IV), as well as adsorption of U(VI) by Fe- and Mn-

oxyhydroxides. Retention Pond sediments were primarily comprised of goethite and birnessite, 

along with hematite, lepidocrocite, and detrital grains of primary ore minerals. Uranium in the 

near surface sediments were predominantly comprised of U(IV), however, with depth there was a 

notable and consistent mixture of U(IV) and U(VI). This was likely due to kinetic and chemical 

barriers preventing the complete reductive precipitation of U, as well as adsorption of U(VI) to 

Fe- and Mn-oxyhydroxides. 

The physical, chemical and mineralogical data discussed in this chapter suggest that the 

release of U, Ce and La into the tributary stream and wetland system is associated with the 

oxidation and reductive dissolution of tailings within the Auger Lake tailings impoundment, and 

not primarily from the Retention Pond as previously hypothesized by the MOE (2003). Through 

the use of the ESEM and synchrotron micro-analysis on the Auger Lake tailings, it is apparent 

that U within these submerged mine wastes is still maintained mostly in the reduced state 

(U(IV)), and was not fully oxidized during mining, milling, or since deposition into Auger Lake. 

The presence of reduced tailings within 15 cm of surface suggests the potential for continued and 

long-term release of U and REEs if the tailings were to undergo further oxidation or reductive 

dissolution. 

Once released as effluent from the tailings basins, U and REEs are primarily attenuated 

through adsorption and co-precipitation, as well as reductive precipitation with Fe- and Mn-

oxyhydroxides such as goethite and birnessite. The primary processes that control the retention of 

U and REEs were determined through the use of synchrotron micro-analytical studies at the 

NSLS and APS. Through the use of µXRF element mapping, element correlation plots, as well as 

targeted µXRD and µXANES analyses, it was determined that the predominant method of 
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attenuation was adsorption by outer (U) and inner sphere complexes (U and REEs) with Fe- and 

Mn-oxyhydroxides. The adsorption and co-precipitation of Ce with Mn-oxides as the result of 

oxidative scavenging was not observed, as there was no presence of a Ce anomaly in REE 

normalizations. Inner sphere complexes of U and REEs, as well as reductive precipitation of U, 

have been demonstrated to provide long-term stability of adsorbed species with precipitated 

sediments in previous studies. However, U and REEs adsorbed by outer sphere complexes may 

be readily mobilized with changes in the temperature, pH, and redox of the system (Gadelle et al., 

2001; Essington, 2003; Quinn et al., 2006a;b). 

Particulate organic matter was observed in sediments from the Retention Pond core, and 

chemical data suggested a correlation with the presence of visible organic matter with depth. 

However, through the use of synchrotron micro-analyses, this partially decayed plant material did 

not appear to play a major role in the sequestration of U and REEs from solution over most of the 

stream and wetland system.  

In addition to the adsorption and precipitation of dissolved U and REEs on secondary Fe- 

and Mn-oxyhydroxides, detrital U- and REE-bearing grains were also observed >200 m 

downstream of the Auger Lake tailings impoundment in the Retention Pond sediments. This 

demonstrates the ability for suspended particulate matter within the tailings effluent to travel 

significant distances without settling from solution. The change in flow dynamics from the initial 

tributary stream to the Retention Pond allows for these particles to settle out of solution, and 

eventually become buried with time. The results of this study demonstrate that the Retention 

Pond acts as a significant repository for U and REEs. However, further work and increased 

sampling, including the analysis of associated pore waters in sediment cores, is required to 
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determine the influence of organic matter and potential for redox changes with depth in these 

sediments. 

No observable changes in the U redox state of the Retention Pond sediments were 

observed, and the presence of both U(IV) and U(VI) in these sediments suggests that there is 

competition between two primary processes of U and REE attenuation. These processes are 

adsorption and co-precipitation with Fe- and Mn-oxyhydroxides, and reductive precipitation. 

Reductive precipitation in the Retention Pond sediments may be controlled by the oxidation of 

Fe(II) or Mn(II), as well as by sulphide or bacterial reduction. Further research is required to 

determine the method of reduction that is dominant in the Retention Pond. 
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions  

The release of U and REEs from U mine wastes into surface waters is of great concern 

for water quality, and the health of humans, organisms, and the surrounding environment. At the 

Bicroft Mine, an enhanced natural stream and wetland system has passively attenuated these 

elements of concern from tailings effluents for over 50 years, and sequestered these contaminants 

into local stream and wetland sediments. The focus of this project is on the association of U and 

REEs with colloids, and characterizing the processes that control the immobilization of these 

elements in the environment downstream of two U tailings impoundments. If the stability of the 

precipitated sediments or adsorbed species in this stream and wetland system remains 

undisturbed, U and REEs sequestered in these sediments could be immobilized for many years. 

The objective of this research was to determine the geochemical and mineralogical controls on 

the sequestration of U and REEs in a passively attenuating stream and wetland system. The 

results of this research have led to the following eight main conclusions.  

Conclusion 1: The release of U, Ce and La into the tributary stream and wetland system 

is associated with the oxidation and reductive dissolution of tailings within the impoundments, 

and subsequent release in mine tailings effluent, and not from the Retention Pond sediments as 

was previously hypothesized by the Ministry of the Environment (2003). From bulk chemical 

analyses of both the surface waters and sediments in the system, the highest concentrations of U, 

Ce, and La are observed in the initial tributary stream between the Auger Lake tailings 

impoundment and the Retention Pond (as shown in Figure 4.2). Concentrations of these trace 
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elements in sediments were consistent with those observed in the Ministry of the Environment 

(2003) report, however, increased sampling from the initial tributary stream identified Auger 

Lake as the primary source of contaminants in surface waters. The absence of U and REE bearing 

grains, through thin section analysis under the ESEM and at the synchrotron, in the oxidized 

tailings from the Auger Lake tailings core, it is suggested that U and REEs were both readily 

mobilized by the oxidation of the tailings. However, it is also suggested that reductive dissolution 

of U- and REE-bearing phases at depth, formed during milling, may contribute to the release of U 

and REEs into the tributary stream system.    

Conclusion 2: Colloids in the stream and wetland system are dominantly composed of 

Fe-oxyhydroxides. To understand the factors controlling the adsorption and precipitation of U and 

REEs from surface waters into stream and wetland sediments, the first goal of this study was to 

identify the mineralogy of U- and REE-bearing colloidal material formed or present in surface 

waters. Colloids showed similar characteristics at all sampling locations with a fluffy, amorphous 

texture that was primarily composed of goethite, as well as lepidocrocite upstream of the 

Retention Pond, and lepidocrocite, 2-line ferrihydrite, and hematite downstream of the Retention 

Pond. Micro-XRF element mapping and element correlation plots showed that there was a 

consistent and strong correlation between REEs and Fe and Mn, as well as strong correlations 

between U and Fe and Mn at low concentrations. Losses of Fe on the TFF filter cartridge were 

accompanied by significant losses of REEs, as well as other elements, demonstrating the strong 

adsorption capacity of oxidizing Fe in the system. Uranium was also found to have a high affinity 

for Fe-oxyhydroxides in the colloid fraction at low concentrations through µXRF element maps 

and correlation plots. Although Mn-oxyhydroxides were not identified in µXRD, similar 

correlations between Mn and U or REEs were observed from µXRF element correlation plots as 
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Fe and U or REEs.  It is likely that colloid sized particles of Mn minerals, such as birnessite, also 

contribute to the adsorption and eventual sequestration of U and REEs in the stream and wetland 

system. XANES analyses of spot targets on µXRF element maps showed the presence of both 

U(IV) and U(VI). This is important, as U(IV) is considered to be relatively immobile and less 

soluble than U(VI) at circum-neutral pH (Langmuir, 1978). Uranium(IV) may be present in the 

colloid fraction as secondary precipitates of U(IV) minerals, or as detrital grains of the original U-

bearing ore minerals. Downstream of the Retention Pond there is a general decrease in the 

observed concentration of U and REEs, as well as a decrease in the amount of U(IV) present with 

associated Fe-oxyhydroxide colloids. This suggests that the Retention Pond acts as a repository 

for colloids that have flocculated and settled from solution as a result of decreased water flow and 

dilution of the tailings effluent. Once settled, colloids may become buried with time and undergo 

chemical changes, such as dehydration and recrystallization, allowing for some U and REEs to be 

incorporated into the crystal structure and allowing for the possibility of long-term sequestration 

of these elements.  

Conclusion 3: Presence of detrital grains of U in colloid fraction above the Retention 

Pond. The lack of nano-crystalline diffraction under the micro-focused synchrotron beam, in 

addition to the poor correlation of U with Fe and Mn at high U concentrations in µXRF element 

maps, suggests that U is also present as non-microcrystalline, detrital colloids of the original ore 

minerals (e.g. uraninite, uranothorite). Detrital U grains were initially found on the ESEM in the 

SW1 July 2011 sample, and were found in µXRF element maps as U hot spots that were 

confirmed to be dominantly U(IV) using µXANES. The presence of detrital, colloid size, U 

grains shows the ability for U to be mobilized in to surface waters from mine tailings without the 

oxidation and dissolution of the ore minerals, and the ability for these particles to travel 
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significant distances (>200 m) from the tailings impoundment without settling out of solution. No 

detrital U grains were observed in the colloid fraction downstream of the Retention Pond, 

suggesting that the decreased flow through the wetland environment allows for these particles to 

settle out of solution. Once transported into an oxidized environment, these U(IV)-bearing 

colloids have the potential to slowly oxidize and dissolve, releasing soluble U(IV) and widening 

the spatial extent of U contamination. 

Conclusion 4: U and REE hosts in stream and wetland sediments are primarily composed 

of Fe- and Mn-oxyhydroxides. From the characterization of U and REE mineral hosts in 

sediments in the stream and wetland system, the adsorption and co-precipitation of U and REEs 

with Fe- and Mn-oxy-hydroxides was found to have a significant role in the sequestration of these 

trace elements at the Bicroft Mine site. Uranium and REEs were primarily attenuated through 

adsorption and co-precipitation with goethite and birnessite in stream and wetland sediments. 

Oxidative scavenging of Ce(III) by Mn-oxides was not observed, as there was no presence of a 

Ce anomaly in REE normalizations, or Ce(IV) detected in bulk Ce XANES analyses. The 

presence of a mixture between U(IV) and U(VI) in stream and wetland sediments suggests 

competition between the adsorption of U to Fe- and Mn-oxyhydroxide minerals and the reductive 

precipitation of U coupled with oxidation of organic matter, sulphides, or Fe(II). Uranium in 

sediments upstream of the Retention Pond was predominantly U(VI), as determined in bulk U 

XANES analyses, and likely adsorbed primarily through outer sphere complexes with goethite 

and birnessite in sediments. Rare earth elements adsorbed to goethite and birnessite, and U 

associated with lepidocrocite, likely formed strong inner sphere complexes. Inner sphere 

complexes of U and REEs, in addition to the reductive precipitation of U, have been 

demonstrated in previous studies to provide long-term stability of adsorbed species in sediments.  
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Conclusion 5: With a decrease in ambient temperature, a release of U into surface 

waters from the Retention Pond sediments was observed, demonstrating the importance of 

monitoring seasonal variations in the effectiveness of this passive treatment system. The general 

water chemistry of the <0.45 µm fraction of surface waters collected for TFF in October 2011, 

demonstrated an increase in the concentration of U downstream of the Retention Pond, relative to 

the upstream concentration from the same sampling period. This suggests that methods of U 

attenuation in the Retention Pond are partly reversed under cooler ambient temperatures with 

changes in seasonality, creating a source for trace contaminants downstream. The release of U 

with decreased ambient temperatures shows the need to understand seasonal variations in passive 

attenuation systems. This also demonstrates the requirement to further understand the 

mechanisms by which U is sequestered into the Retention Pond sediments and whether these 

mechanisms could be plausibly employed at other U mine waste facilities. 

Conclusion 6: Reduction of U(VI) from solution to stable U(IV) mineral precipitates was 

not observed in the Retention Pond sediments. A definitive U redox boundary was not observed 

with depth in the Retention Pond sediments, as there were no discernable changes in the redox 

state of U in the the sediments. A near equal presence of U(IV) and U(VI) in these sediments 

suggests that there are kinetic or chemical barriers preventing the reduction of U(VI) in these 

sediments. The reductive precipitation of U in Retention Pond sediments is likely the result of 

catalyzed reduction from the oxidation of Fe and Mn, sulphides, or organic matter. However, 

further research is required to determine the principal method of U reduction in the Retention 

Pond sediments. 

Conclusion 7: The shallow U redox boundary observed in tailings in the Auger Lake 

impoundment limits the release of U and REEs into solution. Through the use ESEM and 
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synchrotron micro-analyses on sediments with depth in the Auger Lake tailings impoundment, a 

potential U redox boundary at ~15 cm depth was observed. Uranium in sediments below 15 cm 

depth was found to be in the original reduced state [U(IV)], suggesting remnant U ore in the 

tailings impoundments was not fully oxidized during mining, milling and deposition into Auger 

Lake. In the upper 15 cm of this sediment core, no U- or REE-bearing ore minerals were 

observed, and REEs present in these sediments appeared to be adsorbed to secondary rims of Fe- 

and Mn-oxyhydroxides. The presence of reduced tailings within 15 cm of sediment-water 

interface suggests the potential for continual and long-term release of these elements if the 

tailings undergo further oxidation, reductive dissolution, or exposure to the atmosphere. 

Conclusion 8: The stream and wetland system at the Bicroft Mine demonstrates the 

potential for long-term stability, for over 50 years, of a passively attenuating remediation system, 

for low-grade U mine waste. A major argument against the use of passively attenuating 

remediation systems is their unknown longevity or capacity for removing contaminants of 

concern. Through this study and studies conducted previously by Golder & Associates Ltd (1990) 

and the Ministry of the Environment (2003), it is clear that the passively attenuating stream and 

wetland system at the Bicroft Mine has operated as a repository and relatively effective method of 

remediation for U and REEs released into surface water as effluent from the Mine’s tailings 

impoundments. Aside from a tailings dam breach in 1957 and a few incidences of higher than 

PWQO releases of U into the surrounding public water system (MOE, 2003), the system has 

passively attenuated trace elements and radionuclides for approximately 55 years. 
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6.2 Future Work 

The following recommendations for future work are suggested based on the outcomes of 

this thesis, to further characterize processes controlling U and REE mobility, attenuation and 

sequestration, and to improve the methods used for environmental colloid analysis.   

• Determine the mechanism(s) by which Fe-oxyhydroxides precipitate and adsorb to TFF 

filter cartridges during filtration. To determine the true amounts of Fe, Al, REEs and 

other elements, associated with the colloid and dissolved fractions, multiple tests should 

be conducted on the TFF unit. These include using a zero-oxygen environment and 

measurement of Fe2+ concentrations in the field during sampling, and throughout the 

filtration steps. 

o Performing TFF in a zero-oxygen environment could be used to determine what 

filter losses are associated with pre-existing oxidized Fe colloids in the surface 

waters, and what losses are due to oxidation of the waters during TFF. This could 

be completed by collecting samples in a N2 filled glove bag, and performing the 

TFF in a glove box filled with N2. Varying levels of dissolved Fe in solution 

could be tested to see if concentration plays a role in the losses, as well as 

performing the TFF analyses in less than one hour of sample collection to 

decrease the opportunity for oxidation.  

o To determine the mineralogy and geochemistry of filter losses, TFF cartridges 

should be saved for each individual filtration, rather than cleaning and reusing 

the filters for multiple analyses. These filters should be analyzed using the ESEM 

and micro-focused synchrotron techniques, after cutting and drying the filters in a 

sub-oxic environment, to determine the minerals formed during oxidation, their 
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shape and texture, as well as the relative oxidation state of U or Ce associated 

with these filter losses. 

o The measurement of aqueous Fe2+ concentrations in the field during sampling, 

and throughout the filtration process, could be used to determine where the 

changes in Fe oxidation state are occurring during TFF, in order to develop a 

system that replicates the ambient conditions of the sample. 

• Determine if there is variance in colloidal and dissolved U and REE concentrations 

through increased sampling of both tributary streams as well as waters at multiple depths 

within the Retention Pond. Through increased sampling, the location and mechanism by 

which colloid-sized detrital U grains settle from solution may be observed. In addition, 

sampling a greater volume of water to obtain a larger amount of colloidal material to 

analyze using ESEM and synchrotron microanalysis would be helpful, as concentrations 

of U and REEs in these samples were quite low, and multiple analyses yielded no result, 

due to these low element concentrations in a small volume of sample. 

• Sample pore waters and sediments at greater depths in the tailings basins and Retention 

Pond to determine whether or not there is a change in the U redox state of the water in the 

system and what changes in the general water chemistry and field parameters are 

observed with depth. This would help to determine the mechanisms by which U and 

REEs are stabilized in the Retention Pond, and could demonstrate whether changes in U 

redox conditions of a system allow for the precipitation and sequestration of U(IV) in 

wetland sediments, as has been suggested in laboratory studies but not observed in field 

research.  
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• Since U and REE mobility are both affected by changes in temperature, it is important to 

understand the variations in the bulk chemistry of the system associated with winter 

(freezing and thawing). By sampling surface waters during the thawing of the system or 

immediately after the stream has thawed, ‘flushes’ of these elements may be observed 

and variations in the method of element attenuation determined. 

• Mineralogical analyses, ESEM and synchrotron micro-analyses should be performed on 

samples collected from the South Tailings Basin, to determine whether the methods of U 

and REE release are similar to those of the Auger Lake tailings impoundment. 

• Determine the hydrogeology and water balance of the tailings impoundments, tributary 

stream and Retention Pond, to determine whether there are other contributing sources of 

U and REEs to the system, or whether there is movement of these contaminants into 

groundwater or dilution of the system by groundwater. In addition, determine whether 

there is an impact on the release of contaminants downstream due to fluxes in the balance 

of the water system. 

• Plants and organic matter may play a significant role in the sequestration of U and REEs 

in the Retention Pond by catalyzing the reduction of U(VI) to U(IV) or adsorbing 

contaminants into plant tissues. Therefore it is important to determine the ability for 

plants and organic matter within the Retention Pond to adsorb and retain U and REEs. 	    
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Site Location Descriptions 
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Sample'
Location

EASTING'(17T,'
NAD83)

NORTHING'
(17T,'NAD83) Description/Notes Sample'

ID
Drainage(from(toe(of(Auger(Lake(tailings(dam

Groundwater+is+expelled+to+the+surface+by+a+plastic+pipe/culvert+forming+the+tributary+stream+system S1
Sediments+have+a+soft,+soupy+consistency+and+have+visible+algal+growth

Tribuary(stream(7(50m(downstream(from(toe(of(dam
Located+above+spillway+for+Auger+Lake S2

Thickest+sediments+were+found+at+this+sampling+location
Sediments+are+fine+grained,+orangeBred+in+colour+and+have+little+to+no+observable+algal+growth

Tributary(stream(7(20m(downstream(from(Auger(Lake(spillway
Coatings+on+pebbles+in+the+stream+system+are+apparent S3

Decrease+in+the+volume+of+sediments+deposited

Tribuary(stream(7(200m(downstream(from(toe(of(dam S4
Less+fine+grained+sediment+and+an+increase+in+the+degree+of+pebble+coatings S4BHP

Hardpan+development+at+this+location+as+the+water+‘waterfalls’+over+a+few+large+boulders. S4BPeb
SW1

Tribuary(stream(7(base(of(upper(stream(near(the(Retention(Pond
Sediments+are+fine+grained,+with+a+soupy+texture+and+there+are+notably+fewer+ S5

pebbles+in+the+stream+bed

South(end(of(Retention(Pond
Sediments+were+collected+from+the+edge+of+the+basin,+adjacent+to+the+weir S6

Sediments+are+of+a+fine+to+coarse+grained+sand+and+there+is+a+notable+change+in+the+colouration+
to+a+light+to+medium+grey+colouration

Tribuary(stream(7(50m(downstream(from(weir(for(the(Retention(Pond S7
Sediments+are+quite+sparse+but+are+of+a+sandy+gravel+texture S7BPeb

Pebble+coatings+of+a+blackishBbrown+colour+are+notable SW2
Pebbles,+sediments,+and+surface+waters+were+sampled+at+this+location

Tribuary(stream(7(100m(downstream(from(weir(for(the(Retention(Pond
Increase+in+the+volume+of+sediments,+however+sediments+are+of+a+muddy+sand+texture S8

Tribuary(stream(7(end(of(stream(where(it(meets(Deer(Creek
Samples+were+collected+slightly+upstream+from+the+intersection+point+with+Deer+Creek+ S9

Sediments+are+of+a+muddy+sand+texture

10m(from(the(southern(edge(of(Auger(Lake
Sediment+core+taken+to+observe+variations+in+tailings+with+depth+as+well+as+redox+conditions ALBS1+to+

ALBS10

60m(southeast(from(S5(in(the(upper(portion(of(the(Retention(Pond
Sediment+core+taken+to+observe+variations+in+wetland+sediments+with+depth+ RPBS1+to+

as+well+as+redox+conditions RPBS13

10m(from(the(northern(edge(of(the(South(Tailings(Basin
Sediment+core+taken+to+observe+variations+in+tailings+with+depth+as+well+as+redox+conditions STBBS1+to

STBBS9

S1 733126 4986572

S2 733168 4986537

S3 733207 4986470

733258 4986407S4

733281 4986392S5

S6 733558 4986248

S7 733582 4986300

S8 733585 4986348

S9 733656 4986439

C1 733086 4986620

C2 733279 4986391

C3 733391 4985956
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Appendix B 

Summary of Water Analyses 

Raw data from surface water analyses of <0.45um, <0.45 um – >0.0005 um (retentate), and 

<0.0005 um (permeate) water samples for colloid analyses. 

 

Sample Water	  Fraction
Alkalinity	  as	  

CaCO3	  
(ppm)

DOC	  (ppm)

Permeate 34 3
Retentate 33 5
<0.45	  Fraction 34 2
Permeate 37 4
Retentate 36 12
<0.45	  Fraction 38 5
Permeate 34 3
Retentate 33 11
<0.45	  Fraction 35 3
Permeate 41 5
Retentate 38 15
<0.45	  Fraction 39 6

SW1	  -‐	  Oct,	  2011

SW2	  -‐	  Oct,	  2011

SW1	  -‐	  July,	  2012

SW2	  -‐	  July,	  2012
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Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppb)

Retentate	  (ppb) Permeate	  (ppb)

Ag 0.005 <	  0.005 0.038 <	  0.005
Al 2.0 1.8x10^2 1.4x10^3 1.6
As 0.1 0.1 1.0 0.1
B 0.5 4.5x10^2 4.5x10^2 4.4x10^2
Ba 0.2 4.3x10^1 2.0x10^1 1.6x10^1
Be 0.005 0.582 1.560 0.491
Cd 0.02 0.03 0.05 0.02
Ce 0.01 4.19 36.7 0.13
Co 0.05 2.07 2.28 2.04
Cr 0.1 <	  0.1 <	  0.1 <	  0.1
Cs 0.01 0.12 0.12 0.12
Cu 0.1 0.7 1.8 0.4
Dy 0.005 0.497 4.169 0.020
Er 0.005 0.416 3.383 0.042
Eu 0.005 0.044 0.352 <	  0.005
Ga 0.01 0.03 <	  0.01 0.03
Gd 0.005 0.404 3.315 0.012
Ge 0.02 0.07 0.10 0.06
Hf 0.01 <	  0.01 <	  0.01 0.011
Ho 0.005 0.129 1.059 0.009
In 0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 3.63 29.01 0.36
Li 0.02 45.10 45.69 44.87
Lu 0.005 0.053 0.360 0.015
Mn 0.1 3.6x10^3 3.8x10^3 3.9x10^3
Mo 0.05 2.03 2.09 1.99
Nb 0.01 <	  0.01 0.013 <	  0.01
Nd 0.005 1.445 12.37 0.033
Ni 0.2 2.4 2.6 2.2
Pb 0.01 <	  0.01 0.071 <	  0.01
Pr 0.005 0.405 3.485 0.009
Rb 0.05 15.4 16.1 16.6
Re 0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 <	  0.01 0.03 <	  0.01
Se 1 <	  1 <	  1 <	  1
Sm 0.005 0.244 2.182 0.006
Sn 0.01 <	  0.01 0.06 <	  0.01
Sr 0.5 8.2x10^2 8.7x10^2 8.5x10^2
Ta 0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 0.069 0.581 <	  0.005
Te 0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 0.08 0.54 0.02
Ti 0.5 2.5 3.1 2.3
Tl 0.005 0.007 0.008 0.006
Tm 0.005 0.060 0.456 0.008
U 0.005 19.958 22.962 20.792
V 0.1 <	  0.1 0.2 <	  0.1
W 0.02 0.18 0.23 0.17
Y 0.01 7.47 56.7 0.80
Yb 0.005 0.365 2.702 0.071
Zn 0.5 4.1x10^1 1.6x10^3 6.6
Zr 0.05 <	  0.05 0.19 <	  0.05

Water	  Analysis	  Data	  from	  ICP-‐MS	  for	  SW1	  -‐	  October	  2011
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Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppb)

Retentate	  
(ppb)

Permeate	  
(ppb)

Ag 0.005 <	  0.005 0.008 <	  0.005
Al 2.0 1.3x10^1 2.8x10^1 9.2
As 0.1 0.2 0.4 0.2
B 0.5 3.3x10^2 3.2x10^2 3.2x10^2
Ba 0.2 2.1x10^1 2.1x10^1 2.0x10^1
Be 0.005 0.163 0.223 0.162
Cd 0.02 <	  0.02 <	  0.02 <	  0.02
Ce 0.01 0.29 2.57 0.18
Co 0.05 0.33 0.16 0.11
Cr 0.1 <	  0.1 <	  0.1 <	  0.1
Cs 0.01 0.08 0.08 0.08
Cu 0.1 0.6 1.2 0.6
Dy 0.005 0.046 0.380 0.030
Er 0.005 0.052 0.307 0.039
Eu 0.005 <	  0.005 0.040 <	  0.005
Ga 0.01 <	  0.01 <	  0.01 <	  0.01
Gd 0.005 0.039 0.323 0.024
Ge 0.02 0.03 0.03 0.03
Hf 0.01 <	  0.01 <	  0.01 <	  0.01
Ho 0.005 0.013 0.097 0.010
In 0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 0.50 3.23 0.37
Li 0.02 30.3 30.7 29.9
Lu 0.005 0.013 0.039 0.011
Mn 0.1 3.4x10^2 3.5x10^2 3.3x10^2
Mo 0.05 0.68 0.64 0.65
Nb 0.01 <	  0.01 <	  0.01 <	  0.01
Nd 0.005 0.164 1.485 0.094
Ni 0.2 0.9 1.0 0.5
Pb 0.01 0.02 0.24 <	  0.01
Pr 0.005 0.047 0.420 0.026
Rb 0.05 12.7 13.0 12.7
Re 0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 0.02 0.06 0.01
Se 1 <	  1 <	  1 <	  1
Sm 0.005 0.025 0.250 0.015
Sn 0.01 <	  0.01 0.016 <	  0.01
Sr 0.5 6.6x10^2 6.8x10^2 6.6x10^2
Ta 0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 0.006 0.056 <	  0.005
Te 0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 0.03 0.40 <	  0.02
Ti 0.5 1.4 1.6 1.3
Tl 0.005 0.006 0.006 0.006
Tm 0.005 0.009 0.044 0.007
U 0.005 27.77 30.28 26.91
V 0.1 0.1 0.2 <	  0.1
W 0.02 <	  0.02 <	  0.02 <	  0.02
Y 0.01 0.71 3.81 0.55
Yb 0.005 0.069 0.268 0.056
Zn 0.5 1.6 2.4 1.9
Zr 0.05 <	  0.05 0.07 <	  0.05

Water	  Analysis	  Data	  from	  ICP-‐MS	  for	  SW2	  -‐	  October	  2011
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Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppb)

Retentate	  
(ppb)

Permeate	  
(ppb)

Ag 0.005 0.113 0.098 0.246
Al 2.0 1.6x10^2 1.6x10^1 8.6x10^2
As 0.1 0.2 0.1 2.0
B 0.5 5.0x10^2 5.1x10^2 5.3x10^2
Ba 0.2 1.5x10^1 1.4x10^1 1.8x10^1
Be 0.005 0.539 0.438 1.129
Bi 0.02 <	  0.02 <	  0.02 0.17
Cd 0.02 0.03 0.02 0.05
Ce 0.01 4.98 0.12 21.6
Co 0.05 3.08 3.01 3.34
Cr 0.1 0.2 0.2 1.4
Cs 0.01 0.10 0.10 0.10
Cu 0.1 0.6 0.4 1.8
Dy 0.005 0.541 0.022 2.054
Er 0.005 0.460 0.041 1.818
Eu 0.005 0.041 <	  0.005 0.160
Ga 0.01 0.04 0.04 0.01
Gd 0.005 0.408 0.008 1.597
Ge 0.02 0.07 0.07 0.09
Hf 0.01 <	  0.01 <	  0.01 0.01
Ho 0.005 0.139 0.008 0.561
In 0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 4.19 0.35 20.1
Li 0.02 45.4 44.5 46.2
Lu 0.005 0.060 0.015 0.210
Mo 0.05 2.26 2.15 2.41
Nb 0.01 <	  0.01 <	  0.01 0.020
Nd 0.005 1.605 0.032 6.675
Ni 0.2 6.0 5.4 6.7
Pb 0.01 0.04 0.04 0.35
Pr 0.005 0.457 0.009 1.920
Rb 0.05 14.4 14.3 14.9
Re 0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 <	  0.01 <	  0.01 0.182
Se 1 <	  1 <	  1 <	  1
Sm 0.005 0.245 0.007 0.985
Sn 0.01 0.04 0.04 0.11
Sr 0.5 8.6x10^2 8.3x10^2 8.9x10^2
Ta 0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 0.070 <	  0.005 0.271
Te 0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 0.06 <	  0.02 0.35
Tl 0.005 <	  0.005 <	  0.005 0.006
Tm 0.005 0.067 0.009 0.253
U 0.005 21.102 20.625 23.907
V 0.1 <	  0.1 <	  0.1 0.2
W 0.02 0.25 0.22 0.32
Y 0.01 8.91 0.78 39.9
Yb 0.005 0.398 0.071 1.506
Zn 0.5 8.9 6.7 2.1x10^1
Zr 0.05 0.05 <	  0.05 0.34

Water	  Analysis	  Data	  from	  ICP-‐MS	  for	  SW1	  -‐	  July	  2012
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Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppb)

Retentate	  
(ppb)

Permeate	  
(ppb)

Ag 0.005 0.199 0.258 0.085
Al 2.0 1.3x10^2 2.4x10^1 6.7
As 0.1 0.4 0.7 0.3
B 0.5 3.1x10^2 3.0x10^2 3.0x10^2
Ba 0.2 1.3x10^1 1.4x10^1 1.3x10^1
Be 0.005 0.138 0.213 0.106
Bi 0.02 <	  0.02 0.14 <	  0.02
Cd 0.02 <	  0.02 0.04 <	  0.02
Ce 0.01 0.40 3.82 0.09
Co 0.05 <	  0.05 0.13 <	  0.05
Cr 0.1 0.2 0.5 0.2
Cs 0.01 0.11 0.11 0.11
Cu 0.1 0.7 2.4 0.6
Dy 0.005 0.055 0.473 0.018
Er 0.005 0.053 0.365 0.024
Eu 0.005 0.006 0.053 <	  0.005
Ga 0.01 <	  0.01 <	  0.01 <	  0.01
Gd 0.005 0.048 0.406 0.014
Ge 0.02 0.04 0.04 0.03
Hf 0.01 0.04 <	  0.01 <	  0.01
Ho 0.005 0.014 0.115 0.006
In 0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 0.39 3.14 0.15
Li 0.02 28.6 28.2 27.6
Lu 0.005 0.012 0.044 0.008
Mo 0.05 1.15 1.20 1.12
Nb 0.01 <	  0.01 0.01 <	  0.01
Nd 0.005 0.201 1.828 0.048
Ni 0.2 1.4 2.6 1.5
Pb 0.01 0.04 0.69 <	  0.01
Pr 0.005 0.056 0.514 0.013
Rb 0.05 11.4 11.3 11.3
Re 0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 0.03 0.60 0.03
Se 1 <	  1 <	  1 <	  1
Sm 0.005 0.033 0.310 0.009
Sn 0.01 0.03 0.09 0.03
Sr 0.5 5.4x10^2 5.5x10^2 5.3x10^2
Ta 0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 0.009 0.069 <	  0.005
Te 0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 0.08 0.62 <	  0.02
Tl 0.005 0.008 0.008 0.007
Tm 0.005 0.009 0.052 <	  0.005
U 0.005 18.270 20.833 18.437
V 0.1 <	  0.1 0.3 <	  0.1
W 0.02 <	  0.02 <	  0.02 <	  0.02
Y 0.01 0.62 4.07 0.30
Yb 0.005 0.065 0.312 0.043
Zn 0.5 1.4 7.8 0.9
Zr 0.05 0.06 0.25 <	  0.05

Water	  Analysis	  Data	  for	  SW2	  -‐	  July	  2012
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Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppm)

Retentate	  (ppm) Permeate	  (ppm)

Br 0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 28.2x10^1 29.3x10^1 28.1x10^1
Cl 0.1 7.6 9.0 8.2
Fe 0.005 2.519 13.85 0.935
K 0.05 3.70 3.72 3.72
Mg 0.005 41.39 43.50 41.71
Na 0.05 11.0 11.1 11.1
P 0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 2.76x10^2 2.86x10^2 2.80x10^2
Sc 0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 17.0 20.6 16.3

Water	  Analysis	  Data	  from	  ICP-‐ES	  for	  SW1	  -‐	  October	  2011

Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppm)

Retentate	  
(ppm)

Permeate	  
(ppm)

Br 0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 2.26x10^2 2.32x10^2 2.28x10^2
Cl 0.1 7.6 8.5 7.3
Fe 0.005 0.036 0.723 <	  0.005
K 0.05 3.33 3.19 3.14
Mg 0.005 33.06 34.45 33.39
Na 0.05 9.08 9.08 9.03
P 0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 2.15x10^2 2.21x10^2 2.12x10^2
Sc 0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 8.04 8.33 8.04

Water	  Analysis	  Data	  from	  ICP-‐ES	  for	  SW2	  -‐	  October	  2011
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Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppm)

Retentate	  
(ppm)

Permeate	  
(ppm)

Br 0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 2.94x10^2 2.89x10^2 3.05x10^2
Cl 0.1 8.0 8.1 9.2
Fe 0.005 3.621 1.958 14.75
K 0.05 3.72 3.76 3.97
Mg 0.005 44.99 46.09 48.15
Mn 0.001 3.840 3.926 4.143
Na 0.05 11.6 11.7 12.1
P 0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 2.92x10^2 2.86x10^2 3.01x10^2
Sc 0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 16.1 15.9 19.4
Ti 0.002 <	  0.002 <	  0.002 <	  0.002

Water	  Analysis	  Data	  from	  ICP-‐ES	  for	  SW1	  -‐	  July	  2012

Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppm)

Retentate	  
(ppm)

Permeate	  
(ppm)

Br 0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 1.90x10^2 1.98x10^2 1.88x10^2
Cl 0.1 5.4 6.2 5.6
Fe 0.005 0.105 1.261 <	  0.005
K 0.05 2.58 2.76 2.55
Mg 0.005 28.042 29.671 27.905
Mn 0.001 0.288 0.398 0.282
Na 0.05 7.71 7.99 7.63
P 0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 1.76x10^2 1.84x10^2 1.75x10^2
Sc 0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 7.57 7.83 7.53
Ti 0.002 <	  0.002 <	  0.002 <	  0.002

Water	  Analysis	  Data	  from	  ICP-‐ES	  for	  SW2	  -‐	  July	  2012
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Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppm)

Retentate	  (ppm) Permeate	  (ppm)

F 0.01 5.62 5.64 5.66
Cl 0.01 7.78 9.29 8.36
SO4 0.02 8.23x10^2 8.48x10^2 8.25x10^2
Br 0.02 <	  0.02 <	  0.02 <	  0.02
NO3 0.02 0.25 0.27 0.24
PO4 0.02 <	  0.02 <	  0.02 <	  0.02

Water	  Analysis	  Anions	  Data	  for	  SW1	  -‐	  October	  2011

Element
Detection	  
Limit

<0.45	  um	  Fraction	  
(ppm)

Retentate	  
(ppm)

Permeate	  
(ppm)

F 0.01 3.90 3.71 3.90
Cl 0.01 7.66 8.40 7.53
SO4 0.02 6.41x10 2̂ 6.37x10 2̂ 6.41x10 2̂
Br 0.02 < 0.02 < 0.02 < 0.02
NO3 0.02 0.04 < 0.02 0.03
PO4 0.02 < 0.02 < 0.02 < 0.02

Water	  Analysis	  Anions	  Data	  for	  SW2	  -‐	  October	  2011
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Appendix C 

QA/QC - Water Analyses 

Quality Assurance/Quality Control data from analysis of surface water samples. 

 
 

Analysis: GSC	  Laboratories
ICP-‐MS	  and	  ICP-‐ES	  of	  water	  samples

QA/QC: Blanks 	  -‐	  check	  for	  contamination,	  compare	  to	  MDL
Duplicates 	  -‐	  check	  on	  precis ion,	  ca lculated	  by	  relative	  s tandard	  di fference
Certified	  Refernce	  Materials	  (CRMs)

Calculations:
Relative	  Standard	  Di fference	  =	  [(A-‐B)/((A+B)/2)]	  x	  100,	  where	  A	  is 	  original 	  concentration,	  
B	  i s 	  dupl icate	  concentration,	  ±20%
Percent	  Recovery	  =	  (measured	  concentration/certi fied	  va lue)	  x	  100,	   ±20%

Quality	  Assurance/Quality	  Control	  raw	  data	  from	  bulk	  analysis.
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Analyte Method Unit MDL BLANK	  1 BLANK	  2 BLANK	  3 BLANK	  4 BLANK	  5 BLANK	  6
Ag ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Al ICP-MS ppb 2 < 2 < 2 < 2 < 2 < 2 < 2
As ICP-MS ppb 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
B ICP-MS ppb 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5
Ba ICP-MS ppb 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2
Be ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Bi ICP-MS ppb 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Cd ICP-MS ppb 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Ce ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Co ICP-MS ppb 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05
Cr ICP-MS ppb 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
Cs ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Cu ICP-MS ppb 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
Dy ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Er ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Eu ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Ga ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Gd ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Ge ICP-MS ppb 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Hf ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ho ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
In ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
La ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Li ICP-MS ppb 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Lu ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Mo ICP-MS ppb 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05
Nb ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Nd ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Ni ICP-MS ppb 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2
Pb ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Pr ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Rb ICP-MS ppb 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05
Re ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Sb ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Se ICP-MS ppb 1 < 1 < 1 < 1 < 1 < 1 < 1
Sm ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Sn ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Sr ICP-MS ppb 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5
Ta ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Tb ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Te ICP-MS ppb 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Th ICP-MS ppb 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Tl ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Tm ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
U ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
V ICP-MS ppb 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
W ICP-MS ppb 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Y ICP-MS ppb 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Yb ICP-MS ppb 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Zn ICP-MS ppb 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5
Zr ICP-MS ppb 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05

QA/QC	  for	  Blanks	  in	  Water	  Analyses	  (for	  July	  2012	  Samples)
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Analyte Method Unit MDL BLANK	  1 BLANK	  2 BLANK	  3
Br ICP-ES ppm 0.05 < 0.05 < 0.05 < 0.05
Ca ICP-ES ppm 0.02 < 0.02 < 0.02 < 0.02
Cl ICP-ES ppm 0.1 < 0.1 < 0.1 < 0.1
Fe ICP-ES ppm 0.005 < 0.005 < 0.005 < 0.005
K ICP-ES ppm 0.05 < 0.05 < 0.05 < 0.05
Mg ICP-ES ppm 0.005 < 0.005 < 0.005 < 0.005
Mn ICP-ES ppm 0.001 < 0.001 < 0.001 < 0.001
Na ICP-ES ppm 0.05 < 0.05 < 0.05 < 0.05
P ICP-ES ppm 0.05 < 0.05 < 0.05 < 0.05
S ICP-ES ppm 0.05 < 0.05 < 0.05 < 0.05
Sc ICP-ES ppm 0.001 < 0.001 < 0.001 < 0.001
Si ICP-ES ppm 0.02 < 0.02 < 0.02 < 0.02
Ti ICP-ES ppm 0.002 < 0.002 < 0.002 < 0.002

QA/QC	  for	  Blanks	  in	  Water	  Analyses	  (for	  July	  2012	  Samples)
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Analyte Method Unit MDL
SW1	  -‐	  

Permeate DUP %	  Diff

Ag ICP-MS ppb 0.005 0.246 0.243 1.27
Al ICP-MS ppb 2.0 8.6x10 2̂ 8.5x10 2̂ 1.6
As ICP-MS ppb 0.1 2.0 1.9 3.6
B ICP-MS ppb 0.5 5.3x10 2̂ 5.1x10 2̂ 2.9
Ba ICP-MS ppb 0.2 1.8x10 1̂ 1.8x10 1̂ 0.7
Be ICP-MS ppb 0.005 1.129 1.123 0.48
Bi ICP-MS ppb 0.02 0.17 0.17 0.00
Br ICP-ES ppm 0.05 < 0.05 < 0.05 -
Ca ICP-ES ppm 0.02 1.94x10 2̂ 1.95x10 2̂ -0.39
Cd ICP-MS ppb 0.02 0.05 0.06 -5.61
Ce ICP-MS ppb 0.01 21.59 21.42 0.77
Cl ICP-ES ppm 0.1 8.1 8.1 0.4
Co ICP-MS ppb 0.05 3.34 3.37 -0.95
Cr ICP-MS ppb 0.1 1.4 1.4 0.00
Cs ICP-MS ppb 0.01 0.10 0.10 0.98
Cu ICP-MS ppb 0.1 1.8 1.8 -1.7
Dy ICP-MS ppb 0.005 2.054 2.034 1.00
Er ICP-MS ppb 0.005 1.818 1.816 0.08
Eu ICP-MS ppb 0.005 0.160 0.157 1.45
Fe ICP-ES ppm 0.005 8.363 8.481 -1.41
Ga ICP-MS ppb 0.01 0.01 0.01 15.38
Gd ICP-MS ppb 0.005 1.597 1.617 -1.26
Ge ICP-MS ppb 0.02 0.09 0.09 1.08
Hf ICP-MS ppb 0.01 0.01 < 0.01 -
Ho ICP-MS ppb 0.005 0.561 0.551 1.78
In ICP-MS ppb 0.01 < 0.01 < 0.01 -
K ICP-ES ppm 0.05 4.14 4.20 -1.39
La ICP-MS ppb 0.01 20.1 19.9 0.98
Li ICP-MS ppb 0.02 46.2 44.8 3.10
Lu ICP-MS ppb 0.005 0.210 0.207 1.39
Mg ICP-ES ppm 0.005 35.202 35.594 -1.11
Mn ICP-ES ppm 0.001 2.628 2.636 -0.32

QA/QC	  Results	  for	  Duplicate	  Water	  Samples	  Run	  by	  GSC
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Analyte Method Unit MDL SW1	  -‐	  
Permeate

DUP %	  Diff

Mo ICP-MS ppb 0.05 2.41 2.35 2.65
Na ICP-ES ppm 0.05 12.2 12.2 0.00
Nb ICP-MS ppb 0.01 0.02 0.02 0.00
Nd ICP-MS ppb 0.005 6.675 6.649 0.40
Ni ICP-MS ppb 0.2 6.7 6.4 3.7
P ICP-ES ppm 0.05 < 0.05 < 0.05 -
Pb ICP-MS ppb 0.01 0.35 0.34 1.17
Pr ICP-MS ppb 0.005 1.920 1.912 0.40
Rb ICP-MS ppb 0.05 14.9 14.6 2.15
Re ICP-MS ppb 0.005 < 0.005 < 0.005 -
S ICP-ES ppm 0.05 1.20x10 2̂ 1.20x10 2̂ 0.41
Sb ICP-MS ppb 0.01 0.18 0.18 2.79
Sc ICP-ES ppm 0.001 < 0.001 < 0.001 -
Se ICP-MS ppb 1 < 1 < 1 -
Si ICP-ES ppm 0.02 17.4 17.6 -1.11

Sm ICP-MS ppb 0.005 0.985 0.977 0.82
Sn ICP-MS ppb 0.01 0.11 0.11 6.33
Sr ICP-MS ppb 0.5 8.9x10 2̂ 8.7x10 2̂ 2.0
Ta ICP-MS ppb 0.01 < 0.01 < 0.01 -
Tb ICP-MS ppb 0.005 0.271 0.271 0.11
Te ICP-MS ppb 0.02 < 0.02 < 0.02 -
Th ICP-MS ppb 0.02 0.35 0.34 4.06
Ti ICP-ES ppm 0.002 < 0.002 < 0.002 -
Tl ICP-MS ppb 0.005 0.006 0.006 -1.71

Tm ICP-MS ppb 0.005 0.253 0.251 1.11
U ICP-MS ppb 0.005 23.91 23.89 0.09
V ICP-MS ppb 0.1 0.2 0.2 -14.6
W ICP-MS ppb 0.02 0.32 0.32 0.94
Y ICP-MS ppb 0.01 3.99x10 1̂ 3.96x10 1̂ 0.55
Yb ICP-MS ppb 0.005 1.506 1.488 1.16
Zn ICP-MS ppb 0.5 2.1x10 1̂ 2.1x10 1̂ -0.4
Zr ICP-MS ppb 0.05 0.34 0.34 1.18

QA/QC	  Results	  for	  Duplicate	  Water	  Samples	  Run	  by	  GSC	  



 

284 

 

Analyte Method Unit MDL Expected Measure	  1 %	  Recovery Measure	  2 %	  Recovery Measure	  3 %	  Recovery %	  Diff
Ag ICP-MS ppb 0.005 - < 0.005 - < 0.005 - < 0.005 - -
Al ICP-MS ppb 2.0 50 49 99 48 98 50 101 2
As ICP-MS ppb 0.1 0.4 0.5 1.1x10 2̂ 0.4 9.9x10 1̂ 0.4 1.1x10 2̂ 9.3
B ICP-MS ppb 0.5 - 6.8 - 6.9 - 5.5 - -0.6
Ba ICP-MS ppb 0.2 14 15 1.1x10 2̂ 15 1.0x10 2̂ 15 1.0x10 2̂ 1.2
Be ICP-MS ppb 0.005 - < 0.005 - 0.006 - < 0.005 - -
Bi ICP-MS ppb 0.02 - < 0.02 - < 0.02 - < 0.02 - -
Cd ICP-MS ppb 0.02 0.01 < 0.02 - < 0.02 - < 0.02 - -
Ce ICP-MS ppb 0.01 - 0.26 - 0.25 - 0.25 - 1.95
Co ICP-MS ppb 0.05 - < 0.05 - < 0.05 - 0.05 - -
Cr ICP-MS ppb 0.1 0.2 0.2 1.1x10 2̂ 0.2 1.1x10 2̂ 0.2 1.1x10 2̂ 0.0
Cs ICP-MS ppb 0.01 - < 0.01 - < 0.01 - < 0.01 - -
Cu ICP-MS ppb 0.1 17 17.630 1.0x10 2̂ 17 1.0x10 2̂ 18.020 1.0x10 2̂ 1.1
Dy ICP-MS ppb 0.005 - 0.018 - 0.018 - 0.019 - 0.00
Er ICP-MS ppb 0.005 - 0.010 - 0.011 - 0.011 - -2.87
Eu ICP-MS ppb 0.005 - 0.006 - 0.006 - 0.006 - -3.45
Ga ICP-MS ppb 0.01 - 0.0 - 0.0 - 0.0 - 0.0
Gd ICP-MS ppb 0.005 - 0.027 - 0.025 - 0.027 - 5.74
Ge ICP-MS ppb 0.02 - < 0.02 - < 0.02 - < 0.02 - -
Hf ICP-MS ppb 0.01 - < 0.01 - < 0.01 - < 0.01 - -
Ho ICP-MS ppb 0.005 - < 0.005 - < 0.005 - < 0.005 - -
In ICP-MS ppb 0.01 - < 0.01 - < 0.01 - < 0.01 - -
La ICP-MS ppb 0.01 - 0.20 - 0.20 - 0.20 - 1.48
Li ICP-MS ppb 0.02 - 0.46 - 0.46 - 0.46 - -0.22
Lu ICP-MS ppb 0.005 - < 0.005 - < 0.005 - < 0.005 - -
Mo ICP-MS ppb 0.05 - 0.21 - 0.21 - 0.21 - 2.39
Nb ICP-MS ppb 0.01 - < 0.01 - < 0.01 - < 0.01 - -
Nd ICP-MS ppb 0.005 - 0.199 - 0.196 - 0.201 - 1.37
Ni ICP-MS ppb 0.2 0.5 0.4 8.4x10 1̂ 0.4 8.6x10 1̂ 0.5 9.9x10 1̂ -2.5
Pb ICP-MS ppb 0.01 0.08 0.09 1.06x10 2̂ 0.08 1.04x10 2̂ 0.08 9.62x10 1̂ 2.35
Pr ICP-MS ppb 0.005 - 0.052 - 0.051 - 0.050 - 1.17
Rb ICP-MS ppb 0.05 - 1.25 - 1.22 - 1.23 - 2.27
Re ICP-MS ppb 0.005 - 0.064 - 0.062 - 0.063 - 2.07
Sb ICP-MS ppb 0.01 - 0.33 - 0.31 - 0.31 - 3.75
Se ICP-MS ppb 1 - < 1 - < 1 - < 1 - -
Sm ICP-MS ppb 0.005 - 0.035 - 0.034 - 0.035 - 2.60
Sn ICP-MS ppb 0.01 - < 0.01 - < 0.01 - < 0.01 - -
Sr ICP-MS ppb 0.5 53.6 5.6x10 1̂ 1.0x10 2̂ 5.3x10 1̂ 9.8x10 1̂ 5.0x10 1̂ 9.4x10 1̂ 5.8
Ta ICP-MS ppb 0.01 - < 0.01 - < 0.01 - < 0.01 - -
Tb ICP-MS ppb 0.005 - < 0.005 - < 0.005 - < 0.005 - -
Te ICP-MS ppb 0.02 - < 0.02 - < 0.02 - < 0.02 - -
Th ICP-MS ppb 0.02 - < 0.02 - < 0.02 - < 0.02 - -
Tl ICP-MS ppb 0.005 - < 0.005 - < 0.005 - < 0.005 - -

Tm ICP-MS ppb 0.005 - < 0.005 - < 0.005 - < 0.005 - -
U ICP-MS ppb 0.005 - 0.092 - 0.093 - 0.092 - -1.08
V ICP-MS ppb 0.1 0.3 0.3 1.0x10 2̂ 0.3 1.0x10 2̂ 0.3 1.0x10 2̂ 0.0
W ICP-MS ppb 0.02 - < 0.02 - < 0.02 - < 0.02 - -
Y ICP-MS ppb 0.01 - 0.11 - 0.11 - 0.12 - 0.00
Yb ICP-MS ppb 0.005 - 0.010 - 0.010 - 0.011 - 4.98
Zn ICP-MS ppb 0.5 0.8 1.0 1.2x10 2̂ 1.0 1.2x10 2̂ 1.0 1.1x10 2̂ -2.0
Zr ICP-MS ppb 0.05 - < 0.05 - < 0.05 - < 0.05 - -

QA/QC	  Results	  for	  GSC	  Standard	  SLRS-‐5	  (for	  July	  2012	  Samples)
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Analyte Method Unit MDL Expected Measure	  1 %	  Recovery Measure	  2 %	  Recovery %	  Diff
Ag ICP-MS ppb 0.005 - 6.200 - 6.376 - -2.80
Al ICP-MS ppb 2.0 68 68 1.0x10 2̂ 68 1.0x10 2̂ 0.1
As ICP-MS ppb 0.1 7.7 8.1 1.1x10 2̂ 8.0 1.0x10 2̂ 1.2
B ICP-MS ppb 0.5 - 22 - 22 - 1.5
Ba ICP-MS ppb 0.2 25 25 99 25 99 0.04
Be ICP-MS ppb 0.005 3.3 3.517 106.573 3.545 107.415 -0.79
Bi ICP-MS ppb 0.02 - 3.87 - 3.72 - 3.87
Cd ICP-MS ppb 0.02 6.8 7.01 103 7.11 105 -1.40
Ce ICP-MS ppb 0.01 - < 0.01 - < 0.01 - -
Co ICP-MS ppb 0.05 8.1 8.0 98 7.8 96 1.8
Cr ICP-MS ppb 0.1 11 11 98 11 99 -0.3
Cs ICP-MS ppb 0.01 - < 0.01 - < 0.01 - -
Cu ICP-MS ppb 0.1 15 15 1.0x10 2̂ 15 1.0x10 2̂ 2.02
Dy ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Er ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Eu ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Ga ICP-MS ppb 0.01 - 0.01 - < 0.01 - -
Gd ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Ge ICP-MS ppb 0.02 - < 0.02 - < 0.02 - -
Hf ICP-MS ppb 0.01 - < 0.01 - < 0.01 - -
Ho ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
In ICP-MS ppb 0.01 - < 0.01 - < 0.01 - -
La ICP-MS ppb 0.01 - 0.08 - 0.07 - 1.34
Li ICP-MS ppb 0.02 - 6.73 - 6.72 - 0.10
Lu ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Mo ICP-MS ppb 0.05 8.3 8.37 1.01x10 2̂ 8.26 99.6 1.25
Nb ICP-MS ppb 0.01 - < 0.01 - < 0.01 - -
Nd ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Ni ICP-MS ppb 0.2 9.9 9.8 99 10 1.0x10 2̂ -2.43
Pb ICP-MS ppb 0.01 9.9 9.72 98.2 9.58 96.8 1.42
Pr ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Rb ICP-MS ppb 0.05 - 0.14 - 0.14 - -1.47
Re ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Sb ICP-MS ppb 0.01 2.1 2.17 103 2.14 102 1.67
Se ICP-MS ppb 1.0 5.1 5.100 1.0x10 2̂ 5.300 1.0x10 2̂ -3.8
Sm ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Sn ICP-MS ppb 0.01 - 5.98 - 6.14 - -2.54
Sr ICP-MS ppb 0.5 99 1.0x10 2̂ 1.0x10 2̂ 99 1.0x10 2̂ 1.7
Ta ICP-MS ppb 0.01 - < 0.01 - < 0.01 - -
Tb ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Te ICP-MS ppb 0.02 - < 0.02 - < 0.02 - -
Th ICP-MS ppb 0.02 - < 0.02 - < 0.02 - -
Tl ICP-MS ppb 0.005 5.2 4.943 95.05 4.852 93.31 1.85

Tm ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
U ICP-MS ppb 0.005 7.5 7.536 100.5 7.581 101.1 -0.59
V ICP-MS ppb 0.1 12 12 99 12 1.0x10 2̂ -1.3
W ICP-MS ppb 0.02 - 0.04 - 0.04 - -2.82
Y ICP-MS ppb 0.01 - < 0.01 - < 0.01 - -
Yb ICP-MS ppb 0.005 - < 0.005 - < 0.005 - -
Zn ICP-MS ppb 0.5 31 36 1.2x10 2̂ 38 1.2x10 2̂ -3.58
Zr ICP-MS ppb 0.05 - < 0.05 - < 0.05 - -

QA/QC	  Results	  for	  GSC	  Standard	  TM26.2	  (for	  July	  2012	  Samples)
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Analyte Method Unit MDL Expected Measure	  1 %	  Recovery Measure	  2 %	  Recovery %	  Diff
Br ICP-ES ppm 0.05 - < 0.05 - < 0.05 - -
Ca ICP-ES ppm 0.02 10.5 10.4 99.1 10.3 98.5 0.54
Cl ICP-ES ppm 0.1 - 6.9 - 6.8 - 1.3
Fe ICP-ES ppm 0.005 - 0.093 - 0.095 - -1.60
K ICP-ES ppm 0.05 0.84 0.87 104 0.89 106 -2.72

Mg ICP-ES ppm 0.005 2.54 2.544 100 2.520 99.20 0.94
Mn ICP-ES ppm 0.001 - 0.005 - 0.004 - 2.25
Na ICP-ES ppm 0.05 5.38 5.20 96.7 5.25 97.6 -0.96
P ICP-ES ppm 0.05 - < 0.05 - < 0.05 - -
S ICP-ES ppm 0.05 - 2.39 - 2.38 - 0.75
Sc ICP-ES ppm 0.001 - < 0.001 - < 0.001 - -
Si ICP-ES ppm 0.02 - 1.97 - 1.96 - 0.41
Ti ICP-ES ppm 0.002 - 0.002 - < 0.002 - -

QA/QC	  Results	  for	  GSC	  Standard	  SLRS-‐5	  (for	  July	  2012	  Samples)

Analyte Method Unit MDL Expected Measure	  1 %	  Recovery
Br ICP-ES ppm 0.05 - < 0.05 -
Ca ICP-ES ppm 0.02 35.4 35.3 99.8
Cl ICP-ES ppm 0.1 21 21 101
Fe ICP-ES ppm 0.005 - < 0.005 -
K ICP-ES ppm 0.05 1.5 1.55 103

Mg ICP-ES ppm 0.005 8.6 8.565 100
Mn ICP-ES ppm 0.001 - < 0.001 -
Na ICP-ES ppm 0.05 12.7 12.4 98
P ICP-ES ppm 0.05 - < 0.05 -
S ICP-ES ppm 0.05 8.7 8.73 100
Sc ICP-ES ppm 0.001 - < 0.001 -
Si ICP-ES ppm 0.02 0.53 0.53 100
Ti ICP-ES ppm 0.002 - < 0.002 -

QA/QC	  Results	  for	  GSC	  Standard	  ONTARIO-‐99	  (for	  July	  2012	  Samples)

Analyte Method Unit MDL Expected Measure	  1 %	  Recovery
Br ICP-ES ppm 0.05 - < 0.05 -
Ca ICP-ES ppm 0.02 - 14.4 -
Cl ICP-ES ppm 0.1 - 10 -
Fe ICP-ES ppm 0.005 0.109 0.110 101
K ICP-ES ppm 0.05 - 0.65 -

Mg ICP-ES ppm 0.005 - 3.455 -
Mn ICP-ES ppm 0.001 0.085 0.087 102
Na ICP-ES ppm 0.05 - 5.11 -
P ICP-ES ppm 0.05 - < 0.05 -
S ICP-ES ppm 0.05 - 4.12 -
Sc ICP-ES ppm 0.001 - < 0.001 -
Si ICP-ES ppm 0.02 - 0.25 -
Ti ICP-ES ppm 0.002 0.014 0.014 103

QA/QC	  Results	  for	  GSC	  Standard	  TMDA51.3	  (for	  July	  2012	  Samples)
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Appendix D 

Summary of Bulk Chemistry Analyses 

Raw data from elemental analysis of bulk sub-samples taken from stream sediments and cores. 
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Element Unit MDL S1 S2 S3 S4 S4-‐HP S4-‐Peb S5 S6 S7 S7-‐Peb S8 S9
Ag ppb 20 * 71 30 <20 2.8x10^2 3.0x10^2 28 36 68 2.1x10^2 57 55
Al % 0.02 5.22 3.06 5.38 5.92 4.09 3.68 4.61 6.42 5.53 4.54 6.38 5.57
As ppm 0.2 4.6 3.4 3.7 7.8 3.7 6.7 4.5 1.5 4 1.6x10^1 4.3 9.8
Au ppm 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
B ppm 20 25 22 <20 <20 <20 <20 <20 <20 <20
Ba ppm 1 3x10^2 2x10^2 5x10^2 6x10^2 4x10^2 4x10^2 4x10^2 8x10^2 6x10^2 9x10^2 6x10^2 8x10^2
Be ppm 1 1x10^1 8 6 7 2x10^1 1x10^1 8 4 7 1x10^1 9 1
Bi ppm 0.04 0.13 0.07 0.14 0.17 0.32 0.22 0.13 0.1 0.16 0.53 0.19 0.29
Ca % 0.02 3.21 1.99 2.55 3.24 2.18 2.83 2.28 3.29 3.69 5.66 3.32 3.31
Cd ppm 0.02 1.28 0.6 0.56 0.72 1.48 0.84 0.57 0.42 0.88 2.32 0.75 2.08
Ce ppm 0.02 726 1.45x10^3 613 394 1.31x10^3 788 804 251 322 471 499 989
Co ppm 0.2 14 9.8 30 51 2.1x10^2 1.5x10^2 38 21 49 1.7x10^2 36 1.9x10^2
Cr ppm 1 3x10^1 2x10^1 5x10^1 6x10^1 3x10^1 3x10^1 4x10^1 6x10^1 8x10^1 7x10^1 6x10^1 7x10^1
Cs ppm 0.1 2.3 1.2 1.6 1.7 0.7 1.4 1.6 1 0.9 1.7 1.3 2.2
Cu ppm 0.02 91.0 99.1 55.2 49.2 140 1.02x10^3 54.0 42.8 37.4 1.62x10^3 41.8 46.4
Dy ppm 0.1 1.0x10^2 2.2x10^2 86 50 1.3x10^2 74 1.0x10^2 21 38 39 60 73
Er ppm 0.1 70 1.5x10^2 59 36 97 57 73 14 26 29 42 54
Eu ppm 0.1 11 23 9.5 6.1 14 8.6 11 3.9 5.3 6.1 7.5 8.9
Fe % 0.02 9.84 22.4 11.3 9.57 22.9 22.4 15.0 5.96 8.53 9.26 6.42 10.8
Ga ppm 0.02 18.5 8.68 14.4 16.6 8.38 8.99 11.0 18.3 16.2 14.6 16.9 17.3
Gd ppm 0.1 81 1.6x10^2 64 41 1.0x10^2 52 81 21 32 30 46 59
Ge ppm 0.1 0.3 0.6 0.5 0.3 0.4 0.1 0.2 0.2 0.3
Hf ppm 0.02 26.6 12.9 9.12 14.6 5.19 5.2 6.5 9.47 11.4 6.55 17.5 11.3
Hg ppm 5 7 <5 20 20 3x10^2 8 20 31 34
Ho ppm 0.1 24 48 20 12 33 20 25 4.7 8.6 10 14 18
In ppm 0.02 <0.02 <0.02 0.02 0.03 <0.02 0.03 0.03 0.03 0.02
K % 0.02 2.34 1.05 1.58 1.72 0.68 0.81 1.13 1.95 1.4 0.85 1.88 1.53
La ppm 0.1 2.9x10^2 6.0x10^2 2.6x10^2 1.9x10^2 7.5x10^2 4.1x10^2 3.8x10^2 1.3x10^2 2.1x10^2 3.2x10^2 2.3x10^2 3.6x10^2
Li ppm 0.1 48 24 35 40 14 27 37 34 42 1.3x10^2 48 70
Lu ppm 0.1 8.5 17 6.7 4.2 11 6.7 8.3 1.8 3.1 3.9 4.8 5.9

Bulk	  Element	  Concentrations	  in	  Bulk	  Stream	  Sediments,	  Hardpan	  and	  Pebbles
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Element Unit MDL S1 S2 S3 S4 S4-‐HP S4-‐Peb S5 S6 S7 S7-‐Peb S8 S9
Mg % 0.02 0.68 0.37 0.96 1.2 0.51 0.63 0.77 1.35 1.46 1.92 1.25 1.46
Mn ppm 2.0 1.5x10^3 2.2x10^3 9.2x10^3 >10000 2.53 4.35 >10000 1.2x10^3 >10000 1.5x10^3 >10000
Mn % 0.01 1.66 2.53 4.35 1.38 2.24 I.S. 4.53
Mo ppm 0.05 9.85 12.5 14.0 14.6 18.3 26.9 17.3 2.7 13.4 49.6 5.84 22.7
Na % 0.002 2.369 1.072 1.755 2.07 0.768 0.802 1.379 2.435 1.899 1.238 2.219 1.745
Nb ppm 0.04 101 45.3 25.9 53.5 21.4 22.1 22.1 26.7 31.2 14.6 39.7 45.8
Nd ppm 0.1 3.1x10^2 6.5x10^2 2.5x10^2 1.7x10^2 4.2x10^2 2.6x10^2 3.1x10^2 1.1x10^2 1.5x10^2 1.7x10^2 2.1x10^2 2.8x10^2
Ni ppm 0.1 23 14 36 49 78 70 34 37 89 2.7x10^2 60 2.0x10^2
P % 0.001 0.061 0.043 0.094 0.127 0.052 0.061 0.085 0.151 0.143 0.121 0.153 0.132
Pb ppm 0.02 34.1 22.0 34.4 50.4 128 370 31.1 32.9 41.2 187 66.7 129
Pd ppb 10 * 31 <10 21 <10 <10 19 <10 <10
Pr ppm 0.1 86 1.6x10^2 71 47 1.3x10^2 76 86 30 43 54 59 81
Pt ppb 2 14 <2 <2 <2 <2 15 <2 2 <2
Rb ppm 0.1 1.6x10^2 7.5x10^1 60 69 26 38 51 61 50 34 73 68
Re ppb 1 <1 5 2 4 3 1 3 3 <1
S % 0.04 0.42 0.25 0.1 0.11 0.14 0.3 0.13 0.34 0.11 0.29 0.55 0.13
Sb ppm 0.02 0.13 0.05 0.18 0.24 0.52 1.76 0.22 0.09 0.23 2 0.19 0.65
Sc ppm 0.1 5.5 4.2 9.1 11 7.4 7.2 7.1 12 13 18 11 12
Se ppm 0.1 1.7 5.1 1.7 1.5 3.1 0.6 1.2 1.4 1.9
Sm ppm 0.1 75 1.5x10^2 59 36 81 47 66 20 29 30 42 55
Sn ppm 0.1 4.3 2.1 2.9 4 6.7 2.5x10^2 2.2 3.5 3.7 1.4x10^2 3.7 13
Sr ppm 1 3x10^2 2x10^2 3x10^2 3x10^2 2x10^2 2x10^2 2x10^2 4x10^2 3x10^2 3x10^2 4x10^2 3x10^2
Ta ppm 0.1 3.9 1.9 1.1 2 0.9 0.8 1 1.3 1.4 0.4 1.8 2.2
Tb ppm 0.1 15 31 13 7.4 20 11 16 3.3 5.6 6.4 9 11
Te ppm 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 0.05 0.06
Th ppm 0.1 1.3x10^2 1.5x10^2 1.7x10^2 2.4x10^2 2.4x10^2 2.4x10^2 1.5x10^2 1.4x10^2 3.0x10^2 1.1x10^2 5.0x10^2 4.0x10^2
Ti % 0.001 0.262 0.131 0.525 0.693 0.236 0.275 0.323 0.858 0.858 1.032 0.73 0.701
Tl ppm 0.02 0.3 0.2 0.28 0.32 0.3 0.17 0.24 0.18 0.71
Tm ppm 0.1 11 23 9.1 5.5 16 8.7 11 2.1 3.9 4.5 6.3 8.2
U ppm 0.1 85 1.6x10^2 1.5x10^2 1.6x10^2 1.9x10^2 1.4x10^2 2.1x10^2 94 1.3x10^2 1.6x10^2 1.5x10^2 3.0x10^2
V ppm 1 4x10^1 2x10^1 8x10^1 1x10^2 5x10^1 3x10^1 6x10^1 1x10^2 1x10^2 9x10^1 1x10^2 1x10^2
W ppm 0.1 6.1 13 8.5 3.1 29 6 4.8 0.5 1.4 4.1 1.2 1.7
Y ppm 0.1 5.2x10^2 1.1x10^3 4.5x10^2 2.9x10^2 1.2x10^3 7.2x10^2 6.5x10^2 1.3x10^2 2.4x10^2 3.5x10^2 3.1x10^2 3.9x10^2
Yb ppm 0.1 67 1.4x10^2 52 32 83 47 64 12 22 27 35 43
Zn ppm 0.2 2.1x10^2 1.3x10^2 1.5x10^2 1.7x10^2 4.1x10^2 5.6x10^2 1.6x10^2 1.5x10^2 2.9x10^2 1.2x10^3 3.0x10^2 8.0x10^2
Zr ppm 0.2 1.0x10^3 4.8x10^2 3.4x10^2 5.0x10^2 2.0x10^2 2.1x10^2 2.2x10^2 3.3x10^2 3.9x10^2 2.1x10^2 5.7x10^2 4.1x10^2

Bulk	  Element	  Concentrations	  in	  Bulk	  Stream	  Sediments,	  Hardpan	  and	  Pebbles
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Element C1 C2 C3
Ag * <20 <20
Al 5.6 6.2 6.1
As 10.1 6.6 6.3
Au <0.1 <0.1 <0.1
B <20 24 <20
Ba 329 498 356
Be 18 15 13
Bi 0.22 0.19 0.18
Ca 4.36 3.16 3.48
Cd 1.7 1.3 1.2
Ce 129.13 735.44 143.53
Co 8.6 30 7.1
Cr 25 37 30
Cs 2.2 3.2 2.3
Cu 55.6 69.8 25.7
Dy 31.7 94.3 19.4
Er 23 67 15
Eu 3.5 9.9 2.5
Fe 4.42 5.54 3.54
Ga 24.07 21.34 25.83
Gd 23.1 68.1 15.3
Ge 0.2 0.3 0.1
Hf 52.64 27.36 38.85
Hg <5 1x10^1 <5
Ho 7 2x10^1 5
In 0.03 0.03 0.03
K 2.38 2.61 2.86
La 55.7 335 75.3
Li 65.5 62.1 58.6
Lu 4 8 2.8

Bulk	  Element	  Concentrations	  in	  Bulk	  Tailings	  and	  
Retention	  Pond	  Sediments

Element C1 C2 C3
Mg 0.98 0.86 0.82
Mn 2.1x10^3 1.3x10^3 1.4x10^3
Mn -‐ -‐ -‐
Mo 6.12 17.6 17.2
Na 2.973 2.542 2.922
Nb 145 123 136
Nd 76.4 295 66.5
Ni 8.3 51 8.7
P 0.11 0.09 0.09
Pb 66.6 96.4 58.5
Pd <10 * <10
Pr 19.5 85.8 18.1
Pt 19 11 16
Rb 160.3 176.5 189.4
Re <1 <1 2
S <0.04 0.69 <0.04
Sb 0.25 0.24 0.15
Sc 7 7 6
Se 0.8 2.4 0.6
Sm 20.5 64.2 14.1
Sn 8 5 5
Sr 283 280 282
Ta 6 4 5
Tb 4.5 14 2.8
Te <0.02 <0.02 <0.02
Th 281 750 196
Ti 0.42 0.34 0.27
Tl 0.23 0.44 0.28
Tm 3.8 11 2.4
U 31.4 149 48.9
V 58 53 48
W 1.2 13 2.1
Y 189.9 456.7 124.8
Yb 26.2 61.3 16.7
Zn 198.8 331.4 152.9
Zr >2000.0 9.9x10^2 1.7x10^3

Bulk	  Element	  Concentrations	  in	  Bulk	  Tailings	  and	  
Retention	  Pond	  Sediments
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Element Unit MDL AL-‐S1 AL-‐S2 AL-‐S3 AL-‐S4 AL-‐S5 AL-‐S6 AL-‐S7 AL-‐S8 AL-‐S9 AL-‐S10
Ag ppb 20 4.0E+02 2.7E+02 3.0E+02 3.2E+02 5.3E+02 3.0E+02
Al % 0.02 6.35 6.54 6.19 6.36 6.45 6.09 6.54 6.17 6.52 6.99
As ppm 0.2 6.3 6.3 8.2 7.9 6.1 7.4 6.3 6.6 6.2 5.6
Au ppm 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ba ppm 1 3.E+02 4.E+02 3.E+02 4.E+02 4.E+02 3.E+02 4.E+02 4.E+02 4.E+02 4.E+02
Be ppm 1 2.E+01 2.E+01 2.E+01 2.E+01 1.E+01 2.E+01 2.E+01 2.E+01 2.E+01 1.E+01
Bi ppm 0.04 0.27 0.27 0.28 0.26 0.19 0.27 0.28 0.22 0.23 0.2
Ca % 0.02 3.44 2.95 3.64 3.94 3.46 4.75 3.87 4.04 3.63 3.26
Cd ppm 0.02 1.01 0.68 1.4 0.92 0.64 1.31 1.12 0.9 0.78 0.81
Ce ppm 0.02 125 117 116 86.2 97.0 163 727 399 508 465
Co ppm 0.2 7 6.2 7.1 6.2 5.3 10 23 20 25 27
Cr ppm 1 2.E+01 2.E+01 3.E+01 3.E+01 2.E+01 2.E+01 2.E+01 2.E+01 2.E+01 2.E+01
Cs ppm 0.1 2.5 3.7 2.7 2.4 2.7 2.1 3.6 2.4 3 3.7
Cu ppm 0.02 17.0 26.2 29.7 32.2 25.3 56.5 78.4 41.5 57.8 52.2
Dy ppm 0.1 23 16 19 16 19 38 49 39 42 41
Er ppm 0.1 16 12 14 12 14 28 32 26 28 27
Eu ppm 0.1 2.8 2.3 2.6 2.3 2.8 4.7 7.7 6.3 6.3 6.1
Fe % 0.02 3.67 3.47 4.67 4.58 3.15 4.28 4.13 4.1 4 3.81
Fe ppm 200 4.E+04 3.E+04 5.E+04 5.E+04 3.E+04 4.E+04 4.E+04 4.E+04 4.E+04 4.E+04
Ga ppm 0.02 25.7 25.6 24.2 24.8 25.7 25.2 25.4 24.5 24.1 26.7
Gd ppm 0.1 1.6E+01 1.3E+01 1.4E+01 1.3E+01 1.4E+01 2.8E+01 4.2E+01 3.1E+01 3.5E+01 3.4E+01
Hf ppm 0.02 38.5 31.2 61.5 37.5 24.9 52.4 34.0 26.2 29.3 23.5
Ho ppm 0.1 5.7 4.3 4.6 3.9 4.7 9.4 11 8.9 9.7 9.4
K % 0.02 2.52 2.88 2.5 2.62 2.79 2.45 2.86 2.67 2.82 3.1
La ppm 0.1 4.9E+01 5.3E+01 5.0E+01 3.6E+01 4.0E+01 6.3E+01 3.2E+02 2.0E+02 2.3E+02 2.3E+02
Li ppm 0.1 6.7E+01 7.8E+01 7.2E+01 7.1E+01 6.8E+01 7.4E+01 9.0E+01 6.8E+01 7.7E+01 8.0E+01
Lu ppm 0.1 3.2 2.6 3.3 2.9 2.7 4.9 5.7 4.5 5 5
Mg % 0.02 0.96 0.85 1 0.96 0.84 1.08 0.99 0.92 0.86 0.8
Mn ppm 2 2.E+03 1.E+03 2.E+03 2.E+03 2.E+03 2.E+03 2.E+03 2.E+03 2.E+03 1.E+03
Mn % 0.01

Bulk	  Element	  Concentrations	  in	  Sub-‐Samples	  for	  Auger	  Lake	  Tailings	  Core
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Element Unit MDL AL-‐S1 AL-‐S2 AL-‐S3 AL-‐S4 AL-‐S5 AL-‐S6 AL-‐S7 AL-‐S8 AL-‐S9 AL-‐S10
Mo ppm 0.05 6.82 12.1 10.9 7.52 11.7 8.6 18.2 3.93 16.2 14.8
Na % 0.002 3.249 3.177 2.998 3.259 3.272 3.128 3.143 3.096 3.179 3.307
Nb ppm 0.04 71.8 84.4 115 116 84.0 143 110 96.4 97.6 93
Nd ppm 0.1 6.3E+01 5.4E+01 5.7E+01 4.5E+01 5.4E+01 9.8E+01 2.5E+02 1.7E+02 2.0E+02 1.9E+02
Ni ppm 0.1 5.4 5.6 6.3 5.8 5 7.5 2.9E+01 2.8E+01 3.5E+01 3.8E+01
P % 0.001 0.135 0.121 0.124 0.102 0.079 0.118 0.098 0.086 0.097 0.085
Pb ppm 0.02 61.6 82.1 89.3 77.6 84.2 31.7 354.7 85.4 153.9 142.2
Pr ppm 0.1 17 15 15 12 14 26 80 54 62 60
Rb ppm 0.1 1.6E+02 2.1E+02 1.7E+02 1.8E+02 1.9E+02 1.6E+02 2.1E+02 1.8E+02 1.9E+02 2.2E+02
S % 0.04 <0.04 0.05 0.06 0.06 0.05 0.1 0.52 0.43 0.64 0.66
Sb ppm 0.02 0.3 0.28 0.32 0.26 0.21 0.25 0.28 0.22 0.25 0.22
Sc ppm 0.1 7.9 7.2 8.4 7.9 6.6 8.3 9.6 7.5 7.5 7.5
Sm ppm 0.1 15 12 14 11 13 26 51 37 41 43
Sn ppm 0.1 5 5.6 7 7.2 5.8 8.6 6.7 6.4 5.9 4.8
Sr ppm 1 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02
Ta ppm 0.1 2.8 3.5 4.8 5.3 4 6.2 4.6 4.5 4.3 3.9
Tb ppm 0.1 3.3 2.6 2.8 2.5 2.9 5.8 8 6.3 7.1 6.9
Th ppm 0.1 4.1E+02 8.4E+02 5.8E+02 5.4E+02 5.4E+02 2.0E+02 1.1E+03 3.4E+02 6.8E+02 7.3E+02
Ti % 0.001 0.213 0.257 0.339 0.355 0.28 0.412 0.345 0.308 0.307 0.295
Tm ppm 0.1 2.8 2.2 2.7 2.2 2.4 4.8 6 4.8 5.2 5.1
U ppm 0.1 28 20 31 17 18 38 53 35 45 50
V ppm 1 6.E+01 5.E+01 6.E+01 6.E+01 5.E+01 7.E+01 6.E+01 5.E+01 5.E+01 5.E+01
W ppm 0.1 1.3 1.3 1.3 1.6 2.4 1.2 1.4 1 1.1 1.3
Y ppm 0.1 1.4E+02 1.2E+02 1.3E+02 1.1E+02 1.2E+02 2.3E+02 2.8E+02 2.3E+02 2.5E+02 2.4E+02
Yb ppm 0.1 1.8E+01 1.4E+01 1.8E+01 1.5E+01 1.6E+01 3.0E+01 3.7E+01 2.9E+01 3.5E+01 3.4E+01
Zn ppm 0.2 2.0E+02 1.7E+02 1.9E+02 1.9E+02 1.6E+02 2.1E+02 2.2E+02 2.2E+02 2.1E+02 2.0E+02
Zr ppm 0.2 1.6E+03 1.3E+03 >2000.0 1.5E+03 9.7E+02 >2000.0 1.4E+03 9.6E+02 1.1E+03 8.6E+02

Bulk	  Element	  Concentrations	  in	  Sub-‐Samples	  for	  Auger	  Lake	  Tailings	  Core
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Element Unit MDL RP-‐S1 RP-‐S2 RP-‐S3 RP-‐S4 RP-‐S5 RP-‐S6 RP-‐S7 RP-‐S8 RP-‐S9 RP-‐S10 RP-‐S11 RP-‐S12 RP-‐S13
Ag ppb 20 3.E+02 1.E+02 * 2.E+02 1.E+02 * 1.E+02 2.E+02 1.E+02 2.E+02 7.E+01 1.E+02 1.E+02
Al % 0.02 4.45 5.35 6.51 7.04 7.05 7.03 6.65 6.45 6.71 6.78 7.04 6.93 6.85
As ppm 0.2 3.5 2 3.3 2.5 2 3.3 2.2 5.6 3.4 6.1 2.4 4.8 2.4
Au ppm 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ba ppm 1 3.E+02 4.E+02 6.E+02 7.E+02 8.E+02 6.E+02 5.E+02 4.E+02 5.E+02 5.E+02 6.E+02 4.E+02 5.E+02
Be ppm 1 1.E+01 2.E+01 1.E+01 8 7 1.E+01 6 7 4 7 7 9 8
Bi ppm 0.04 0.35 0.24 0.31 0.15 0.12 0.21 0.31 0.27 0.18 0.22 0.17 0.17 0.16
Ca % 0.02 1.75 2.09 2.95 2.92 2.8 3.39 3.53 4.52 4.06 4.56 3.82 4.08 3.53
Cd ppm 0.02 0.51 0.75 0.6 0.32 0.3 0.58 0.33 0.36 0.23 0.35 0.26 0.33 0.23
Ce ppm 0.02 1.31E+03 1.06E+03 7.97E+02 2.44E+02 2.15E+02 2.65E+02 7.23E+02 5.59E+02 4.42E+02 5.78E+02 5.22E+02 7.66E+02 7.72E+02
Co ppm 0.2 25 38 9.7 9.5 8.9 8.1 18 27 20 31 19 23 18
Cr ppm 1 3.E+01 3.E+01 4.E+01 4.E+01 4.E+01 3.E+01 4.E+01 6.E+01 5.E+01 6.E+01 5.E+01 5.E+01 5.E+01
Cs ppm 0.1 1.4 1.6 4.6 2.7 2.8 4.1 1.8 1.3 1.3 1.1 1.1 1.1 1.1
Cu ppm 0.02 124 82.5 76.8 29.6 28.5 26.4 81.1 54.0 39.4 194 47.6 43.2 43.2
Dy ppm 0.1 2.5E+02 1.7E+02 8.9E+01 4.3E+01 3.5E+01 3.9E+01 1.3E+02 9.0E+01 8.3E+01 8.9E+01 5.4E+01 7.8E+01 5.8E+01
Er ppm 0.1 1.8E+02 1.2E+02 6.4E+01 3.0E+01 2.4E+01 2.7E+01 9.1E+01 6.2E+01 5.7E+01 5.8E+01 3.4E+01 4.8E+01 3.5E+01
Eu ppm 0.1 29 20 12 5.7 5.2 5.3 17 12 10 12 7.4 9.9 8.3
Fe % 0.02 23.2 12.1 3.78 3.17 3.08 3.16 4.83 8.15 6.35 8.99 5.34 8.1 4.99
Ga ppm 0.02 9.41 11.4 25.8 22.2 21.2 25.8 20.2 21.4 20.6 22.6 19.9 21.0 19.3
Gd ppm 0.1 1.7E+02 1.3E+02 6.6E+01 3.2E+01 2.7E+01 3.1E+01 1.0E+02 6.7E+01 6.5E+01 7.0E+01 4.6E+01 6.6E+01 5.2E+01
Hf ppm 0.02 6.73 6.44 21.7 11.9 11.2 24.8 8.83 12.7 6.32 8.54 8.4 5.96 5.8
Ho ppm 0.1 61 42 21 10 8.6 9.6 33 22 20 22 14 19 14
K % 0.02 1.01 1.29 2.75 2.61 2.66 2.94 1.71 1.53 1.67 1.48 1.69 1.48 1.58
La ppm 0.1 3.7E+02 3.9E+02 3.1E+02 9.6E+01 8.5E+01 1.3E+02 2.3E+02 1.9E+02 1.8E+02 2.1E+02 2.5E+02 2.8E+02 3.1E+02
Li ppm 0.1 33 44 89 60 58 83 67 76 80 85 75 87 78
Lu ppm 0.1 23 16 8.9 4 3.3 3.9 11 7.3 6.1 6.1 3.3 4.4 2.8
Mg % 0.02 0.47 0.61 1.04 0.98 0.96 1.02 1.7 2.32 2.27 2.57 1.99 2.31 1.89

Bulk	  Element	  Concentrations	  in	  Sub-‐Samples	  for	  Retention	  Pond	  Sediment	  Core
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Element Unit MDL RP-‐S1 RP-‐S2 RP-‐S3 RP-‐S4 RP-‐S5 RP-‐S6 RP-‐S7 RP-‐S8 RP-‐S9 RP-‐S10 RP-‐S11 RP-‐S12 RP-‐S13
Mn ppm 2 2.E+03 4.E+03 1.E+03 1.E+03 1.E+03 1.E+03 1.E+03 3.E+03 2.E+03 4.E+03 1.E+03 2.E+03 1.E+03
Mo ppm 0.05 23.2 10.9 14.8 3.62 16.2 19.9 6.37 8.89 6.17 12.1 6.04 9.04 6.67
Na % 0.002 0.988 1.375 2.425 2.934 2.878 3.226 2.374 2.311 2.305 2.33 2.349 2.344 2.21
Nb ppm 0.04 32.3 30.3 121 54.3 47.0 107 31.1 33.4 18.9 25.8 17.9 18.4 16.3
Nd ppm 0.1 7.5E+02 4.9E+02 3.3E+02 1.3E+02 1.1E+02 1.3E+02 4.0E+02 2.8E+02 2.6E+02 3.0E+02 2.1E+02 3.0E+02 2.6E+02
Ni ppm 0.1 44 51 20 17 16 11 26 27 25 32 24 28 28
P % 0.001 0.066 0.076 0.092 0.094 0.087 0.093 0.173 0.248 0.2 0.248 0.192 0.205 0.182
Pb ppm 0.02 227 88.5 264 69.9 54 46.3 181 222 39.2 82.2 28.2 30.4 31.0
Pr ppm 0.1 1.9E+02 1.4E+02 1.0E+02 3.7E+01 3.2E+01 3.8E+01 1.1E+02 8.0E+01 7.4E+01 8.5E+01 7.0E+01 9.5E+01 8.9E+01
Rb ppm 0.1 5.7E+01 6.7E+01 1.9E+02 1.3E+02 1.3E+02 2.0E+02 6.2E+01 5.9E+01 4.7E+01 4.5E+01 4.6E+01 4.2E+01 4.4E+01
S % 0.04 0.3 0.33 0.1 0.06 0.06 0.07 0.12 0.12 0.11 0.12 0.12 0.13 0.13
Sb ppm 0.02 0.5 0.32 0.18 0.14 0.13 0.22 0.28 0.25 0.19 0.4 0.17 0.23 0.19
Sc ppm 0.1 6.9 7.6 10 9.2 9.4 8.7 22 22 23 24 20 21 20
Sm ppm 0.1 1.7E+02 1.2E+02 7.5E+01 3.2E+01 2.7E+01 3.0E+01 9.4E+01 6.5E+01 5.7E+01 5.9E+01 3.8E+01 5.1E+01 3.9E+01
Sn ppm 0.1 2.3 2.4 4.7 3.4 3.2 5 4.7 5 4.2 23 4 5.2 4.3
Sr ppm 1 2.E+02 2.E+02 3.E+02 4.E+02 4.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02
Ta ppm 0.1 1.5 1.4 3.8 2 1.9 4.2 1.4 1.4 1 1.3 1 0.9 0.8
Tb ppm 0.1 39 26 15 6.5 5.7 6.4 22 15 14 15 9.2 13 9.7
Th ppm 0.1 1.6E+03 7.4E+02 2.0E+03 3.2E+02 2.7E+02 4.8E+02 7.6E+02 3.2E+02 7.7E+01 7.3E+01 5.7E+01 7.4E+01 5.5E+01
Ti % 0.001 0.172 0.222 0.365 0.395 0.396 0.366 0.669 0.968 0.859 1.081 0.776 0.862 0.718
Tm ppm 0.1 31 21 11 5 4.1 4.6 14 10 8.5 8.8 4.8 6.8 4.2
U ppm 0.1 4.4E+02 1.7E+02 1.7E+02 6.3E+01 5.9E+01 7.4E+01 3.2E+02 1.8E+02 2.3E+02 2.0E+02 1.9E+02 2.2E+02 2.5E+02
V ppm 1 4.E+01 4.E+01 7.E+01 7.E+01 7.E+01 6.E+01 1.E+02 2.E+02 1.E+02 2.E+02 1.E+02 2.E+02 1.E+02
W ppm 0.1 12 7.5 3.5 1.4 1.9 1.5 1.8 3 1.5 14 0.9 1.6 1.1
Y ppm 0.1 1.0E+03 8.8E+02 3.9E+02 2.0E+02 1.6E+02 2.0E+02 5.2E+02 3.8E+02 4.1E+02 4.3E+02 4.5E+02 5.4E+02 5.8E+02
Yb ppm 0.1 1.8E+02 1.2E+02 6.3E+01 2.9E+01 2.4E+01 2.6E+01 7.8E+01 5.4E+01 4.4E+01 4.5E+01 2.3E+01 3.1E+01 2.1E+01
Zn ppm 0.2 3.0E+02 3.4E+02 2.0E+02 1.4E+02 1.3E+02 1.6E+02 1.7E+02 2.0E+02 1.9E+02 2.5E+02 1.7E+02 2.0E+02 1.7E+02
Zr ppm 0.2 2.9E+02 2.5E+02 7.5E+02 4.4E+02 4.2E+02 8.5E+02 3.0E+02 4.6E+02 2.3E+02 2.8E+02 2.6E+02 2.1E+02 2.0E+02

Bulk	  Element	  Concentrations	  in	  Sub-‐Samples	  for	  Retention	  Pond	  Sediment	  Core
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Element Unit MDL STB-‐S1 STB-‐S2 STB-‐S3 STB-‐S4 STB-‐S5 STB-‐S6 STB-‐S7 STB-‐S8 STB-‐S9
Ag ppb 20 3.E+02 3.E+02 2.E+02
Al % 0.02 6.47 6.56 6.46 6.73 6.41 6.43 6.24 6.56 5.82
As ppm 0.2 4.8 4 5.4 3.8 6.8 6.5 3.6 6.5 6.4
Au ppm 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ba ppm 1 4.E+02 4.E+02 4.E+02 5.E+02 4.E+02 4.E+02 4.E+02 4.E+02 3.E+02
Be ppm 1 1.E+01 1.E+01 1.E+01 1.E+01 2.E+01 1.E+01 1.E+01 2.E+01 2.E+01
Bi ppm 0.04 0.41 0.17 0.19 0.46 0.24 0.12 0.22 0.23 0.23
Ca % 0.02 2.77 2.99 3.36 2.69 4.02 2.15 3.71 3.94 4.35
Cd ppm 0.02 0.75 0.66 0.97 0.85 1.68 0.68 1.71 1.83 2.22
Ce ppm 0.02 213 80.2 129 448 313 237 402 399 389
Co ppm 0.2 7.2 5.7 6.4 11 19 12 19 24 23
Cr ppm 1 3.E+01 3.E+01 3.E+01 4.E+01 4.E+01 3.E+01 3.E+01 3.E+01 3.E+01
Cs ppm 0.1 3.1 2.4 2.4 6.4 2.5 3.3 2.2 2.2 1.9
Cu ppm 0.02 20.8 8.25 16.3 26.3 60.1 25.0 46.4 67.4 41.4
Dy ppm 0.1 27 13 17 33 43 37 41 44 49
Er ppm 0.1 19 11 13 23 31 28 28 31 34
Eu ppm 0.1 4 2.1 2.7 5.5 5.9 4.8 6.2 6.5 6.5
Fe % 0.02 3.74 3.09 3.71 3.33 3.84 4.64 3.72 3.98 4.57
Ga ppm 0.02 27.4 27.7 27.2 30.9 28.2 26.6 27.1 27.8 25.2
Gd ppm 0.1 20.8 10.5 13.8 28.6 34.3 25.6 33.4 37.6 39.3
Hf ppm 0.02 28.2 31.6 40.6 31.3 57.4 17.4 42.2 47.9 51.5
Ho ppm 0.1 6.5 3.5 4.6 8.1 11 9.2 10 11 12
K % 0.02 2.81 2.86 2.82 3.42 2.77 3.04 2.71 2.66 2.43
La ppm 0.1 1.0E+02 3.7E+01 6.2E+01 2.4E+02 1.7E+02 1.2E+02 2.2E+02 2.1E+02 2.1E+02
Li ppm 0.1 6.2E+01 5.7E+01 5.7E+01 1.1E+02 6.3E+01 5.5E+01 5.4E+01 5.7E+01 5.7E+01
Lu ppm 0.1 3.2 2.4 2.9 3.8 5.4 5 4.6 5.2 5.7
Mg % 0.02 0.75 0.76 0.84 0.94 0.94 0.6 0.87 0.91 0.98
Mn ppm 2 1.E+03 1.E+03 2.E+03 1.E+03 2.E+03 8.E+02 1.E+03 2.E+03 2.E+03

Bulk	  Element	  Concentrations	  in	  Sub-‐Samples	  for	  South	  Tailings	  Basin	  Core
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Element Unit MDL STB-‐S1 STB-‐S2 STB-‐S3 STB-‐S4 STB-‐S5 STB-‐S6 STB-‐S7 STB-‐S8 STB-‐S9
Mo ppm 0.05 12.6 19.2 16.1 15.4 26.9 4.86 21.6 9.38 18.3
Na % 0.002 3.018 3.199 3.144 2.914 3.114 2.913 2.966 3.26 2.82
Nb ppm 0.04 86.1 69.7 106 119 177 57.5 139 156 167
Nd ppm 0.1 9.4E+01 4.1E+01 5.8E+01 1.8E+02 1.5E+02 1.1E+02 1.7E+02 1.8E+02 1.8E+02
Ni ppm 0.1 11 7.2 7.6 20 28 18 33 47 43
P % 0.001 0.072 0.062 0.075 0.069 0.089 0.045 0.082 0.093 0.103
Pb ppm 0.02 54.6 41.0 49.9 63.8 97.2 149 89.0 140 77.3
Pr ppm 0.1 29 11 17 57 44 32 52 53 53
Rb ppm 0.1 1.9E+02 1.9E+02 1.9E+02 2.8E+02 1.8E+02 2.1E+02 1.8E+02 1.8E+02 1.5E+02
S % 0.04 0.29 0.09 0.07 0.19 0.6 0.17 0.64 0.8 0.89
Sb ppm 0.02 0.29 0.18 0.2 0.34 0.21 0.18 0.2 0.2 0.24
Sc ppm 0.1 6.5 6.4 7.2 7.9 8.4 5.2 7.2 7.8 8.1
Sm ppm 0.1 21 9 14 37 33 26 34 38 38
Sn ppm 0.1 3.7 3.1 4.5 6 6.5 3.3 5.6 6.1 6.4
Sr ppm 1 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02 3.E+02
Ta ppm 0.1 3 2.2 3.9 4.2 6.8 2.2 5.6 6 6.2
Tb ppm 0.1 4.4 2.2 2.8 5.7 7.3 5.5 6.7 7.7 8
Th ppm 0.1 2.5E+02 1.1E+02 1.6E+02 8.7E+02 2.3E+02 2.0E+02 2.5E+02 3.2E+02 2.0E+02
Ti % 0.001 0.2 0.156 0.201 0.298 0.343 0.17 0.294 0.296 0.325
Tm ppm 0.1 3.4 2 2.4 4.2 5.9 5.5 5.2 5.8 6.2
U ppm 0.1 4.9E+01 2.8E+01 4.6E+01 9.1E+01 1.0E+02 7.3E+01 7.8E+01 1.0E+02 9.8E+01
V ppm 1 4.E+01 4.E+01 5.E+01 7.E+01 6.E+01 4.E+01 5.E+01 5.E+01 6.E+01
W ppm 0.1 1.2 1.1 1.3 2.1 1.8 1 1.5 1.9 1.9
Y ppm 0.1 1.6E+02 9.0E+01 1.2E+02 2.0E+02 2.7E+02 2.0E+02 2.6E+02 2.8E+02 3.0E+02
Yb ppm 0.1 20 12 16 25 37 36 30 34 37
Zn ppm 0.2 1.7E+02 1.4E+02 1.9E+02 2.4E+02 2.9E+02 2.0E+02 2.9E+02 3.7E+02 4.5E+02
Zr ppm 0.2 1.0E+03 1.1E+03 1.6E+03 1.1E+03 >2000.0 6.3E+02 1.7E+03 1.9E+03 >2000.0

Bulk	  Element	  Concentrations	  in	  Sub-‐Samples	  for	  South	  Tailings	  Basin	  Core
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Appendix E 

QA/QC – Bulk Chemistry Analyses 

Quality Assurance/Quality Control data from elemental analysis of solid samples. 

 

Analysis: ACME	  Analytica l 	  Laboratories .	  

Ul tractrace	  aqua	  regia 	  (ICP-‐MS):	  package	  1T-‐MS,	  

4-‐acid	  digestion	  (ICP-‐ES):	  package	  7TD

QA/QC: Blanks 	  -‐	  check	  for	  contamination,	  compare	  to	  MDL

Pulp	  Duplicates 	  -‐	  check	  on	  precis ion,	  ca lculated	  by	  relative	  s tandard	  di fference

Reference	  Material	  Standards 	  -‐	  check	  on	  accuracy	  by	  known	  concentration	  of	  analyte,	  ca lculate	  by	  percent	  recovery
Certified	  Refernce	  Materials	  (CRMs) 	  -‐	  CANMET	  sediment	  s tandards .	  Compared	  to	  "Provis ional 	  va lues 	  for	  partia l 	  
extraction	  elements ,	  concentrated	  HNO3,	  concentrated	  HCL".	  As 	  wel l 	  as 	  ACME	  standards 	  OREAS24P,	  OREAS45C,	  SU-‐
1B,	  and	  OREAS131B.

Calculations:
*Relative	  Standard	  Di fference	  =	  [(A-‐B)/((A+B)/2)]	  x	  100,	  where	  A	  i s 	  origina l 	  concentration,	  B	  i s 	  dupl icate	  
concentration,	  ±20%

^Percent	  Recovery	  =	  (measured	  concentration/certi fied	  va lue)	  x	  100,	  ±20%

Quality	  Assurance/Quality	  Control	  raw	  data	  from	  bulk	  analysis.
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Analyte Method Unit MDL BLANK31 BLANK32
Ag 1T ppb 20 <20 <20
Al 1T % 0.02 <0.02 <0.02
As 1T ppm 0.2 <0.2 <0.2
Au 1T ppm 0.1 <0.1 <0.1
Ba 1T ppm 1 <1 <1
Be 1T ppm 1 <1 <1
Bi 1T ppm 0.04 <0.04 <0.04
Ca 1T % 0.02 <0.02 <0.02
Cd 1T ppm 0.02 <0.02 <0.02
Ce 1T ppm 0.02 <0.02 <0.02
Co 1T ppm 0.2 <0.2 <0.2
Cr 1T ppm 1 <1 <1
Cs 1T ppm 0.1 <0.1 <0.1
Cu 1T ppm 0.02 <0.02 0.05
Dy 1T ppm 0.1 <0.1 <0.1
Er 1T ppm 0.1 <0.1 <0.1
Eu 1T ppm 0.1 <0.1 <0.1
Fe 1T % 0.02 <0.02 <0.02
Ga 1T ppm 0.02 <0.02 0.11
Gd 1T ppm 0.1 <0.1 <0.1
Hf 1T ppm 0.02 <0.02 <0.02
Ho 1T ppm 0.1 <0.1 <0.1
K 1T % 0.02 <0.02 <0.02
La 1T ppm 0.1 <0.1 <0.1
Li 1T ppm 0.1 <0.1 <0.1
Lu 1T ppm 0.1 <0.1 <0.1
Mg 1T % 0.02 <0.02 <0.02
Mn 1T ppm 2 <2 <2

QA/QC3for3Blanks3in3Bulk3Chemical3Analyses
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Analyte Method Unit MDL BLANK31 BLANK32
Mo 1T ppm 0.05 <0.05 <0.05
Na 1T % 0.002 <0.002 <0.002
Nb 1T ppm 0.04 <0.04 <0.04
Nd 1T ppm 0.1 <0.1 <0.1
Ni 1T ppm 0.1 <0.1 <0.1
P 1T % 0.001 <0.001 <0.001
Pb 1T ppm 0.02 <0.02 <0.02
Pr 1T ppm 0.1 <0.1 <0.1
Rb 1T ppm 0.1 <0.1 <0.1
S 1T % 0.04 <0.04 <0.04
Sb 1T ppm 0.02 <0.02 <0.02
Sc 1T ppm 0.1 <0.1 <0.1
Sm 1T ppm 0.1 <0.1 <0.1
Sn 1T ppm 0.1 <0.1 <0.1
Sr 1T ppm 1 <1 <1
Ta 1T ppm 0.1 <0.1 <0.1
Tb 1T ppm 0.1 <0.1 <0.1
Th 1T ppm 0.1 <0.1 <0.1
Ti 1T % 0.001 <0.001 <0.001
Tm 1T ppm 0.1 <0.1 <0.1
U 1T ppm 0.1 <0.1 <0.1
V 1T ppm 1 <1 <1
W 1T ppm 0.1 <0.1 <0.1
Y 1T ppm 0.1 <0.1 <0.1
Yb 1T ppm 0.1 <0.1 <0.1
Zn 1T ppm 0.2 <0.2 <0.2
Zr 1T ppm 0.2 <0.2 <0.2
Mn 7TD % 0.01 <0.01 <0.01

QA/QC3for3Blanks3in3Bulk3Chemical3Analyses
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Analyte Method Unit MDL Tailing DUP %	  Diff
Ag 1T ppb 20 * * *
Al 1T % 0.02 6.73 6.72 0.15
As 1T ppm 0.2 3.8 2.8 30
Au 1T ppm 0.1 <0.1 <0.1 <0.1
Ba 1T ppm 1 5.E+02 5.E+02 0.83
Be 1T ppm 1 1.E+01 1.E+01 -‐16.67
Bi 1T ppm 0.04 0.46 0.50 -‐8.33
Ca 1T % 0.02 2.69 2.68 0.37
Cd 1T ppm 0.02 0.85 0.90 -‐5.71
Ce 1T ppm 0.02 448 437 2.35
Co 1T ppm 0.2 11 12 -‐11.06
Cr 1T ppm 1 4.E+01 4.E+01 0.00
Cs 1T ppm 0.1 6.4 6.3 1.57
Cu 1T ppm 0.02 26 28 -‐6.41
Dy 1T ppm 0.1 33 34 -‐2.37
Er 1T ppm 0.1 23 23 -‐1.32
Eu 1T ppm 0.1 5.5 5.5 0.00
Fe 1T % 0.02 3.33 3.34 -‐0.30
Ga 1T ppm 0.02 30.9 29.8 3.46
Gd 1T ppm 0.1 29 31 -‐8.05
Hf 1T ppm 0.02 31.3 29.7 5.38
Ho 1T ppm 0.1 8.1 7.9 2.50
K 1T % 0.02 3.42 3.39 0.88
La 1T ppm 0.1 2.4E+02 2.4E+02 0.21
Li 1T ppm 0.1 1.1E+02 1.0E+02 3.94
Lu 1T ppm 0.1 3.8 3.8 0.00
Mg 1T % 0.02 0.94 0.95 -‐1.06
Mn 1T ppm 2 1.E+03 1.E+03 0.26
Mn 7TD % 0.01 -‐ -‐ -‐

AML-‐STB-‐SS4
QA/QC	  results	  for	  Duplicate	  samples	  run	  for	  Bulk	  Chemistry	  at	  ACME
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Analyte Method Unit MDL Tailing DUP %	  Diff
Mo 1T ppm 0.05 15.4 18.4 -‐17.91
Na 1T % 0.002 2.91 2.90 0.59
Nb 1T ppm 0.04 119 125 -‐4.96
Nd 1T ppm 0.1 1.8E+02 1.8E+02 0.27
Ni 1T ppm 0.1 20 20 -‐1.51
P 1T % 0.001 0.07 0.07 4.44
Pb 1T ppm 0.02 63.8 66.5 -‐4.05
Pr 1T ppm 0.1 57 57 -‐0.35
Rb 1T ppm 0.1 2.8E+02 2.8E+02 -‐0.39
S 1T % 0.04 0.19 0.19 0.00
Sb 1T ppm 0.02 0.34 0.34 0.00
Sc 1T ppm 0.1 7.9 8.3 -‐4.94
Sm 1T ppm 0.1 37 37 0.54
Sn 1T ppm 0.1 6.0 5.9 1.68
Sr 1T ppm 1 3.E+02 3.E+02 0.64
Ta 1T ppm 0.1 4.2 4.5 -‐6.90
Tb 1T ppm 0.1 5.7 6.0 -‐5.13
Th 1T ppm 0.1 8.7E+02 8.9E+02 -‐2.38
Ti 1T % 0.001 0.30 0.31 -‐3.30
Tm 1T ppm 0.1 4.2 4.4 -‐4.65
U 1T ppm 0.1 91 90 0.66
V 1T ppm 1 7.E+01 7.E+01 0.00
W 1T ppm 0.1 2.1 2.2 -‐4.65
Y 1T ppm 0.1 2.0E+02 2.0E+02 -‐0.50
Yb 1T ppm 0.1 25 26 -‐3.97
Zn 1T ppm 0.2 2.4E+02 2.4E+02 0.72
Zr 1T ppm 0.2 1.1E+03 1.1E+03 4.50

QA/QC	  results	  for	  Duplicate	  samples	  run	  for	  Bulk	  Chemistry	  at	  ACME
AML-‐STB-‐SS4
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Analyte Method Unit MDL Expected STD	  1 %	  Recovery STD	  2 %	  Recovery STD	  3 %	  Recovery STD	  4 %	  Recovery %	  Error
Ag 1T ppb 20 4.E+04 3.E+04 80.9 4.E+04 91.0 4.E+04 87.6 4.E+04 87.0 -‐19.1
Al 1T % 0.02 5.95 5.98 101 6.63 111 6.47 109 6.28 106 0.5
As 1T ppm 0.2 1.6E+03 6.3E+02 40.7 6.2E+02 40.2 6.2E+02 39.8 5.9E+02 38.0 -‐59.3
Au 1T ppm 0.1 0.2 0.3 150.0 0.6 300.0 0.4 200.0 0.3 150.0 50.0
Ba 1T ppm 1 8.E+02 7.E+02 93.2 8.E+02 95.7 7.E+02 89.6 7.E+02 86.2 -‐6.8
Be 1T ppm 1 -‐ 2 -‐ 4 -‐ 3 -‐ 3 -‐ -‐
Bi 1T ppm 0.04 -‐ 26.0 -‐ 26.6 -‐ 25.0 -‐ 24.2 -‐ -‐
Ca 1T % 0.02 0.96 1.23 127.6 1.27 131.7 1.25 129.7 1.21 125.5 27.6
Cd 1T ppm 0.02 12.3 22.3 181.4 22.2 180.2 21.2 172.3 21.0 170.8 81.4
Ce 1T ppm 0.02 60 62.4 104.1 67.8 113.0 66.2 110.3 63.5 105.8 4.1
Co 1T ppm 0.2 6.0 9.9 165.3 10 166.9 10 166.9 9.6 160.3 65.3
Cr 1T ppm 1 3.E+01 3.E+01 121.1 3.E+01 132.8 3.E+01 125.0 3.E+01 117.2 21.1
Cs 1T ppm 0.1 8.3E+00 1.1E+02 1288.5 1.2E+02 1431.5 1.1E+02 1366.1 1.1E+02 1303.0 1188.5
Cu 1T ppm 0.02 3.39E+03 2.70E+03 79.6 2.87E+03 84.8 2.78E+03 82.0 2.76E+03 81.5 -‐20.4
Dy 1T ppm 0.1 3.1 3.3 106.5 4.1 132.3 3.9 125.8 3.9 125.8 6.5
Er 1T ppm 0.1 -‐ 2 -‐ 2 -‐ 2.3 -‐ 2.3 -‐ -‐
Eu 1T ppm 0.1 0.8 0.8 97.6 1.2 146.3 1.2 146.3 1.2 146.3 -‐2.4
Fe 1T % 0.02 4.32 3.31 76.6 3.41 78.9 3.3 76.4 3.22 74.5 -‐23.4
Ga 1T ppm 0.02 -‐ 34.1 -‐ 38.2 -‐ 37.2 -‐ 36.2 -‐ -‐
Gd 1T ppm 0.1 3 3 100.0 4.7 156.7 4.2 140.0 3.8 126.7 0.0
Hf 1T ppm 0.02 6.9 1.45 21.0 1.68 24.3 1.49 21.6 1.55 22.5 -‐79.0
Ho 1T ppm 0.1 -‐ 0.7 -‐ 0.8 -‐ 0.8 -‐ 0.8 -‐ -‐
K 1T % 0.02 2.17 2 92.2 2.23 102.8 2.15 99.1 2.12 97.7 -‐7.8
La 1T ppm 0.1 31 31 102.0 37 119.9 34 112.1 32 105.2 2.0
Li 1T ppm 0.1 -‐ 38.6 -‐ 41.1 -‐ 38.7 -‐ 41.8 -‐ -‐
Lu 1T ppm 0.1 0.3 0.3 96.8 0.3 96.8 0.4 129.0 0.3 96.8 -‐3.2
Mg 1T % 0.02 0.73 0.84 114.4 0.85 115.8 0.82 111.7 0.81 110.4 14.4
Mn 1T ppm 2 -‐ 9.E+03 -‐ >10000 -‐ >10000 -‐ >10000 -‐ -‐
Mn 7TD % 0.01 0.21 -‐ -‐ 0.98 -‐ 0.97 453.3 1 467.3 -‐

QA/QC	  results	  for	  CRM	  Reference	  Material	  (CANMET	  Sediment	  Standard	  1)	  run	  for	  Bulk	  Chemistry	  at	  ACME
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Analyte Method Unit MDL Expected STD	  1 %	  Recovery STD	  2 %	  Recovery STD	  3 %	  Recovery STD	  4 %	  Recovery %	  Error
Mo 1T ppm 0.05 -‐ 18.0 -‐ 21.1 -‐ 19.2 -‐ 18.1 -‐ -‐
Na 1T % 0.002 0.894 1.1 123.0 1.162 130.0 1.13 126.4 1.125 125.8 23.0
Nb 1T ppm 0.04 -‐ 9.88 -‐ 11.4 -‐ 11.2 -‐ 10.7 -‐ -‐
Nd 1T ppm 0.1 22 23 104.5 28 126.8 27 120.9 25 112.7 4.5
Ni 1T ppm 0.1 8 1.E+01 173.8 1.E+01 175.0 1.E+01 176.3 1.E+01 167.5 73.8
P 1T % 0.001 0.105 0.1 95.2 0.098 93.3 0.095 90.5 0.09 85.7 -‐4.8
Pb 1T ppm 0.02 -‐ 5.23E+03 -‐ 5.53E+03 -‐ 5.56E+03 -‐ 5.34E+03 -‐ -‐
Pr 1T ppm 0.1 -‐ 6.6 -‐ 8.1 -‐ 7.8 -‐ 7.6 -‐ -‐
Rb 1T ppm 0.1 1.2E+02 1.1E+02 91.6 1.4E+02 119.1 1.4E+02 117.2 1.3E+02 115.2 -‐8.4
S 1T % 0.04 -‐ 0.23 -‐ 0.24 -‐ 0.25 -‐ 0.23 -‐ -‐
Sb 1T ppm 0.02 52.5 41.6 79.2 42.6 81.1 40.3 76.7 38.7 73.7 -‐20.8
Sc 1T ppm 0.1 9.9 8.9 89.9 8.2 82.8 8.6 86.9 8.5 85.9 -‐10.1
Sm 1T ppm 0.1 4 4.4 110.0 5 125.0 4.7 117.5 4.9 122.5 10.0
Sn 1T ppm 0.1 -‐ 6.5 -‐ 6.9 -‐ 6.2 -‐ 6.4 -‐ -‐
Sr 1T ppm 1 3.E+02 4.E+02 147.5 3.E+02 133.3 3.E+02 128.6 3.E+02 124.7 47.5
Ta 1T ppm 0.1 0.9 0.7 76.9 0.7 76.9 0.7 76.9 0.7 76.9 -‐23.1
Tb 1T ppm 0.1 0.5 0.6 113.2 0.8 150.9 0.7 132.1 0.7 132.1 13.2
Th 1T ppm 0.1 18 15 82.5 17 92.9 17 91.8 17 93.4 -‐17.5
Ti 1T % 0.001 0.311 0.269 86.5 0.286 92.0 0.279 89.7 0.273 87.8 -‐13.5
Tm 1T ppm 0.1 -‐ 0.3 -‐ 0.4 -‐ 0.4 -‐ 0.4 -‐ -‐
U 1T ppm 0.1 9.1 27 293.1 31 343.6 29 321.6 28 311.7 193.1
V 1T ppm 1 8.E+01 6.E+01 70.7 6.E+01 78.0 6.E+01 78.0 6.E+01 72.0 -‐29.3
W 1T ppm 0.1 1.9E+02 83 43.2 92 48.4 90 47.0 89 46.4 -‐56.8
Y 1T ppm 0.1 -‐ 20 -‐ 23 -‐ 23 -‐ 22 -‐ -‐
Yb 1T ppm 0.1 2 2 100.0 2.4 120.0 2.3 115.0 2.2 110.0 0.0
Zn 1T ppm 0.2 -‐ 6.7E+03 -‐ 7.1E+03 -‐ 6.9E+03 -‐ 6.8E+03 -‐ -‐
Zr 1T ppm 0.2 2.3E+02 48 20.7 54 23.5 49 21.4 49 21.3 -‐79.3

QA/QC	  results	  for	  CRM	  Reference	  Material	  (CANMET	  Sediment	  Standard	  1)	  run	  for	  Bulk	  Chemistry	  at	  ACME
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Analyte Method Unit MDL Expected Measure	  1 %	  Recovery Measure	  2 %	  Recovery %	  Diff
Ag 1T ppb 20 0.1 29 2.90E+04 34 3.40E+04 -‐15.87
Al 1T % 0.02 -‐ 7.79 -‐ 7.9 -‐ -‐1.40
As 1T ppm 0.2 2 <0.2 -‐ 0.8 4.00E+01 -‐
Au 1T ppm 0.1 -‐ <0.1 -‐ <0.1 -‐ -‐
Ba 1T ppm 1 -‐ 3.E+02 -‐ 3.E+02 -‐ 10.31
Be 1T ppm 1 -‐ 1 -‐ 1 -‐ 0.00
Bi 1T ppm 0.04 <0.05 <0.04 -‐ <0.04 -‐ -‐
Ca 1T % 0.02 -‐ 5.71 -‐ 5.61 -‐ 1.77
Cd 1T ppm 0.02 <0.3 0.12 -‐ 0.08 -‐ 40.00
Ce 1T ppm 0.02 -‐ 39.6 -‐ 40.9 -‐ -‐3.38
Co 1T ppm 0.2 44 49 1.10E+02 47 1.07E+02 3.13
Cr 1T ppm 1 2.E+02 2.E+02 8.64E+01 2.E+02 9.23E+01 -‐6.58
Cs 1T ppm 0.1 -‐ 1.1 -‐ 0.8 -‐ 31.58
Cu 1T ppm 0.02 52 53.3 1.03E+02 55.4 1.06E+02 -‐3.72
Dy 1T ppm 0.1 -‐ 4.2 -‐ 4.8 -‐ -‐13.33
Er 1T ppm 0.1 -‐ 2.4 -‐ 2.2 -‐ 8.70
Eu 1T ppm 0.1 -‐ 2 -‐ 2.1 -‐ -‐4.88
Fe 1T % 0.02 -‐ 7.45 -‐ 7.37 -‐ 1.08
Ga 1T ppm 0.02 -‐ 18.1 -‐ 21.0 -‐ -‐15.15
Gd 1T ppm 0.1 -‐ 4.4 -‐ 5.2 -‐ -‐16.67
Hf 1T ppm 0.02 -‐ 3.29 -‐ 3.74 -‐ -‐12.80
Ho 1T ppm 0.1 -‐ 0.9 -‐ 1.1 -‐ -‐20.00
K 1T % 0.02 -‐ 0.67 -‐ 0.68 -‐ -‐1.48
La 1T ppm 0.1 -‐ 20 -‐ 20 -‐ -‐1.50
Li 1T ppm 0.1 -‐ 7.5 -‐ 7.3 -‐ 2.70
Lu 1T ppm 0.1 -‐ 0.3 -‐ 0.3 -‐ 0.00
Mg 1T % 0.02 -‐ 4.27 -‐ 4.1 -‐ 4.06
Mn 1T ppm 2 -‐ 1.E+03 -‐ 1.E+03 -‐ -‐1.35
Mn 7TD % 0.01 -‐ -‐ -‐ -‐ -‐ -‐
Mo 1T ppm 0.05 -‐ 1.52 -‐ 1.47 -‐ 3.34
Na 1T % 0.002 -‐ 2.513 -‐ 2.52 -‐ -‐0.28
Nb 1T ppm 0.04 -‐ 18.2 -‐ 19.6 -‐ -‐7.45
Nd 1T ppm 0.1 -‐ 20 -‐ 22 -‐ -‐7.73
Ni 1T ppm 0.1 141 1.5E+02 1.07E+02 1.5E+02 1.04E+02 2.69
P 1T % 0.001 -‐ 0.139 -‐ 0.13 -‐ 6.69
Pb 1T ppm 0.02 2.9 3.2 1.10E+02 3.02 1.04E+02 5.79
Pr 1T ppm 0.1 -‐ 5.2 -‐ 5.5 -‐ -‐5.61
Rb 1T ppm 0.1 -‐ 18 -‐ 23 -‐ -‐23.08
S 1T % 0.04 -‐ <0.04 -‐ 0.08 -‐ -‐
Sb 1T ppm 0.02 0.14 0.14 1.00E+02 0.08 5.71E+01 54.55
Sc 1T ppm 0.1 -‐ 20 -‐ 19 -‐ 5.15
Sm 1T ppm 0.1 -‐ 4.8 -‐ 5.5 -‐ -‐13.59
Sn 1T ppm 0.1 -‐ 1.7 -‐ 1.4 -‐ 19.35
Sr 1T ppm 1 -‐ 4.E+02 -‐ 4.E+02 -‐ 13.37
Ta 1T ppm 0.1 -‐ 1.1 -‐ 1.2 -‐ -‐8.70
Tb 1T ppm 0.1 -‐ 0.8 -‐ 1 -‐ -‐22.22
Th 1T ppm 0.1 -‐ 3.2 -‐ 3.2 -‐ 0.00
Ti 1T % 0.001 -‐ 1.069 -‐ 1.122 -‐ -‐4.84
Tm 1T ppm 0.1 -‐ 0.3 -‐ 0.3 -‐ 0.00
U 1T ppm 0.1 -‐ 0.8 -‐ 0.7 -‐ 13.33
V 1T ppm 1 -‐ 2.E+02 -‐ 2.E+02 -‐ 2.35
W 1T ppm 0.1 -‐ 0.4 -‐ 0.4 -‐ 0.00
Y 1T ppm 0.1 -‐ 23 -‐ 25 -‐ -‐7.59
Yb 1T ppm 0.1 -‐ 1.6 -‐ 1.9 -‐ -‐17.14
Zn 1T ppm 0.2 114 1.1E+02 9.96E+01 1.3E+02 1.16E+02 -‐15.28
Zr 1T ppm 0.2 -‐ 1.3E+02 -‐ 1.4E+02 -‐ -‐7.03

QA/QC	  Results	  for	  ACME	  Standard	  OREAS24P
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Analyte Method Unit MDL Expected Measure	  1 %	  Recovery Measure	  2 %	  Recovery %	  Diff
Ag 1T ppb 20 3.E-‐01 3.E+02 1.10E+05 3.E+02 1.11E+05 -‐0.97
Al 1T % 0.02 -‐ 7.21 -‐ 7.35 -‐ -‐1.92
As 1T ppm 0.2 13 11 8.63E+01 10 7.71E+01 11.21
Au 1T ppm 0.1 45 <0.1 -‐ <0.1 -‐ -‐
Ba 1T ppm 1 3.E+02 3.E+02 1.11E+02 3.E+02 1.04E+02 6.54
Be 1T ppm 1 -‐ <1 -‐ 2 -‐ -‐
Bi 1T ppm 0.04 0.21 0.34 1.62E+02 0.23 1.10E+02 38.60
Ca 1T % 0.02 -‐ 0.51 -‐ 0.49 -‐ 4.00
Cd 1T ppm 0.02 <0.2 0.12 1.00E+02 0.18 1.00E+02 -‐40.00
Ce 1T ppm 0.02 50.2 63.0 1.26E+02 57.7 1.15E+02 8.81
Co 1T ppm 0.2 1.0E+02 1.0E+02 9.82E+01 1.1E+02 1.02E+02 -‐4.03
Cr 1T ppm 1 1.E+03 1.E+03 1.02E+02 1.E+03 9.73E+01 4.64
Cs 1T ppm 0.1 -‐ 2.6 -‐ 2.3 -‐ 12.24
Cu 1T ppm 0.02 629 632 1.01E+02 627 9.97E+01 0.82
Dy 1T ppm 0.1 4 3 7.50E+01 3.6 9.00E+01 -‐18.18
Er 1T ppm 0.1 2.1 1.4 6.67E+01 1.6 7.62E+01 -‐13.33
Eu 1T ppm 0.1 1.2 1.3 1.10E+02 1.5 1.27E+02 -‐14.29
Fe 1T % 0.02 -‐ 17.46 -‐ 18.13 -‐ -‐3.77
Ga 1T ppm 0.02 -‐ 25.31 -‐ 25.46 -‐ -‐0.59
Gd 1T ppm 0.1 4.2 3.2 7.62E+01 4.6 1.10E+02 -‐35.90
Hf 1T ppm 0.02 -‐ 4.28 -‐ 4.48 -‐ -‐4.57
Ho 1T ppm 0.1 0.8 0.6 7.89E+01 0.7 9.21E+01 -‐15.38
K 1T % 0.02 -‐ 0.34 -‐ 0.34 -‐ 0.00
La 1T ppm 0.1 26 31 1.18E+02 30 1.14E+02 3.62
Li 1T ppm 0.1 -‐ 14.2 -‐ 16.3 -‐ -‐13.77
Lu 1T ppm 0.1 0.3 0.2 6.67E+01 0.3 1.00E+02 -‐40.00
Mg 1T % 0.02 -‐ 0.27 -‐ 0.26 -‐ 3.77
Mn 1T ppm 2 -‐ 1.E+03 -‐ 1.E+03 -‐ 1.21
Mn 7TD % 0.01 -‐ -‐ -‐
Mo 1T ppm 0.05 -‐ 2.36 -‐ 2.38 -‐ -‐0.84
Na 1T % 0.002 -‐ 0.104 -‐ 0.102 -‐ 1.94
Nb 1T ppm 0.04 29 22.5 7.77E+01 21.8 7.52E+01 3.34
Nd 1T ppm 0.1 23 24 1.06E+02 23 1.01E+02 4.24
Ni 1T ppm 0.1 3.3E+02 3.5E+02 1.04E+02 3.3E+02 1.00E+02 3.62
P 1T % 0.001 -‐ 0.055 -‐ 0.05 -‐ 9.52
Pb 1T ppm 0.02 24 21.4 8.90E+01 25.9 1.08E+02 -‐19.22
Pr 1T ppm 0.1 5.6 6.6 1.18E+02 7 1.25E+02 -‐5.88
Rb 1T ppm 0.1 23 23 9.83E+01 25 1.07E+02 -‐8.88
S 1T % 0.04 -‐ <0.04 -‐ <0.04 -‐ -‐
Sb 1T ppm 0.02 0.96 1.09 1.14E+02 0.88 9.17E+01 21.32
Sc 1T ppm 0.1 -‐ 61.6 -‐ 56 -‐ 9.52
Sm 1T ppm 0.1 4.7 4.6 9.79E+01 5.1 1.09E+02 -‐10.31
Sn 1T ppm 0.1 3.4 3.2 9.41E+01 2.8 8.24E+01 13.33
Sr 1T ppm 1 4.E+01 5.E+01 1.24E+02 4.E+01 1.07E+02 14.29
Ta 1T ppm 0.1 -‐ 1.5 -‐ 1.4 -‐ 6.90
Tb 1T ppm 0.1 0.7 0.7 1.00E+02 0.7 1.00E+02 0.00
Th 1T ppm 0.1 10 12 1.21E+02 12 1.16E+02 4.15
Ti 1T % 0.001 -‐ 1.168 -‐ 1.049 -‐ 10.74
Tm 1T ppm 0.1 0.3 0.3 1.00E+02 0.3 1.00E+02 0.00
U 1T ppm 0.1 2.6 2.6 1.00E+02 2.7 1.04E+02 -‐3.77
V 1T ppm 1 -‐ 3.E+02 -‐ 3.E+02 -‐ 2.65
W 1T ppm 0.1 -‐ 1.2 -‐ 1 -‐ 18.18
Y 1T ppm 0.1 18 14 7.78E+01 14 7.78E+01 0.00
Yb 1T ppm 0.1 2.1 1.6 7.62E+01 1.5 7.14E+01 6.45
Zn 1T ppm 0.2 85 81 9.53E+01 93 1.09E+02 -‐13.79
Zr 1T ppm 0.2 2.9E+02 1.7E+02 5.79E+01 1.7E+02 5.66E+01 2.32

QA/QC	  Results	  for	  ACME	  Standard	  OREAS45C
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Analyte Method Unit MDL Expected Measure	  1 %	  Recovery Measure	  2 %	  Recovery %	  Diff
Mn 7TD % 0.01 0.07 0.07 99.6 0.07 99.6 0

QA/QC	  Results	  for	  ACME	  Standard	  SU-‐1B

Analyte Method Unit MDL Measure	  1 Measure	  2 %	  Diff
Mn 7TD % 0.01 0.18 0.18 0

QA/QC	  Results	  for	  ACME	  Standard	  OREAS131B
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Appendix F 

PHREEQc Interactive – Primary Parameters 

Input and primary output parameters from each the two surface water samples, October 2011, 

discussed in Chapter 4. Each run was using the WATEQ4 database. 

 

Parameter SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
pH 7.5 7.5 7.5 7.7 7.7 7.7
pe 2.0 2.0 2.0 3.3 3.3 3.3

Alkalinity	  (as	  ug/L	  CaCO3) 3.4E+04 3.3E+04 3.4E+04 3.8E+04 3.6E+04 3.7E+04
Ionic	  Strength 2.68E-‐02 2.79E-‐02 2.68E-‐02 2.19E-‐02 2.21E-‐02 2.19E-‐02

Charge	  Balance	  (%) -‐0.09% 2.51% -‐0.52% 0.05% 2.32% 0.44%
Temperature	  (°C) 11.7 11.7 11.7 10.2 10.2 10.2
Activity	  of	  Water 1.00 1.00 1.00 1.00 1.00 1.00
Mass	  of	  Water	  (kg) 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

PHREEQC-‐i
General	  Solution	  Chemistry
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SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate

Al 6.64E-‐06 5.10E-‐05 5.94E-‐07 4.82E-‐07 1.04E-‐06 3.34E-‐07
Alkalinity 6.88E-‐04 6.58E-‐04 6.72E-‐04 7.50E-‐04 7.24E-‐04 7.38E-‐04

As 1.34E-‐09 1.34E-‐08 1.34E-‐09 2.67E-‐09 5.34E-‐09 2.67E-‐09
B 4.18E-‐05 4.20E-‐05 4.11E-‐05 3.08E-‐05 3.01E-‐05 2.99E-‐05
Ba 3.16E-‐07 1.50E-‐07 1.18E-‐07 1.55E-‐07 1.53E-‐07 1.45E-‐07
Ca 7.06E-‐03 7.34E-‐03 7.04E-‐03 5.65E-‐03 5.80E-‐03 5.69E-‐03
Cd 2.67E-‐10 4.45E-‐10 1.78E-‐10 -‐ -‐ -‐
Cl 2.20E-‐04 2.62E-‐04 2.36E-‐04 2.16E-‐04 2.37E-‐04 2.13E-‐04
Cs 9.04E-‐10 9.04E-‐10 9.04E-‐10 6.03E-‐10 6.03E-‐10 6.03E-‐10
Cu 1.10E-‐08 2.84E-‐08 6.30E-‐09 9.45E-‐09 1.58E-‐08 9.45E-‐09
F 2.96E-‐04 2.97E-‐04 2.98E-‐04 2.06E-‐04 1.95E-‐04 2.05E-‐04
Fe 4.52E-‐05 2.48E-‐04 1.68E-‐05 6.49E-‐07 1.30E-‐05 -‐
K 9.47E-‐05 9.53E-‐05 9.53E-‐05 8.53E-‐05 8.17E-‐05 8.04E-‐05
Li 6.51E-‐06 6.59E-‐06 6.47E-‐06 4.37E-‐06 4.43E-‐06 4.32E-‐06
Mg 1.71E-‐03 1.79E-‐03 1.72E-‐03 1.36E-‐03 1.42E-‐03 1.38E-‐03
Mn 6.63E-‐05 6.98E-‐05 7.10E-‐05 6.16E-‐06 6.40E-‐06 6.03E-‐06
N(5) 1.79E-‐05 1.92E-‐05 1.72E-‐05 3.14E-‐06 -‐ 2.22E-‐06
Na 4.78E-‐04 4.83E-‐04 4.82E-‐04 3.95E-‐04 3.95E-‐04 3.93E-‐04
Ni 4.09E-‐08 4.43E-‐08 3.75E-‐08 1.53E-‐08 1.71E-‐08 8.53E-‐09
Pb -‐ -‐ -‐ 9.66E-‐11 1.16E-‐09 -‐
Rb 1.80E-‐07 3.38E-‐10 1.95E-‐07 1.49E-‐07 1.52E-‐07 1.49E-‐07
S(6) 8.58E-‐03 1.89E-‐07 8.60E-‐03 6.68E-‐03 6.63E-‐03 6.68E-‐03
Si 2.84E-‐04 8.84E-‐03 2.72E-‐04 1.34E-‐04 1.39E-‐04 1.34E-‐04
Sr 9.38E-‐06 3.44E-‐04 -‐ 7.54E-‐06 -‐ -‐
U 8.40E-‐08 9.66E-‐08 8.75E-‐08 1.17E-‐07 1.27E-‐07 1.13E-‐07
Zn 6.30E-‐07 2.50E-‐07 1.01E-‐07 2.45E-‐08 3.68E-‐08 2.91E-‐08

General	  Solution	  Chemistry
PHREEQC-‐i	  Input	  Parameters	  SW1

Element
Molality
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Appendix G 

PHREEQc Interactive – Saturation Indices and Results 

Output results for saturation indices (SI) and dominant ligands for the two surface water samples 

collected in October, 2011. Each run was using the WATEQ4 database.
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Mineral Chemical	  Formula SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
Adularia KAlSi3O8 1.3 2.6 0.2 -‐0.4 -‐0.1 -‐0.6
Al(OH)3(a) Al(OH)3 -‐0.7 0.3 -‐1.7 -‐1.7 -‐1.3 -‐1.8
AlAsO4:2H2O AlAsO4:2H2O -‐9.2 -‐7.2 -‐10.3 -‐10.1 -‐9.5 -‐10.3
Albite NaAlSi3O8 -‐0.7 0.5 -‐1.8 -‐2.5 -‐2.1 -‐2.7
AlumK KAl(SO4)2:12H2O -‐15.1 -‐14.1 -‐16.1 -‐16.7 -‐16.4 -‐16.9
Alunite KAl3(SO4)2(OH)6 1.3 4.3 -‐1.9 -‐2.3 -‐1.4 -‐2.8
Analcime NaAlSi2O6:H2O -‐2.7 -‐1.6 -‐3.8 -‐4.3 -‐3.9 -‐4.4
Anglesite PbSO4 -‐5.2 -‐6.0 -‐4.9
Anhydrite CaSO4 -‐0.7 -‐0.6 -‐0.7 -‐0.8 -‐0.8 -‐0.8
Annite KFe3AlSi3O10(OH)2 11.5 15.0 9.1 5.1 9.3
Anorthite CaAl2Si2O8 -‐0.7 1.5 -‐2.9 -‐3.0 -‐2.3 -‐3.4
Antlerite Cu3(OH)4SO4 -‐9.2 -‐7.9 -‐9.9 -‐9.5 -‐8.8 -‐9.5
Aragonite CaCO3 -‐0.5 -‐0.6 -‐0.5 -‐0.3 -‐0.3 -‐0.3
Arsenolite As2O3 -‐25.3 -‐23.3 -‐25.3 -‐31.3 -‐30.7 -‐31.3
Artinite MgCO3:Mg(OH)2:3H2O -‐8.1 -‐8.2 -‐8.1 -‐7.7 -‐7.7 -‐7.7
As2O5(cr) As2O5 -‐38.1 -‐36.2 -‐38.1 -‐38.3 -‐37.7 -‐38.3
As_native As -‐28.5 -‐27.5 -‐28.5 -‐36.0 -‐35.7 -‐36.0
Atacamite Cu2(OH)3Cl -‐8.2 -‐7.2 -‐8.6 -‐8.3 -‐7.8 -‐8.3
Azurite Cu3(OH)2(CO3)2 -‐9.7 -‐8.7 -‐10.5 -‐10.0 -‐9.3 -‐10.0
B-‐UO2(OH)2 UO2(OH)2 -‐2.9 -‐2.7 -‐2.9 -‐3.0 -‐2.9 -‐3.0
Ba3(AsO4)2 Ba3(AsO4)2 2.2 3.2 0.9 2.5 3.1 2.4
BaF2 BaF2 -‐8.5 -‐9.0 -‐8.9 -‐9.1 -‐9.1 -‐9.1
Barite BaSO4 0.7 0.4 0.3 0.4 0.4 0.4
Basaluminite Al4(OH)10SO4 4.0 8.0 -‐0.3 0.0 1.4 -‐0.6
Beidellite (NaKMg0.5)0.11Al2.33Si3.67O10(OH)2 5.3 7.9 2.8 2.0 2.8 1.6
Bianchite ZnSO4:6H2O -‐7.3 -‐7.7 -‐8.1 -‐8.8 -‐8.6 -‐8.7
Birnessite MnO2 -‐14.2 -‐14.1 -‐14.1 -‐11.7 -‐11.7 -‐11.7
Bixbyite Mn2O3 -‐12.8 -‐12.8 -‐12.7 -‐11.2 -‐11.2 -‐11.2
Boehmite AlOOH 1.5 2.5 0.4 0.5 0.8 0.3
Brochantite Cu4(OH)6SO4 -‐10.7 -‐9.0 -‐11.7 -‐10.9 -‐10.0 -‐10.9
Brucite Mg(OH)2 -‐5.9 -‐5.9 -‐5.9 -‐5.7 -‐5.7 -‐5.7
Bunsenite NiO -‐6.5 -‐6.4 -‐6.5 -‐6.8 -‐6.7 -‐7.0
Ca3(AsO4)2:4w Ca3(AsO4)2:4H2O -‐15.8 -‐13.8 -‐15.8 -‐14.9 -‐14.3 -‐14.9
Calcite CaCO3 -‐0.3 -‐0.4 -‐0.4 -‐0.2 -‐0.2 -‐0.2

Mineral	  Saturation	  Indices	  (SI)	  in	  Aqueous	  Solution
PHREEQC-‐i	  Data
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Mineral Chemical	  Formula SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
Cd(BO2)2 Cd(BO2)2 -‐13.6 -‐13.4 -‐13.8
Cd(gamma) Cd -‐28.2 -‐28.0 -‐28.4
Cd(OH)2 Cd(OH)2 -‐8.7 -‐8.5 -‐8.9
Cd(OH)2(a) Cd(OH)2 -‐9.5 -‐9.3 -‐9.7
Cd3(OH)2(SO4)2 Cd3(OH)2(SO4)2 -‐26.7 -‐26.1 -‐27.3
Cd3(OH)4SO4 Cd3(OH)4SO4 -‐25.1 -‐24.5 -‐25.6
Cd4(OH)6SO4 Cd4(OH)6SO4 -‐26.0 -‐25.1 -‐26.7
CdCl2 CdCl2 -‐17.0 -‐16.6 -‐17.1
CdCl2:2.5H2O CdCl2:2.5H2O -‐15.5 -‐15.1 -‐15.6
CdCl2:H2O CdCl2:H2O -‐15.8 -‐15.5 -‐16.0
CdF2 CdF2 -‐14.7 -‐14.6 -‐14.8
CdMetal Cd -‐28.1 -‐27.9 -‐28.3
CdOHCl CdOHCl -‐10.0 -‐9.7 -‐10.2
CdSiO3 CdSiO3 -‐8.2 -‐7.9 -‐8.4
CdSO4 CdSO4 -‐12.9 -‐12.7 -‐13.1
CdSO4:2.7H2O CdSO4:2.67H2O -‐10.8 -‐10.5 -‐10.9
CdSO4:H2O CdSO4:H2O -‐11.1 -‐10.9 -‐11.3
Celestite SrSO4 -‐1.2 -‐1.4
Chalcanthite CuSO4:5H2O -‐9.2 -‐3.6 -‐4.1 -‐3.0
Chalcanthite CuSO4:5H2O -‐8.8 -‐9.5 -‐9.7 -‐9.4 -‐9.7
Chalcedony SiO2 0.2 0.3 0.2 -‐0.1 -‐0.1 -‐0.1
Chlorite14A Mg5Al2Si3O10(OH)8 -‐2.8 -‐0.5 -‐5.0 -‐4.5 -‐3.7 -‐4.8
Chlorite7A Mg5Al2Si3O10(OH)8 -‐6.3 -‐4.0 -‐8.5 -‐8.0 -‐7.2 -‐8.3
Chrysotile Mg3Si2O5(OH)4 -‐5.4 -‐5.2 -‐5.5 -‐5.3 -‐5.2 -‐5.3
Clinoenstatite MgSiO3 -‐3.7 -‐3.6 -‐3.7 -‐3.8 -‐3.8 -‐3.8
CO2(g) CO2 -‐3.0 -‐3.1 -‐3.0 -‐3.2 -‐3.2 -‐3.2
Coffinite USiO4 -‐2.0 -‐1.6 -‐2.0 -‐5.3 -‐5.2 -‐5.3
Cotunnite PbCl2 -‐12.9 -‐13.9 -‐12.7
Cristobalite SiO2 0.2 0.3 0.2 -‐0.1 -‐0.1 -‐0.1
Cu(OH)2 Cu(OH)2 -‐3.6 -‐3.2 -‐3.9 -‐3.6 -‐3.4 -‐3.6
CuMetal Cu -‐1.5 -‐1.0 -‐1.7 -‐4.4 -‐4.2 -‐4.4
CupricFerrite CuFe2O4 11.2 13.1 10.1 11.1 13.9
Cuprite Cu2O -‐0.9 0.0 -‐1.3 -‐3.8 -‐3.4 -‐3.8
CuprousFerrite CuFeO2 13.9 15.1 13.2 12.4 13.9
CuSO4 CuSO4 -‐15.6 -‐15.1 -‐15.8 -‐16.1 -‐15.8 -‐16.1

PHREEQC-‐i	  Data
Mineral	  Saturation	  Indices	  (SI)	  in	  Aqueous	  Solution
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Mineral Chemical	  Formula SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
Diaspore AlOOH 3.3 4.3 2.3 2.3 2.7 2.2
Diopside CaMgSi2O6 -‐3.8 -‐3.6 -‐3.8 -‐3.9 -‐3.8 -‐3.9
Dioptase CuSiO3:H2O -‐4.8 -‐4.3 -‐5.1 -‐5.1 -‐4.9 -‐5.1
Dolomite CaMg(CO3)2 -‐1.4 -‐1.5 -‐1.4 -‐1.1 -‐1.1 -‐1.1
Dolomite(d) CaMg(CO3)2 -‐2.0 -‐2.2 -‐2.0 -‐1.7 -‐1.7 -‐1.7
Epsomite MgSO4:7H2O -‐3.4 -‐3.3 -‐3.4 -‐3.5 -‐3.5 -‐3.5
Fe(OH)2.7Cl.3 Fe(OH)2.7Cl0.3 6.1 6.9 5.7 6.1 7.4
Fe(OH)3(a) Fe(OH)3 1.5 2.3 1.1 1.6 2.9
Fe3(OH)8 Fe3(OH)8 2.9 5.2 1.6 1.4 5.3
Fluorite CaF2 1.0 0.8 1.0 0.7 0.6 0.7
Forsterite Mg2SiO4 -‐9.8 -‐9.7 -‐9.8 -‐9.6 -‐9.6 -‐9.6
Gibbsite Al(OH)3 2.2 3.1 1.1 1.2 1.5 1.0
Goethite FeOOH 6.9 7.7 6.5 6.9 8.2
Goslarite ZnSO4:7H2O -‐7.0 -‐7.4 -‐7.8 -‐8.5 -‐8.3 -‐8.4
Greenalite Fe3Si2O5(OH)4 3.0 5.3 1.6 -‐2.2 1.7
Gummite UO3 -‐8.1 -‐7.8 -‐8.1 -‐8.2 -‐8.1 -‐8.2
Gypsum CaSO4:2H2O -‐0.4 -‐0.4 -‐0.4 -‐0.5 -‐0.5 -‐0.5
H2(g) H2 -‐19.0 -‐19.0 -‐19.0 -‐22.1 -‐22.1 -‐22.1
H2O(g) H2O -‐1.9 -‐1.9 -‐1.9 -‐1.9 -‐1.9 -‐1.9
Halite NaCl -‐8.7 -‐8.6 -‐8.6 -‐8.7 -‐8.7 -‐8.8
Halloysite Al2Si2O5(OH)4 1.1 3.3 -‐1.1 -‐1.5 -‐0.7 -‐1.8
Hausmannite Mn3O4 -‐14.1 -‐14.1 -‐14.0 -‐13.3 -‐13.2 -‐13.3
Hematite Fe2O3 15.8 17.3 15.0 15.7 18.3
Huntite CaMg3(CO3)4 -‐7.8 -‐8.1 -‐7.8 -‐7.2 -‐7.2 -‐7.2
Hydrocerrusite Pb(OH)2:2PbCO3 -‐12.0 -‐13.3 -‐10.0
Hydromagnesite Mg5(CO3)4(OH)2:4H2O -‐18.6 -‐19.0 -‐18.6 -‐17.8 -‐17.8 -‐17.8
Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 4.7 7.2 2.1 1.5 2.3 1.1
Jarosite(ss) (K0.77Na0.03H0.2)Fe3(SO4)2(OH)6 -‐3.0 -‐0.8 -‐4.3 -‐3.9 0.0
Jarosite-‐K KFe3(SO4)2(OH)6 -‐4.1 -‐1.9 -‐5.4 -‐5.0 -‐1.1
Jarosite-‐Na NaFe3(SO4)2(OH)6 -‐7.5 -‐5.2 -‐8.8 -‐8.4 -‐4.5
JarositeH (H3O)Fe3(SO4)2(OH)6 -‐12.1 -‐9.9 -‐13.4 -‐13.3 -‐9.4
Jurbanite AlOHSO4 -‐3.2 -‐2.2 -‐4.3 -‐4.5 -‐4.2 -‐4.7
Kaolinite Al2Si2O5(OH)4 6.4 8.5 4.2 3.8 4.5 3.5
Kmica KAl3Si3O10(OH)2 11.2 14.4 7.9 7.5 8.5 7.0

PHREEQC-‐i	  Data
Mineral	  Saturation	  Indices	  (SI)	  in	  Aqueous	  Solution



 

314 

 

 

Mineral Chemical	  Formula SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
Langite Cu4(OH)6SO4:H2O -‐13.5 -‐11.8 -‐14.5 -‐13.9 -‐13.0 -‐13.9
Larnakite PbO:PbSO4 -‐8.6 -‐9.9 -‐7.7
Laumontite CaAl2Si4O12:4H2O 4.5 6.8 2.2 1.5 2.3 1.2
Laurionite PbOHCl -‐7.4 -‐8.0 -‐6.9
Leonhardite Ca2Al4Si8O24:7H2O 17.1 21.7 12.7 11.3 12.8 10.7
Litharge PbO -‐8.9 -‐9.3 -‐8.2
Magadiite NaSi7O13(OH)3:3H2O -‐6.4 -‐5.8 -‐6.5 -‐8.6 -‐8.5 -‐8.6
Maghemite Fe2O3 6.5 8.0 5.6 6.5 9.1
Magnesite MgCO3 -‐1.6 -‐1.6 -‐1.6 -‐1.4 -‐1.4 -‐1.4
Magnetite Fe3O4 17.7 19.9 16.4 16.0 19.9
Malachite Cu2(OH)2CO3 -‐5.5 -‐4.8 -‐6.0 -‐5.6 -‐5.2 -‐5.6
Manganite MnOOH -‐5.4 -‐5.4 -‐5.4 -‐4.5 -‐4.4 -‐4.5
Massicot PbO -‐9.1 -‐9.5 -‐8.4
Matlockite PbClF -‐8.3 -‐9.1 -‐8.0
Melanothallite CuCl2 -‐21.1 -‐20.5 -‐21.3 -‐21.5 -‐21.2 -‐21.5
Melanterite FeSO4:7H2O -‐4.8 -‐4.0 -‐5.2 -‐6.7 -‐5.4
Minium Pb3O4 -‐45.0 -‐43.5 -‐40.2
Mirabilite Na2SO4:10H2O -‐7.5 -‐7.5 -‐7.5 -‐7.6 -‐7.6 -‐7.6
Mn2(SO4)3 Mn2(SO4)3 -‐60.9 -‐60.8 -‐60.8 -‐60.8 -‐60.8 -‐60.8
Mn3(AsO4)2:8H2O Mn3(AsO4)2:8H2O -‐12.1 -‐10.0 -‐12.0 -‐14.0 -‐13.3 -‐14.0
MnCl2:4H2O MnCl2:4H2O -‐14.1 -‐13.9 -‐14.0 -‐15.1 -‐15.0 -‐15.1
MnSO4 MnSO4 -‐10.2 -‐10.2 -‐10.2 -‐11.4 -‐11.3 -‐11.4
Monteponite CdO -‐9.7 -‐9.4 -‐9.8
Montmorillonite-‐Aberdeen (HNaK)0.14Mg0.45Fe0.33Al1.47Si3.82O10(OH)2 5.4 7.5 3.6 2.8 3.8 1.9
Montmorillonite-‐BelleFourche (HNaK)0.09Mg0.29Fe0.24Al1.57Si3.93O10(OH)2 6.1 8.2 4.3 3.3 4.2
Montmorillonite-‐Ca Ca0.165Al2.33Si3.67O10(OH)2 5.6 8.2 3.0 2.2 3.1
Morenosite NiSO4:7H2O -‐8.2 -‐8.1 -‐8.3 -‐8.9 -‐8.8 -‐9.1
Na4UO2(CO3)3 Na4UO2(CO3)3 -‐27.9 -‐27.9 -‐27.9 -‐27.9 -‐27.8 -‐27.9
Nahcolite NaHCO3 -‐6.0 -‐6.1 -‐6.0 -‐6.0 -‐6.0 -‐6.0
Nantokite CuCl -‐5.4 -‐4.9 -‐5.6 -‐7.1 -‐6.8 -‐7.1
Natron Na2CO3:10H2O -‐11.2 -‐11.3 -‐11.2 -‐11.0 -‐11.0 -‐11.0
Nesquehonite MgCO3:3H2O -‐4.0 -‐4.0 -‐3.9 -‐3.8 -‐3.8 -‐3.8

PHREEQC-‐i	  Data
Mineral	  Saturation	  Indices	  (SI)	  in	  Aqueous	  Solution
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Mineral Chemical	  Formula SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
Ni(OH)2 Ni(OH)2 -‐3.0 -‐2.9 -‐3.0 -‐3.0 -‐3.0 -‐3.3
Ni2SiO4 Ni2SiO4 -‐5.7 -‐5.4 -‐5.8 -‐6.5 -‐6.4 -‐7.0
Ni3(AsO4)2:8H2O Ni3(AsO4)2:8H2O -‐26.3 -‐24.0 -‐26.4 -‐27.0 -‐26.2 -‐27.7
Ni4(OH)6SO4 Ni4(OH)6SO4 -‐22.4 -‐22.0 -‐22.5 -‐23.6 -‐23.3 -‐24.6
NiCO3 NiCO3 -‐8.0 -‐8.0 -‐8.0 -‐8.3 -‐8.3 -‐8.6
Nsutite MnO2 -‐13.1 -‐13.1 -‐13.1 -‐10.6 -‐10.6 -‐10.7
O2(g) O2 -‐49.9 -‐49.9 -‐49.9 -‐44.3 -‐44.3 -‐44.3
Otavite CdCO3 -‐4.2 -‐4.1 -‐4.3
Pb(BO2)2 Pb(BO2)2 -‐12.2 -‐12.9 -‐11.8
Pb(OH)2 Pb(OH)2 -‐4.2 -‐4.7 -‐3.6
Pb2(OH)3Cl Pb2(OH)3Cl -‐11.1 -‐12.2 -‐9.9
Pb2O(OH)2 PbO:Pb(OH)2 -‐17.4 -‐18.2 -‐16.0
Pb2O3 Pb2O3 -‐33.2 -‐30.9 -‐28.7
Pb2OCO3 PbO:PbCO3 -‐12.4 -‐13.3 -‐11.1
Pb2SiO4 Pb2SiO4 -‐15.3 -‐16.6 -‐14.4
Pb3(AsO4)2 Pb3(AsO4)2 -‐21.5 -‐24.8 -‐20.9
Pb3O2CO3 PbCO3:2PbO -‐20.0 -‐21.4 -‐18.1
Pb3O2SO4 PbSO4:2PbO -‐15.3 -‐17.1 -‐13.8
Pb4(OH)6SO4 Pb4(OH)6SO4 -‐20.9 -‐22.9 -‐18.6
Pb4O3SO4 PbSO4:3PbO -‐23.1 -‐25.3 -‐20.9
PbF2 PbF2 -‐10.6 -‐11.5 -‐10.5
PbMetal Pb -‐18.8 -‐22.3 -‐21.2
PbO:0.3H2O PbO:0.33H2O -‐8.6 -‐9.0 -‐7.9
PbSiO3 PbSiO3 -‐6.7 -‐7.5 -‐6.4
Phillipsite Na0.5K0.5AlSi3O8:H2O -‐0.1 1.2 -‐1.2 -‐2.0 -‐1.6 -‐2.2
Phlogopite KMg3AlSi3O10(OH)2 -‐5.4 -‐4.1 -‐6.5 -‐6.2 -‐5.8 -‐6.4
Phosgenite PbCl2:PbCO3 -‐15.0 -‐16.4 -‐14.1
Plattnerite PbO2 -‐28.3 -‐25.9 -‐24.8
Portlandite Ca(OH)2 -‐11.4 -‐11.4 -‐11.4 -‐11.2 -‐11.2 -‐11.2
Prehnite Ca2Al2Si3O10(OH)2 0.2 2.4 -‐2.0 -‐2.2 -‐1.4 -‐2.5
Pyrochroite Mn(OH)2 -‐4.8 -‐4.7 -‐4.7 -‐5.4 -‐5.3 -‐5.4
Pyrolusite MnO2 -‐14.2 -‐14.1 -‐14.1 -‐11.9 -‐11.9 -‐12.0
Pyrophyllite Al2Si4O10(OH)2 8.0 10.3 5.8 4.6 5.3 4.2
Quartz SiO2 0.6 0.7 0.6 0.3 0.4 0.3
Retgersite NiSO4:6H2O -‐8.6 -‐8.5 -‐8.6 -‐9.3 -‐9.2 -‐9.5

PHREEQC-‐i	  Data
Mineral	  Saturation	  Indices	  (SI)	  in	  Aqueous	  Solution
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Mineral Chemical	  Formula SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
Rhodochrosite MnCO3 0.3 0.2 0.3 -‐0.5 -‐0.5 -‐0.5
Rhodochrosite(d) MnCO3 -‐0.4 -‐0.5 -‐0.4 -‐1.2 -‐1.2 -‐1.2
Rutherfordine UO2CO3 -‐3.8 -‐3.6 -‐3.7 -‐3.9 -‐3.8 -‐3.9
Schoepite UO2(OH)2:H2O -‐2.8 -‐2.5 -‐2.7 -‐2.8 -‐2.7 -‐2.8
Scorodite FeAsO4:2H2O -‐9.4 -‐7.6 -‐9.8 -‐9.4 -‐7.8
Sepiolite Mg2Si3O7.5OH:3H2O -‐3.0 -‐2.8 -‐3.1 -‐3.4 -‐3.3 -‐3.4
Sepiolite(d) Mg2Si3O7.5OH:3H2O -‐5.6 -‐5.3 -‐5.6 -‐5.9 -‐5.8 -‐5.9
Siderite FeCO3 -‐0.1 0.5 -‐0.6 -‐1.8 -‐0.5
Siderite(d)(3) FeCO3 -‐0.5 0.1 -‐0.9 -‐2.2 -‐0.9
Silicagel SiO2 -‐0.4 -‐0.3 -‐0.4 -‐0.7 -‐0.7 -‐0.7
SiO2(a) SiO2 -‐0.7 -‐0.6 -‐0.7 -‐1.0 -‐1.0 -‐1.0
Smithsonite ZnCO3 -‐3.0 -‐3.5 -‐3.8 -‐4.2 -‐4.0 -‐4.1
SrF2 SrF2 -‐4.1 -‐4.4
Strontianite SrCO3 -‐2.4 -‐2.2
Talc Mg3Si4O10(OH)2 -‐1.6 -‐1.2 -‐1.7 -‐2.1 -‐2.0 -‐2.1
Tenorite CuO -‐2.6 -‐2.2 -‐2.9 -‐2.6 -‐2.4 -‐2.6
Thenardite Na2SO4 -‐9.1 -‐9.1 -‐9.1 -‐9.3 -‐9.3 -‐9.3
Thermonatrite Na2CO3:H2O -‐13.2 -‐13.3 -‐13.2 -‐13.2 -‐13.2 -‐13.2
Tremolite Ca2Mg5Si8O22(OH)2 -‐4.0 -‐3.2 -‐4.2 -‐4.7 -‐4.4 -‐4.6
Trona NaHCO3:Na2CO3:2H2O -‐19.5 -‐19.7 -‐19.5 -‐19.5 -‐19.5 -‐19.5
U(OH)2SO4 U(OH)2SO4 -‐20.0 -‐19.7 -‐19.9 -‐23.4 -‐23.3 -‐23.4
U3O8(c) U3O8 -‐3.6 -‐2.8 -‐3.6 -‐6.7 -‐6.4 -‐6.7
U4O9(c) U4O9 -‐3.9 -‐2.8 -‐3.8 -‐12.9 -‐12.6 -‐12.9
UF4(c) UF4 -‐32.3 -‐32.3 -‐32.2 -‐36.6 -‐36.6 -‐36.6
UF4:2.5H2O UF4:2.5H2O -‐22.7 -‐22.7 -‐22.6 -‐27.0 -‐27.0 -‐27.0
UO2(a) UO2 -‐5.8 -‐5.5 -‐5.8 -‐8.7 -‐8.7 -‐8.7
UO3(gamma) UO3 -‐5.3 -‐5.0 -‐5.3 -‐5.4 -‐5.3 -‐5.4
Uraninite(c) UO2 -‐1.6 -‐1.3 -‐1.5 -‐4.5 -‐4.5 -‐4.5
Uranophane Ca(UO2)2(SiO3OH)2 -‐6.0 -‐5.2 -‐6.0 -‐6.2 -‐6.0 -‐6.2
Wairakite CaAl2Si4O12:2H2O -‐0.3 2.1 -‐2.5 -‐3.2 -‐2.5 -‐3.6
Willemite Zn2SiO4 -‐3.3 -‐4.0 -‐4.9 -‐5.8 -‐5.4 -‐5.6
Witherite BaCO3 -‐4.7 -‐5.1 -‐5.1 -‐4.7 -‐4.7 -‐4.7

PHREEQC-‐i	  Data
Mineral	  Saturation	  Indices	  (SI)	  in	  Aqueous	  Solution
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Mineral Chemical	  Formula SW1	  -‐	  <0.45 SW1	  -‐	  Retentate SW1	  -‐	  Permeate SW2	  -‐	  <0.45 SW2	  -‐	  Rententate SW2	  -‐	  Permeate
Zincite(c) ZnO -‐3.5 -‐3.9 -‐4.3 -‐4.6 -‐4.4 -‐4.5
Zincosite ZnSO4 -‐12.8 -‐13.2 -‐13.6 -‐14.3 -‐14.1 -‐14.2
Zn(BO2)2 Zn(BO2)2 -‐8.7 -‐9.1 -‐9.5 -‐10.0 -‐9.8 -‐9.9
Zn(NO3)2:6H2O Zn(NO3)2:6H2O -‐19.5 -‐19.9 -‐20.4 -‐22.4 -‐22.6
Zn(OH)2-‐a Zn(OH)2 -‐4.1 -‐4.5 -‐4.9 -‐5.1 -‐4.9 -‐5.0
Zn(OH)2-‐b Zn(OH)2 -‐3.4 -‐3.8 -‐4.2 -‐4.4 -‐4.2 -‐4.3
Zn(OH)2-‐c Zn(OH)2 -‐3.8 -‐4.2 -‐4.6 -‐4.8 -‐4.7 -‐4.8
Zn(OH)2-‐e Zn(OH)2 -‐3.1 -‐3.5 -‐3.9 -‐4.1 -‐4.0 -‐4.1
Zn(OH)2-‐g Zn(OH)2 -‐3.4 -‐3.8 -‐4.2 -‐4.4 -‐4.2 -‐4.3
Zn2(OH)2SO4 Zn2(OH)2SO4 -‐8.2 -‐9.0 -‐9.8 -‐10.7 -‐10.4 -‐10.6
Zn2(OH)3Cl Zn2(OH)3Cl -‐9.7 -‐10.4 -‐11.3 -‐11.9 -‐11.5 -‐11.8
Zn3(AsO4)2:2.5w Zn3(AsO4)2:2.5H2O -‐19.5 -‐18.7 -‐21.9 -‐22.6 -‐21.5 -‐22.4
Zn3O(SO4)2 ZnO:2ZnSO4 -‐31.0 -‐32.2 -‐33.4 -‐35.2 -‐34.7 -‐35.0
Zn4(OH)6SO4 Zn4(OH)6SO4 -‐12.4 -‐14.0 -‐15.6 -‐16.9 -‐16.2 -‐16.6
Zn5(OH)8Cl2 Zn5(OH)8Cl2 -‐19.2 -‐21.0 -‐23.1 -‐24.6 -‐23.6 -‐24.2
ZnCl2 ZnCl2 -‐21.7 -‐22.0 -‐22.5 -‐23.2 -‐22.9 -‐23.1
ZnCO3:H2O ZnCO3:H2O -‐2.6 -‐3.1 -‐3.4 -‐3.8 -‐3.6 -‐3.7
ZnF2 ZnF2 -‐12.8 -‐13.4 -‐13.6 -‐14.6 -‐14.4 -‐14.5
ZnMetal Zn -‐37.7 -‐38.1 -‐38.5 -‐41.9 -‐41.7 -‐41.8
ZnO(a) ZnO -‐3.0 -‐3.4 -‐3.8 -‐4.0 -‐3.8 -‐3.9
ZnSiO3 ZnSiO3 1.3 0.9 0.4 -‐0.1 0.1 -‐0.1
ZnSO4:H2O ZnSO4:H2O -‐8.9 -‐9.3 -‐9.7 -‐10.4 -‐10.2 -‐10.3
Highlighted	  cells	  (yellow)	  show	  minerals	  with	  a	  +/-‐	  1	  saturation	  indices	  (SI),	  which	  may	  be	  controlling	  the	  solubility	  of	  its	  constituent	  elements	  in	  solution.	  Minerals	  with	  SI	  greater	  than	  
1.0	  are	  highlighted	  in	  green,	  and	  may	  precipitate	  from	  solution.	  Minerals	  with	  a	  SI	  less	  than	  -‐1.0	  are	  highlighted	  in	  blue,	  and	  are	  not	  saturated	  in	  solution,	  and	  are	  unlikely	  to	  precipitate	  
from	  solution.	  Minerals	  with	  SI	  greater	  than	  +/-‐	  1.0	  likely	  have	  kinetic	  controls	  that	  may	  be	  preventing	  the	  mineral	  from	  precipitating	  from	  solution.	  

Mineral	  Saturation	  Indices	  (SI)	  in	  Aqueous	  Solution
PHREEQC-‐i	  Data
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Species Molality % Species Molality % Species Molality %
OH-‐ 1.26E-‐07 -‐ OH-‐ 1.26E-‐07 -‐ OH-‐ 1.26E-‐07 -‐
H+ 3.59E-‐08 -‐ H+ 3.60E-‐08 -‐ H+ 3.59E-‐08 -‐
H2O 5.55E+01 -‐ H2O 5.55E+01 -‐ H2O 5.55E+01 -‐
Al 6.64E-‐06 Al 5.10E-‐05 Al 5.94E-‐07
Al(OH)4-‐ 3.08E-‐06 46.4 Al(OH)4-‐ 2.97E-‐05 58.2 Al(OH)4-‐ 2.60E-‐07 43.8
AlF3 2.29E-‐06 34.4 AlF3 1.29E-‐05 25.4 AlF3 2.16E-‐07 36.4
AlF2+ 9.27E-‐07 14.0 AlF2+ 6.28E-‐06 12.3 AlF2+ 8.45E-‐08 14.2
AlF4-‐ 2.46E-‐07 3.7 AlF4-‐ 1.17E-‐06 2.3 AlF4-‐ 2.42E-‐08 4.1
Al(OH)3 5.02E-‐08 0.8 Al(OH)3 4.82E-‐07 0.9 Al(OH)3 4.24E-‐09 0.7
Al(OH)2+ 3.67E-‐08 0.6 Al(OH)2+ 3.53E-‐07 0.7 Al(OH)2+ 3.10E-‐09 0.5
AlF+2 1.33E-‐08 0.2 AlF+2 1.08E-‐07 0.2 AlF+2 1.17E-‐09 0.2
AlOH+2 8.07E-‐10 0.0 AlOH+2 7.83E-‐09 0.0 AlOH+2 6.82E-‐11 0.0
As(3) 3.55E-‐14 As(3) 3.52E-‐13 As(3) 3.55E-‐14
H3AsO3 3.50E-‐14 98.5 H3AsO3 3.47E-‐13 98.5 H3AsO3 3.50E-‐14 98.5
H2AsO3-‐ 5.46E-‐16 1.5 H2AsO3-‐ 5.43E-‐15 1.5 H2AsO3-‐ 5.46E-‐16 1.5
As(5) 1.34E-‐09 As(5) 1.34E-‐08 As(5) 1.34E-‐09
HAsO4-‐2 1.02E-‐09 76.5 HAsO4-‐2 1.02E-‐08 76.6 HAsO4-‐2 1.02E-‐09 76.5
H2AsO4-‐ 3.14E-‐10 23.5 H2AsO4-‐ 3.13E-‐09 23.4 H2AsO4-‐ 3.14E-‐10 23.5
AsO4-‐3 1.10E-‐13 0.0 AsO4-‐3 1.12E-‐12 0.0 AsO4-‐3 1.10E-‐13 0.0
B 4.18E-‐05 B 4.20E-‐05 B 4.11E-‐05
H3BO3 4.11E-‐05 98.3 H3BO3 4.13E-‐05 98.3 H3BO3 4.05E-‐05 98.3
H2BO3-‐ 6.89E-‐07 1.6 H2BO3-‐ 6.95E-‐07 1.7 H2BO3-‐ 6.78E-‐07 1.6
BF(OH)3-‐ 3.89E-‐09 0.0 BF(OH)3-‐ 3.29E-‐09 0.0 BF(OH)3-‐ 3.97E-‐09 0.0
Ba 3.16E-‐07 Ba 1.50E-‐07 Ba 1.18E-‐07
Ba+2 1.61E-‐07 50.9 Ba+2 7.61E-‐08 50.9 Ba+2 6.00E-‐08 50.8
BaSO4 1.55E-‐07 49.0 BaSO4 7.32E-‐08 49.0 BaSO4 5.79E-‐08 49.1
BaHCO3+ 3.58E-‐10 0.1 BaHCO3+ 1.32E-‐10 0.1 BaHCO3+ 1.33E-‐10 0.1
BaCO3 2.07E-‐11 0.0 BaCO3 7.58E-‐12 0.0 BaCO3 7.69E-‐12 0.0
C(4) 7.16E-‐04 C(4) 5.67E-‐04 C(4) 7.12E-‐04
HCO3-‐ 6.36E-‐04 88.8 HCO3-‐ 4.98E-‐04 87.8 HCO3-‐ 6.33E-‐04 88.9
CO2 4.84E-‐05 6.8 CO2 3.78E-‐05 6.7 CO2 4.82E-‐05 6.8
CaHCO3+ 1.80E-‐05 2.5 CaHCO3+ 1.46E-‐05 2.6 CaHCO3+ 1.79E-‐05 2.5
MgHCO3+ 5.22E-‐06 0.7 FeHCO3+ 5.31E-‐06 0.9 MgHCO3+ 5.23E-‐06 0.7
CaCO3 2.38E-‐06 0.3 MgHCO3+ 4.26E-‐06 0.8 CaCO3 2.36E-‐06 0.3
MnHCO3+ 1.60E-‐06 0.2 CaCO3 1.92E-‐06 0.3 MnHCO3+ 1.71E-‐06 0.2
MnCO3 1.32E-‐06 0.2 MnHCO3+ 1.32E-‐06 0.2 MnCO3 1.41E-‐06 0.2
FeHCO3+ 1.24E-‐06 0.2 FeCO3 1.17E-‐06 0.2 CO3-‐2 1.06E-‐06 0.1
CO3-‐2 1.06E-‐06 0.1 MnCO3 1.09E-‐06 0.2 FeHCO3+ 4.56E-‐07 0.1
MgCO3 3.32E-‐07 0.0 CO3-‐2 8.38E-‐07 0.1 MgCO3 3.32E-‐07 0.0
FeCO3 2.73E-‐07 0.0 MgCO3 2.70E-‐07 0.0 NaHCO3 1.25E-‐07 0.0
NaHCO3 1.24E-‐07 0.0 NaHCO3 9.78E-‐08 0.0 FeCO3 1.01E-‐07 0.0
UO2(CO3)2-‐2 5.37E-‐08 0.0 UO2(CO3)2-‐2 6.36E-‐08 0.0 UO2(CO3)2-‐2 5.60E-‐08 0.0

SW1	  <0.45 SW1	  Retentate SW1	  Permeate

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution
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Species Molality % Species Molality % Species Molality %
Ca 7.06E-‐03 Ca 7.34E-‐03 Ca 7.04E-‐03
Ca+2 5.25E-‐03 74.4 Ca+2 5.46E-‐03 74.4 Ca+2 5.23E-‐03 74.3
CaSO4 1.78E-‐03 25.3 CaSO4 1.86E-‐03 25.3 CaSO4 1.78E-‐03 25.3
CaHCO3+ 1.80E-‐05 0.3 CaHCO3+ 1.46E-‐05 0.2 CaHCO3+ 1.79E-‐05 0.3
CaF+ 4.93E-‐06 0.1 CaF+ 4.27E-‐06 0.1 CaF+ 5.10E-‐06 0.1
CaCO3 2.38E-‐06 0.0 CaCO3 1.92E-‐06 0.0 CaCO3 2.36E-‐06 0.0
CaOH+ 1.77E-‐08 0.0 CaOH+ 1.83E-‐08 0.0 CaOH+ 1.77E-‐08 0.0
CaHSO4+ 3.35E-‐10 0.0 CaHSO4+ 3.50E-‐10 0.0 CaHSO4+ 3.35E-‐10 0.0
Cd 2.67E-‐10 Cd 4.45E-‐10 Cd 1.78E-‐10
Cd+2 1.71E-‐10 64.0 Cd+2 2.85E-‐10 64.0 Cd+2 1.14E-‐10 63.8
CdSO4 8.55E-‐11 32.0 CdSO4 1.43E-‐10 32.0 CdSO4 5.71E-‐11 32.0
Cd(SO4)2-‐2 6.62E-‐12 2.5 Cd(SO4)2-‐2 1.12E-‐11 2.5 Cd(SO4)2-‐2 4.43E-‐12 2.5
CdHCO3+ 1.88E-‐12 0.7 CdCl+ 3.65E-‐12 0.8 CdCl+ 1.32E-‐12 0.7
CdCl+ 1.85E-‐12 0.7 CdHCO3+ 2.43E-‐12 0.5 CdHCO3+ 1.25E-‐12 0.7
CdF+ 3.15E-‐13 0.1 CdF+ 4.37E-‐13 0.1 CdF+ 2.18E-‐13 0.1
CdOH+ 1.01E-‐13 0.0 CdOH+ 1.68E-‐13 0.0 CdOH+ 6.74E-‐14 0.0
CdCO3 4.35E-‐14 0.0 CdCO3 5.60E-‐14 0.0 CdCO3 2.88E-‐14 0.0
CdOHCl 1.53E-‐14 0.0 CdOHCl 3.01E-‐14 0.0 CdOHCl 1.10E-‐14 0.0
Cl 2.20E-‐04 Cl 2.62E-‐04 Cl 2.36E-‐04
Cl-‐ 2.20E-‐04 100.0 Cl-‐ 2.62E-‐04 100.0 Cl-‐ 2.36E-‐04 100.0
MnCl+ 2.50E-‐08 0.0 FeCl+ 3.80E-‐08 0.0 MnCl+ 2.88E-‐08 0.0

MnCl+ 3.15E-‐08 0.0
Cs 9.04E-‐10 Cs 9.04E-‐10 Cs 9.04E-‐10
Cs+ 9.04E-‐10 100.0 Cs+ 9.04E-‐10 100.0 Cs+ 9.04E-‐10 100.0
Cu(1) 1.87E-‐09 Cu(1) 4.95E-‐09 Cu(1) 1.07E-‐09
Cu+ 1.85E-‐09 98.9 Cu+ 4.87E-‐09 98.4 Cu+ 1.06E-‐09 98.7
CuCl2-‐ 2.10E-‐11 1.1 CuCl2-‐ 7.86E-‐11 1.6 CuCl2-‐ 1.39E-‐11 1.3
Cu(2) 9.16E-‐09 Cu(2) 2.34E-‐08 Cu(2) 5.23E-‐09
Cu(OH)2 7.03E-‐09 76.8 Cu(OH)2 1.85E-‐08 78.9 Cu(OH)2 4.02E-‐09 76.8
CuCO3 1.07E-‐09 11.7 CuCO3 2.20E-‐09 9.4 CuCO3 6.10E-‐10 11.7
Cu+2 5.99E-‐10 6.5 Cu+2 1.59E-‐09 6.8 Cu+2 3.43E-‐10 6.5
CuSO4 2.19E-‐10 2.4 CuSO4 5.80E-‐10 2.5 CuSO4 1.25E-‐10 2.4
CuOH+ 1.25E-‐10 1.4 CuOH+ 3.30E-‐10 1.4 CuOH+ 7.15E-‐11 1.4
CuHCO3+ 1.09E-‐10 1.2 CuHCO3+ 2.24E-‐10 1.0 CuHCO3+ 6.18E-‐11 1.2
Cu(CO3)2-‐2 1.48E-‐12 0.0 CuF+ 3.23E-‐12 0.0 CuF+ 8.68E-‐13 0.0
CuF+ 1.46E-‐12 0.0 Cu(CO3)2-‐2 2.40E-‐12 0.0 Cu(CO3)2-‐2 8.40E-‐13 0.0
F 2.96E-‐04 F 2.97E-‐04 F 2.98E-‐04
F-‐ 2.71E-‐04 91.6 F-‐ 2.28E-‐04 76.6 F-‐ 2.82E-‐04 94.4
MgF+ 9.99E-‐06 3.4 AlF3 1.29E-‐05 4.4 MgF+ 1.05E-‐05 3.5
CaF+ 4.93E-‐06 1.7 MgF+ 8.76E-‐06 2.9 CaF+ 5.10E-‐06 1.7
AlF3 2.29E-‐06 0.8 AlF2+ 6.28E-‐06 2.1 AlF3 2.16E-‐07 0.1
AlF2+ 9.27E-‐07 0.3 CaF+ 4.27E-‐06 1.4 AlF2+ 8.45E-‐08 0.0
AlF4-‐ 2.46E-‐07 0.1 AlF4-‐ 1.17E-‐06 0.4 MnF+ 5.82E-‐08 0.0
NaF 5.35E-‐08 0.0 FeF+ 2.40E-‐07 0.1 NaF 5.61E-‐08 0.0
MnF+ 5.24E-‐08 0.0 AlF+2 1.08E-‐07 0.0 AlF4-‐ 2.42E-‐08 0.0
FeF+ 5.20E-‐08 0.0 MnF+ 4.64E-‐08 0.0 FeF+ 2.00E-‐08 0.0

NaF 4.52E-‐08 0.0

Primary	  Aqueous	  Species	  in	  Solution
PHREEQC-‐i	  Data

SW1	  <0.45 SW1	  Retentate SW1	  Permeate
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Species Molality % Species Molality % Species Molality %
Fe(2) 4.50E-‐05 Fe(2) 2.47E-‐04 Fe(2) 1.67E-‐05
Fe+2 3.41E-‐05 75.8 Fe+2 1.89E-‐04 76.4 Fe+2 1.27E-‐05 75.7
FeSO4 9.25E-‐06 20.5 FeSO4 5.12E-‐05 20.7 FeSO4 3.44E-‐06 20.6
FeHCO3+ 1.24E-‐06 2.7 FeHCO3+ 5.31E-‐06 2.1 FeHCO3+ 4.56E-‐07 2.7
FeCO3 2.73E-‐07 0.6 FeCO3 1.17E-‐06 0.5 FeCO3 1.01E-‐07 0.6
FeOH+ 7.91E-‐08 0.2 FeOH+ 4.35E-‐07 0.2 FeOH+ 2.93E-‐08 0.2
FeF+ 5.20E-‐08 0.1 FeF+ 2.40E-‐07 0.1 FeF+ 2.00E-‐08 0.1
FeCl+ 5.80E-‐09 0.0 FeCl+ 3.80E-‐08 0.0 FeCl+ 2.31E-‐09 0.0
Fe(3) 1.62E-‐07 Fe(3) 8.91E-‐07 Fe(3) 6.02E-‐08
Fe(OH)3 1.05E-‐07 64.8 Fe(OH)3 5.77E-‐07 64.7 Fe(OH)3 3.90E-‐08 64.8
Fe(OH)2+ 5.51E-‐08 34.0 Fe(OH)2+ 3.03E-‐07 34.0 Fe(OH)2+ 2.04E-‐08 34.0
Fe(OH)4-‐ 2.01E-‐09 1.2 Fe(OH)4-‐ 1.11E-‐08 1.2 Fe(OH)4-‐ 7.48E-‐10 1.2
FeOH+2 1.40E-‐11 0.0 FeOH+2 7.74E-‐11 0.0 FeOH+2 5.18E-‐12 0.0
H(0) 1.62E-‐22 H(0) 1.62E-‐22 H(0) 1.62E-‐22
H2 8.12E-‐23 50.0 H2 8.12E-‐23 50.0 H2 8.12E-‐23 50.0
K 9.47E-‐05 K 9.53E-‐05 K 9.53E-‐05
K+ 9.29E-‐05 98.1 K+ 9.35E-‐05 98.1 K+ 9.35E-‐05 98.1
KSO4-‐ 1.77E-‐06 1.9 KSO4-‐ 1.80E-‐06 1.9 KSO4-‐ 1.79E-‐06 1.9
Li 6.51E-‐06 Li 6.59E-‐06 Li 6.47E-‐06
Li+ 6.41E-‐06 98.5 Li+ 6.49E-‐06 98.5 Li+ 6.38E-‐06 98.5
LiSO4-‐ 9.85E-‐08 1.5 LiSO4-‐ 1.01E-‐07 1.5 LiSO4-‐ 9.83E-‐08 1.5
Mg 1.71E-‐03 Mg 1.79E-‐03 Mg 1.72E-‐03
Mg+2 1.28E-‐03 75.0 Mg+2 1.35E-‐03 75.1 Mg+2 1.29E-‐03 74.9
MgSO4 4.12E-‐04 24.1 MgSO4 4.34E-‐04 24.2 MgSO4 4.16E-‐04 24.2
MgF+ 9.99E-‐06 0.6 MgF+ 8.76E-‐06 0.5 MgF+ 1.05E-‐05 0.6
MgHCO3+ 5.22E-‐06 0.3 MgHCO3+ 4.26E-‐06 0.2 MgHCO3+ 5.23E-‐06 0.3
MgCO3 3.32E-‐07 0.0 MgCO3 2.70E-‐07 0.0 MgCO3 3.32E-‐07 0.0
Mn(2) 6.63E-‐05 Mn(2) 6.98E-‐05 Mn(2) 7.10E-‐05
Mn+2 4.99E-‐05 75.3 Mn+2 5.31E-‐05 76.0 Mn+2 5.34E-‐05 75.2
MnSO4 1.34E-‐05 20.2 MnSO4 1.42E-‐05 20.4 MnSO4 1.44E-‐05 20.2
MnHCO3+ 1.60E-‐06 2.4 MnHCO3+ 1.32E-‐06 1.9 MnHCO3+ 1.71E-‐06 2.4
MnCO3 1.32E-‐06 2.0 MnCO3 1.09E-‐06 1.6 MnCO3 1.41E-‐06 2.0
MnF+ 5.24E-‐08 0.1 MnF+ 4.64E-‐08 0.1 MnF+ 5.82E-‐08 0.1
MnCl+ 2.50E-‐08 0.0 MnCl+ 3.15E-‐08 0.0 MnCl+ 2.88E-‐08 0.0
MnOH+ 8.56E-‐09 0.0 MnOH+ 9.04E-‐09 0.0 MnOH+ 9.15E-‐09 0.0
Mn(3) 3.58E-‐29 Mn(3) 3.83E-‐29 Mn(3) 3.83E-‐29
Mn+3 3.58E-‐29 100.0 Mn+3 3.83E-‐29 100.0 Mn+3 3.83E-‐29 100.0
N(5) 1.79E-‐05 N(5) 1.92E-‐05 N(5) 1.72E-‐05
NO3-‐ 1.79E-‐05 100.0 NO3-‐ 1.92E-‐05 100.0 NO3-‐ 1.72E-‐05 100.0

PHREEQC-‐i	  Data

SW1	  <0.45 SW1	  Retentate SW1	  Permeate
Primary	  Aqueous	  Species	  in	  Solution
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Species Molality % Species Molality % Species Molality %
Na 4.78E-‐04 Na 4.83E-‐04 Na 4.82E-‐04
Na+ 4.70E-‐04 98.4 Na+ 4.75E-‐04 98.4 Na+ 4.74E-‐04 98.4
NaSO4-‐ 7.51E-‐06 1.6 NaSO4-‐ 7.66E-‐06 1.6 NaSO4-‐ 7.61E-‐06 1.6
NaHCO3 1.24E-‐07 0.0 NaHCO3 9.78E-‐08 0.0 NaHCO3 1.25E-‐07 0.0
NaF 5.35E-‐08 0.0 NaF 4.52E-‐08 0.0 NaF 5.61E-‐08 0.0
Ni 4.09E-‐08 Ni 4.43E-‐08 Ni 3.75E-‐08
NiCO3 2.59E-‐08 63.2 NiCO3 2.54E-‐08 57.3 NiCO3 2.37E-‐08 63.1
Ni+2 1.09E-‐08 26.6 Ni+2 1.38E-‐08 31.2 Ni+2 1.00E-‐08 26.7
NiSO4 3.56E-‐09 8.7 NiSO4 4.52E-‐09 10.2 NiSO4 3.28E-‐09 8.7
NiHCO3+ 5.23E-‐10 1.3 NiHCO3+ 5.15E-‐10 1.2 NiHCO3+ 4.78E-‐10 1.3
Ni(CO3)2-‐2 4.94E-‐11 0.1 Ni(CO3)2-‐2 3.82E-‐11 0.1 Ni(CO3)2-‐2 4.49E-‐11 0.1
NiF+ 3.18E-‐11 0.1 NiF+ 3.36E-‐11 0.1 NiF+ 3.04E-‐11 0.1
NiOH+ 1.13E-‐11 0.0 NiOH+ 1.43E-‐11 0.0 NiOH+ 1.04E-‐11 0.0
NiCl+ 3.25E-‐12 0.0 NiCl+ 4.88E-‐12 0.0 NiCl+ 3.21E-‐12 0.0

Pb 3.38E-‐10
PbCO3 2.07E-‐10 61.3
PbSO4 5.12E-‐11 15.1
Pb+2 4.82E-‐11 14.2
PbOH+ 1.87E-‐11 5.5
PbHCO3+ 1.03E-‐11 3.1
Pb(SO4)2-‐2 1.77E-‐12 0.5
Pb(CO3)2-‐2 4.51E-‐13 0.1
Pb(OH)2 1.95E-‐13 0.1
PbCl+ 1.91E-‐13 0.1
PbF+ 1.04E-‐13 0.0

Rb 1.80E-‐07 Rb 1.89E-‐07 Rb 1.95E-‐07
Rb+ 1.80E-‐07 100.0 Rb+ 1.89E-‐07 100.0 Rb+ 1.95E-‐07 100.0
S(6) 8.58E-‐03 S(6) 8.84E-‐03 S(6) 8.60E-‐03
SO4-‐2 6.35E-‐03 74.0 SO4-‐2 6.47E-‐03 73.2 SO4-‐2 6.37E-‐03 74.1
CaSO4 1.78E-‐03 20.8 CaSO4 1.86E-‐03 21.0 CaSO4 1.78E-‐03 20.7
MgSO4 4.12E-‐04 4.8 MgSO4 4.34E-‐04 4.9 MgSO4 4.16E-‐04 4.8
MnSO4 1.34E-‐05 0.2 FeSO4 5.12E-‐05 0.6 MnSO4 1.44E-‐05 0.2
FeSO4 9.25E-‐06 0.1 MnSO4 1.42E-‐05 0.2 NaSO4-‐ 7.61E-‐06 0.1
NaSO4-‐ 7.51E-‐06 0.1 NaSO4-‐ 7.66E-‐06 0.1 FeSO4 3.44E-‐06 0.0
SrSO4 2.28E-‐06 0.0 KSO4-‐ 1.80E-‐06 0.0 KSO4-‐ 1.79E-‐06 0.0
KSO4-‐ 1.77E-‐06 0.0
Si 2.84E-‐04 Si 3.44E-‐04 Si 2.72E-‐04
H4SiO4 2.83E-‐04 99.6 H4SiO4 3.43E-‐04 99.7 H4SiO4 2.71E-‐04 99.7
H3SiO4-‐ 9.36E-‐07 0.3 H3SiO4-‐ 1.14E-‐06 0.3 H3SiO4-‐ 8.97E-‐07 0.3
Sr 9.38E-‐06
Sr+2 7.07E-‐06 75.4
SrSO4 2.28E-‐06 24.3
SrHCO3+ 2.44E-‐08 0.3
SrCO3 1.01E-‐09 0.0
U(4) 8.75E-‐16 U(4) 1.68E-‐15 U(4) 9.22E-‐16
U(OH)4 8.75E-‐16 100.0 U(OH)4 1.68E-‐15 100.0 U(OH)4 9.22E-‐16 100.0
U(OH)3+ 1.40E-‐19 0.0 U(OH)3+ 2.70E-‐19 0.0 U(OH)3+ 1.48E-‐19 0.0
U(5) 5.50E-‐13 U(5) 1.06E-‐12 U(5) 5.79E-‐13
UO2+ 5.50E-‐13 100.0 UO2+ 1.06E-‐12 100.0 UO2+ 5.79E-‐13 100.0
U(6) 8.40E-‐08 U(6) 9.66E-‐08 U(6) 8.75E-‐08
UO2(CO3)2-‐2 5.37E-‐08 64.0 UO2(CO3)2-‐2 6.36E-‐08 65.8 UO2(CO3)2-‐2 5.60E-‐08 64.0
UO2(CO3)3-‐4 2.47E-‐08 29.4 UO2(CO3)3-‐4 2.34E-‐08 24.2 UO2(CO3)3-‐4 2.56E-‐08 29.2
UO2(OH)3-‐ 2.73E-‐09 3.2 UO2(OH)3-‐ 5.26E-‐09 5.4 UO2(OH)3-‐ 2.87E-‐09 3.3
UO2CO3 2.69E-‐09 3.2 UO2CO3 4.04E-‐09 4.2 UO2CO3 2.82E-‐09 3.2
UO2OH+ 1.15E-‐10 0.1 UO2OH+ 2.21E-‐10 0.2 UO2OH+ 1.21E-‐10 0.1
UO2F+ 3.77E-‐11 0.0 UO2F+ 6.10E-‐11 0.1 UO2F+ 4.13E-‐11 0.0
UO2F2 2.51E-‐11 0.0 UO2F2 3.39E-‐11 0.0 UO2F2 2.85E-‐11 0.0

UO2SO4 7.74E-‐12 0.0

SW1	  <0.45 SW1	  Retentate SW1	  Permeate

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution
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Species Molality % Species Molality % Species Molality %
Zn 6.30E-‐07 Zn 2.50E-‐07 Zn 1.01E-‐07
Zn+2 4.01E-‐07 63.7 Zn+2 1.62E-‐07 64.8 Zn+2 6.44E-‐08 63.7
ZnSO4 1.66E-‐07 26.4 ZnSO4 6.70E-‐08 26.8 ZnSO4 2.68E-‐08 26.5
ZnCO3 2.67E-‐08 4.2 ZnCO3 8.33E-‐09 3.3 ZnCO3 4.26E-‐09 4.2
ZnHCO3+ 1.83E-‐08 2.9 ZnHCO3+ 5.72E-‐09 2.3 ZnHCO3+ 2.92E-‐09 2.9
Zn(SO4)2-‐2 9.74E-‐09 1.5 Zn(SO4)2-‐2 4.00E-‐09 1.6 Zn(SO4)2-‐2 1.57E-‐09 1.6
ZnOH+ 3.19E-‐09 0.5 ZnOH+ 1.28E-‐09 0.5 ZnOH+ 5.11E-‐10 0.5
Zn(OH)2 2.84E-‐09 0.5 Zn(OH)2 1.13E-‐09 0.5 Zn(OH)2 4.55E-‐10 0.5
ZnF+ 7.25E-‐10 0.1 ZnF+ 2.44E-‐10 0.1 ZnF+ 1.21E-‐10 0.1
Zn(CO3)2-‐2 6.27E-‐10 0.1 Zn(CO3)2-‐2 1.54E-‐10 0.1 Zn(CO3)2-‐2 9.96E-‐11 0.1
ZnCl+ 7.24E-‐11 0.0 ZnCl+ 3.46E-‐11 0.0 ZnCl+ 1.25E-‐11 0.0
ZnOHCl 4.43E-‐11 0.0 ZnOHCl 2.11E-‐11 0.0 ZnOHCl 7.63E-‐12 0.0

SW1	  <0.45 SW1	  Retentate SW1	  Permeate

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution
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Species Molality % Species Molality % Species Molality %
OH-‐ 1.73E-‐07 -‐ OH-‐ 1.73E-‐07 -‐ OH-‐ 1.73E-‐07 -‐
H+ 2.25E-‐08 -‐ H+ 2.25E-‐08 -‐ H+ 2.25E-‐08 -‐
H2O 5.55E+01 -‐ H2O 5.55E+01 -‐ H2O 5.55E+01 -‐
Al 4.82E-‐07 Al 1.04E-‐06 Al 3.34E-‐07
Al(OH)4-‐ 4.27E-‐07 88.6 Al(OH)4-‐ 9.33E-‐07 89.8 Al(OH)4-‐ 2.96E-‐07 88.6
AlF3 2.94E-‐08 6.1 AlF3 5.45E-‐08 5.2 AlF3 2.03E-‐08 6.1
AlF2+ 1.61E-‐08 3.3 AlF2+ 3.15E-‐08 3.0 AlF2+ 1.11E-‐08 3.3
Al(OH)3 4.48E-‐09 0.9 Al(OH)3 9.78E-‐09 0.9 Al(OH)3 3.10E-‐09 0.9
Al(OH)2+ 2.33E-‐09 0.5 Al(OH)2+ 5.09E-‐09 0.5 Al(OH)2+ 1.62E-‐09 0.5
AlF4-‐ 2.29E-‐09 0.5 AlF4-‐ 4.02E-‐09 0.4 AlF4-‐ 1.58E-‐09 0.5
AlF+2 3.07E-‐10 0.1 AlF+2 6.35E-‐10 0.1 AlF+2 2.12E-‐10 0.1
AlOH+2 3.65E-‐11 0.0 AlOH+2 7.99E-‐11 0.0 AlOH+2 2.53E-‐11 0.0
As(3) 3.48E-‐17 As(3) 6.95E-‐17 As(3) 3.48E-‐17
H3AsO3 3.41E-‐17 97.7 H3AsO3 6.80E-‐17 97.7 H3AsO3 3.40E-‐17 97.8
H2AsO3-‐ 7.82E-‐19 2.2 H2AsO3-‐ 1.56E-‐18 2.2 H2AsO3-‐ 7.82E-‐19 2.2
As(5) 2.67E-‐09 As(5) 5.34E-‐09 As(5) 2.67E-‐09
HAsO4-‐2 2.22E-‐09 83.1 HAsO4-‐2 4.44E-‐09 83.2 HAsO4-‐2 2.22E-‐09 83.2
H2AsO4-‐ 4.50E-‐10 16.8 H2AsO4-‐ 8.99E-‐10 16.8 H2AsO4-‐ 4.50E-‐10 16.8
AsO4-‐3 3.42E-‐13 0.0 AsO4-‐3 6.87E-‐13 0.0 AsO4-‐3 3.43E-‐13 0.0
B 3.08E-‐05 B 3.01E-‐05 B 2.99E-‐05
H3BO3 3.00E-‐05 97.5 H3BO3 2.93E-‐05 97.5 H3BO3 2.91E-‐05 97.5
H2BO3-‐ 7.61E-‐07 2.5 H2BO3-‐ 7.45E-‐07 2.5 H2BO3-‐ 7.39E-‐07 2.5
BF(OH)3-‐ 2.01E-‐09 0.0 BF(OH)3-‐ 1.87E-‐09 0.0 BF(OH)3-‐ 1.95E-‐09 0.0
Ba 1.55E-‐07 Ba 1.53E-‐07 Ba 1.45E-‐07
Ba+2 8.34E-‐08 54.0 Ba+2 8.33E-‐08 54.4 Ba+2 7.83E-‐08 54.0
BaSO4 7.09E-‐08 45.9 BaSO4 6.96E-‐08 45.4 BaSO4 6.65E-‐08 45.9
BaHCO3+ 2.08E-‐10 0.1 BaHCO3+ 1.99E-‐10 0.1 BaHCO3+ 1.92E-‐10 0.1
BaCO3 1.88E-‐11 0.0 BaCO3 1.79E-‐11 0.0 BaCO3 1.74E-‐11 0.0
C(4) 7.76E-‐04 C(4) 7.45E-‐04 C(4) 7.64E-‐04
HCO3-‐ 7.12E-‐04 91.7 HCO3-‐ 6.82E-‐04 91.6 HCO3-‐ 7.01E-‐04 91.7
CO2 3.58E-‐05 4.6 CO2 3.42E-‐05 4.6 CO2 3.52E-‐05 4.6
CaHCO3+ 1.68E-‐05 2.2 CaHCO3+ 1.66E-‐05 2.2 CaHCO3+ 1.67E-‐05 2.2
MgHCO3+ 5.05E-‐06 0.7 MgHCO3+ 5.05E-‐06 0.7 MgHCO3+ 5.02E-‐06 0.7
CaCO3 3.52E-‐06 0.5 CaCO3 3.46E-‐06 0.5 CaCO3 3.48E-‐06 0.5
CO3-‐2 1.75E-‐06 0.2 CO3-‐2 1.68E-‐06 0.2 CO3-‐2 1.72E-‐06 0.2
MgCO3 4.84E-‐07 0.1 MgCO3 4.84E-‐07 0.1 MgCO3 4.81E-‐07 0.1
MnCO3 2.23E-‐07 0.0 FeHCO3+ 3.34E-‐07 0.0 MnCO3 2.15E-‐07 0.0
MnHCO3+ 1.76E-‐07 0.0 MnCO3 2.23E-‐07 0.0 MnHCO3+ 1.70E-‐07 0.0
NaHCO3 1.18E-‐07 0.0 MnHCO3+ 1.76E-‐07 0.0 NaHCO3 1.16E-‐07 0.0
UO2(CO3)2-‐2 6.21E-‐08 0.0 FeCO3 1.14E-‐07 0.0 UO2(CO3)2-‐2 6.05E-‐08 0.0
UO2(CO3)3-‐4 4.80E-‐08 0.0 NaHCO3 1.13E-‐07 0.0 UO2(CO3)3-‐4 4.61E-‐08 0.0
SrHCO3+ 2.26E-‐08 0.0 UO2(CO3)2-‐2 6.85E-‐08 0.0 NiCO3 6.45E-‐09 0.0

SW2	  Retentate SW2	  PermeateSW2	  <0.45

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution



 

324 

 

 

Species Molality % Species Molality % Species Molality %
Ca 5.65E-‐03 Ca 5.80E-‐03 Ca 5.69E-‐03
Ca+2 4.35E-‐03 76.9 Ca+2 4.48E-‐03 77.2 Ca+2 4.38E-‐03 76.9
CaSO4 1.28E-‐03 22.7 CaSO4 1.30E-‐03 22.4 CaSO4 1.29E-‐03 22.7
CaHCO3+ 1.68E-‐05 0.3 CaHCO3+ 1.66E-‐05 0.3 CaHCO3+ 1.67E-‐05 0.3
CaCO3 3.52E-‐06 0.1 CaCO3 3.46E-‐06 0.1 CaCO3 3.48E-‐06 0.1
CaF+ 2.98E-‐06 0.1 CaF+ 2.91E-‐06 0.1 CaF+ 3.00E-‐06 0.1
CaOH+ 2.41E-‐08 0.0 CaOH+ 2.48E-‐08 0.0 CaOH+ 2.42E-‐08 0.0
CaHSO4+ 1.48E-‐10 0.0 CaHSO4+ 1.50E-‐10 0.0 CaHSO4+ 1.49E-‐10 0.0
Cl 2.16E-‐04 Cl 2.37E-‐04 Cl 2.13E-‐04
Cl-‐ 2.16E-‐04 100.0 Cl-‐ 2.37E-‐04 100.0 Cl-‐ 2.13E-‐04 100.0
MnCl+ 2.42E-‐09 0.0

Cs 6.03E-‐10 Cs 6.03E-‐10 Cs 6.03E-‐10
Cs+ 6.03E-‐10 100.0 Cs+ 6.03E-‐10 100.0 Cs+ 6.03E-‐10 100.0
Cu(1) 3.75E-‐11 Cu(1) 6.30E-‐11 Cu(1) 3.76E-‐11
Cu+ 3.71E-‐11 98.9 Cu+ 6.21E-‐11 98.6 Cu+ 3.72E-‐11 98.9
CuCl2-‐ 4.23E-‐13 1.1 CuCl2-‐ 8.50E-‐13 1.4 CuCl2-‐ 4.09E-‐13 1.1
Cu(2) 9.41E-‐09 Cu(2) 1.57E-‐08 Cu(2) 9.41E-‐09
Cu(OH)2 8.08E-‐09 85.8 Cu(OH)2 1.35E-‐08 86.2 Cu(OH)2 8.09E-‐09 85.9
CuCO3 8.43E-‐10 9.0 CuCO3 1.35E-‐09 8.6 CuCO3 8.32E-‐10 8.8
Cu+2 2.62E-‐10 2.8 Cu+2 4.39E-‐10 2.8 Cu+2 2.62E-‐10 2.8
CuOH+ 8.94E-‐11 0.9 CuOH+ 1.50E-‐10 1.0 CuOH+ 8.95E-‐11 1.0
CuSO4 8.32E-‐11 0.9 CuSO4 1.37E-‐10 0.9 CuSO4 8.32E-‐11 0.9
CuHCO3+ 5.55E-‐11 0.6 CuHCO3+ 8.90E-‐11 0.6 CuHCO3+ 5.48E-‐11 0.6
Cu(CO3)2-‐2 1.91E-‐12 0.0 Cu(CO3)2-‐2 2.93E-‐12 0.0 Cu(CO3)2-‐2 1.85E-‐12 0.0
CuF+ 4.77E-‐13 0.0 CuF+ 4.77E-‐13 0.0
F 2.06E-‐04 F 1.95E-‐04 F 2.05E-‐04
F-‐ 1.96E-‐04 95.5 F-‐ 1.86E-‐04 95.2 F-‐ 1.96E-‐04 95.5
MgF+ 6.10E-‐06 3.0 MgF+ 6.04E-‐06 3.1 MgF+ 6.15E-‐06 3.0
CaF+ 2.98E-‐06 1.5 CaF+ 2.91E-‐06 1.5 CaF+ 3.00E-‐06 1.5
NaF 3.30E-‐08 0.0 AlF3 5.45E-‐08 0.0 NaF 3.28E-‐08 0.0
AlF3 2.94E-‐08 0.0 AlF2+ 3.15E-‐08 0.0 AlF3 2.03E-‐08 0.0
AlF2+ 1.61E-‐08 0.0 NaF 3.13E-‐08 0.0 AlF2+ 1.11E-‐08 0.0
HF 3.91E-‐09 0.0
MnF+ 3.73E-‐09 0.0
AlF4-‐ 2.29E-‐09 0.0

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution

SW2	  PermeateSW2	  <0.45 SW2	  Retentate
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Species Molality % Species Molality % Species Molality %
Fe(2) 5.32E-‐07 Fe(2) 1.06E-‐05
Fe+2 4.12E-‐07 77.3 Fe+2 8.26E-‐06 77.7
FeSO4 9.54E-‐08 17.9 FeSO4 1.88E-‐06 17.7
FeHCO3+ 1.74E-‐08 3.3 FeHCO3+ 3.34E-‐07 3.1
FeCO3 5.92E-‐09 1.1 FeCO3 1.14E-‐07 1.1
FeOH+ 1.38E-‐09 0.3 FeOH+ 2.76E-‐08 0.3
FeF+ 4.75E-‐10 0.1 FeF+ 9.01E-‐09 0.1
FeCl+ 7.21E-‐11 0.0 FeCl+ 1.58E-‐09 0.0
Fe(3) 1.17E-‐07 Fe(3) 2.33E-‐06
Fe(OH)3 8.44E-‐08 72.5 Fe(OH)3 1.69E-‐06 72.5
Fe(OH)2+ 2.97E-‐08 25.5 Fe(OH)2+ 5.94E-‐07 25.5
Fe(OH)4-‐ 2.37E-‐09 2.0 Fe(OH)4-‐ 4.75E-‐08 2.0
H(0) 1.35E-‐25 H(0) 1.35E-‐25 H(0) 1.35E-‐25
H2 6.75E-‐26 50.0 H2 6.75E-‐26 50.0 H2 6.75E-‐26 50.0
K 8.53E-‐05 K 8.17E-‐05 K 8.04E-‐05
K+ 8.40E-‐05 98.5 K+ 8.04E-‐05 98.5 K+ 7.92E-‐05 98.5
KSO4-‐ 1.31E-‐06 1.5 KSO4-‐ 1.24E-‐06 1.5 KSO4-‐ 1.24E-‐06 1.5
Li 4.37E-‐06 Li 4.43E-‐06 Li 4.32E-‐06
Li+ 4.31E-‐06 98.7 Li+ 4.38E-‐06 98.8 Li+ 4.26E-‐06 98.7
LiSO4-‐ 5.57E-‐08 1.3 LiSO4-‐ 5.57E-‐08 1.3 LiSO4-‐ 5.50E-‐08 1.3
Mg 1.36E-‐03 Mg 1.42E-‐03 Mg 1.38E-‐03
Mg+2 1.06E-‐03 78.0 Mg+2 1.11E-‐03 78.2 Mg+2 1.07E-‐03 78.0
MgSO4 2.89E-‐04 21.2 MgSO4 2.97E-‐04 20.9 MgSO4 2.91E-‐04 21.2
MgF+ 6.10E-‐06 0.4 MgF+ 6.04E-‐06 0.4 MgF+ 6.15E-‐06 0.4
MgHCO3+ 5.05E-‐06 0.4 MgHCO3+ 5.05E-‐06 0.4 MgHCO3+ 5.02E-‐06 0.4
MgCO3 4.84E-‐07 0.0 MgCO3 4.84E-‐07 0.0 MgCO3 4.81E-‐07 0.0
Mn(2) 6.16E-‐06 Mn(2) 6.40E-‐06 Mn(2) 6.03E-‐06
Mn+2 4.69E-‐06 76.0 Mn+2 4.89E-‐06 76.5 Mn+2 4.59E-‐06 76.1
MnSO4 1.07E-‐06 17.4 MnSO4 1.10E-‐06 17.2 MnSO4 1.05E-‐06 17.4
MnCO3 2.23E-‐07 3.6 MnCO3 2.23E-‐07 3.5 MnCO3 2.15E-‐07 3.6
MnHCO3+ 1.76E-‐07 2.9 MnHCO3+ 1.76E-‐07 2.7 MnHCO3+ 1.70E-‐07 2.8
MnF+ 3.73E-‐09 0.1 MnF+ 3.68E-‐09 0.1 MnF+ 3.64E-‐09 0.1
MnCl+ 2.42E-‐09 0.0 MnCl+ 2.77E-‐09 0.0 MnCl+ 2.33E-‐09 0.0
MnOH+ 1.15E-‐09 0.0 MnOH+ 1.20E-‐09 0.0 MnOH+ 1.12E-‐09 0.0
Mn(3) 5.62E-‐29 Mn(3) 5.88E-‐29 Mn(3) 5.50E-‐29
Mn+3 5.62E-‐29 100.0 Mn+3 5.88E-‐29 100.0 Mn+3 5.50E-‐29 100.0
N(5) 3.14E-‐06 N(5) 2.22E-‐06
NO3-‐ 3.14E-‐06 100.0 NO3-‐ 2.22E-‐06 100.0

SW2	  Permeate
Primary	  Aqueous	  Species	  in	  Solution

SW2	  <0.45 SW2	  Retentate

PHREEQC-‐i	  Data
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Species Molality % Species Molality % Species Molality %
Na 3.95E-‐04 Na 3.95E-‐04 Na 3.93E-‐04
Na+ 3.90E-‐04 98.6 Na+ 3.90E-‐04 98.7 Na+ 3.88E-‐04 98.7
NaSO4-‐ 5.20E-‐06 1.3 NaSO4-‐ 5.12E-‐06 1.3 NaSO4-‐ 5.16E-‐06 1.3
NaHCO3 1.18E-‐07 0.0 NaHCO3 1.13E-‐07 0.0 NaHCO3 1.16E-‐07 0.0
NaF 3.30E-‐08 0.0 NaF 3.13E-‐08 0.0 NaF 3.28E-‐08 0.0
Ni 1.53E-‐08 Ni 1.71E-‐08 Ni 8.53E-‐09
NiCO3 1.17E-‐08 75.9 NiCO3 1.28E-‐08 75.2 NiCO3 6.45E-‐09 75.7
Ni+2 2.71E-‐09 17.7 Ni+2 3.13E-‐09 18.3 Ni+2 1.53E-‐09 17.9
NiSO4 7.75E-‐10 5.0 NiSO4 8.76E-‐10 5.1 NiSO4 4.35E-‐10 5.1
NiHCO3+ 1.53E-‐10 1.0 NiHCO3+ 1.69E-‐10 1.0 NiHCO3+ 8.48E-‐11 1.0
Ni(CO3)2-‐2 3.64E-‐11 0.2 Ni(CO3)2-‐2 3.84E-‐11 0.2 Ni(CO3)2-‐2 1.98E-‐11 0.2
NiF+ 6.04E-‐12 0.0 NiF+ 6.58E-‐12 0.0 NiF+ 3.39E-‐12 0.0
NiOH+ 4.13E-‐12 0.0 NiOH+ 4.74E-‐12 0.0 NiOH+ 2.32E-‐12 0.0
NiCl+ 8.38E-‐13 0.0 NiCl+ 1.06E-‐12 0.0 NiCl+ 4.64E-‐13 0.0
Pb 9.66E-‐11 Pb 1.16E-‐09
PbCO3 7.45E-‐11 77.1 PbCO3 8.87E-‐10 76.5
Pb+2 7.40E-‐12 7.7 Pb+2 9.22E-‐11 8.0
PbSO4 6.96E-‐12 7.2 PbSO4 8.52E-‐11 7.4
PbOH+ 4.75E-‐12 4.9 PbOH+ 5.91E-‐11 5.1
PbHCO3+ 2.40E-‐12 2.5 PbHCO3+ 2.86E-‐11 2.5
Pb(CO3)2-‐2 3.36E-‐13 0.3 Pb(CO3)2-‐2 3.84E-‐12 0.3
Pb(SO4)2-‐2 1.90E-‐13 0.2 Pb(SO4)2-‐2 2.29E-‐12 0.2
Pb(OH)2 8.00E-‐14 0.1 Pb(OH)2 9.95E-‐13 0.1
PbCl+ 2.46E-‐14 0.0 PbCl+ 3.36E-‐13 0.0
PbF+ 1.47E-‐14 0.0 PbF+ 1.73E-‐13 0.0
Rb 1.49E-‐07 Rb 1.52E-‐07 Rb 1.49E-‐07
Rb+ 1.49E-‐07 100.0 Rb+ 1.52E-‐07 100.0 Rb+ 1.49E-‐07 100.0
S(6) 6.68E-‐03 S(6) 6.63E-‐03 S(6) 6.68E-‐03
SO4-‐2 5.10E-‐03 76.3 SO4-‐2 5.03E-‐03 75.8 SO4-‐2 5.09E-‐03 76.2
CaSO4 1.28E-‐03 19.2 CaSO4 1.30E-‐03 19.6 CaSO4 1.29E-‐03 19.3
MgSO4 2.89E-‐04 4.3 MgSO4 2.97E-‐04 4.5 MgSO4 2.91E-‐04 4.4
NaSO4-‐ 5.20E-‐06 0.1 NaSO4-‐ 5.12E-‐06 0.1 NaSO4-‐ 5.16E-‐06 0.1
SrSO4 1.64E-‐06 0.0 FeSO4 1.88E-‐06 0.0 KSO4-‐ 1.24E-‐06 0.0
KSO4-‐ 1.31E-‐06 0.0 KSO4-‐ 1.24E-‐06 0.0 MnSO4 1.05E-‐06 0.0
MnSO4 1.07E-‐06 0.0 MnSO4 1.10E-‐06 0.0 BaSO4 6.65E-‐08 0.0
Si 1.34E-‐04 Si 1.39E-‐04 Si 1.34E-‐04
H4SiO4 1.33E-‐04 99.5 H4SiO4 1.38E-‐04 99.5 H4SiO4 1.33E-‐04 99.5
H3SiO4-‐ 6.46E-‐07 0.5 H3SiO4-‐ 6.70E-‐07 0.5 H3SiO4-‐ 6.47E-‐07 0.5
Sr 7.54E-‐06
Sr+2 5.88E-‐06 78.0
SrSO4 1.64E-‐06 21.7
SrHCO3+ 2.26E-‐08 0.3
SrCO3 1.45E-‐09 0.0
U(4) 8.43E-‐19 U(4) 1.01E-‐18 U(4) 8.46E-‐19
U(OH)4 8.43E-‐19 100.0 U(OH)4 1.01E-‐18 100.0 U(OH)4 8.46E-‐19 100.0
U(OH)3+ 8.57E-‐23 0.0 U(OH)3+ 1.03E-‐22 0.0 U(OH)3+ 8.60E-‐23 0.0
U(5) 1.09E-‐14 U(5) 1.30E-‐14 U(5) 1.09E-‐14
UO2+ 1.09E-‐14 100.0 UO2+ 1.30E-‐14 100.0 UO2+ 1.09E-‐14 100.0
U(6) 1.17E-‐07 U(6) 1.27E-‐07 U(6) 1.13E-‐07
UO2(CO3)2-‐2 6.21E-‐08 53.2 UO2(CO3)2-‐2 6.85E-‐08 53.8 UO2(CO3)2-‐2 6.05E-‐08 53.4
UO2(CO3)3-‐4 4.80E-‐08 41.1 UO2(CO3)3-‐4 5.10E-‐08 40.1 UO2(CO3)3-‐4 4.61E-‐08 40.7
UO2(OH)3-‐ 4.60E-‐09 3.9 UO2(OH)3-‐ 5.52E-‐09 4.3 UO2(OH)3-‐ 4.61E-‐09 4.1
UO2CO3 1.96E-‐09 1.7 UO2CO3 2.25E-‐09 1.8 UO2CO3 1.94E-‐09 1.7
UO2OH+ 6.93E-‐11 0.1 UO2OH+ 8.32E-‐11 0.1 UO2OH+ 6.96E-‐11 0.1
UO2F+ 1.17E-‐11 0.0 UO2F+ 1.33E-‐11 0.0 UO2F+ 1.17E-‐11 0.0

UO2F2 5.76E-‐12 0.0

SW2	  <0.45 SW2	  Retentate SW2	  Permeate

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution
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Species Molality % Species Molality % Species Molality %
Zn 2.45E-‐08 Zn 3.68E-‐08 Zn 2.91E-‐08
Zn+2 1.54E-‐08 63.0 Zn+2 2.34E-‐08 63.6 Zn+2 1.84E-‐08 63.2
ZnSO4 5.56E-‐09 22.7 ZnSO4 8.28E-‐09 22.5 ZnSO4 6.61E-‐09 22.7
ZnCO3 1.85E-‐09 7.5 ZnCO3 2.67E-‐09 7.3 ZnCO3 2.16E-‐09 7.4
ZnHCO3+ 8.22E-‐10 3.4 ZnHCO3+ 1.19E-‐09 3.2 ZnHCO3+ 9.63E-‐10 3.3
Zn(OH)2 2.87E-‐10 1.2 Zn(OH)2 4.34E-‐10 1.2 Zn(OH)2 3.41E-‐10 1.2
Zn(SO4)2-‐2 2.64E-‐10 1.1 Zn(SO4)2-‐2 3.88E-‐10 1.1 Zn(SO4)2-‐2 3.14E-‐10 1.1
ZnOH+ 1.77E-‐10 0.7 ZnOH+ 2.68E-‐10 0.7 ZnOH+ 2.11E-‐10 0.7
Zn(CO3)2-‐2 7.09E-‐11 0.3 Zn(CO3)2-‐2 9.85E-‐11 0.3 Zn(CO3)2-‐2 8.19E-‐11 0.3
ZnF+ 2.07E-‐11 0.1 ZnF+ 2.97E-‐11 0.1 ZnF+ 2.46E-‐11 0.1
ZnOHCl 2.82E-‐12 0.0 ZnOHCl 4.67E-‐12 0.0 ZnOHCl 3.30E-‐12 0.0
ZnCl+ 2.67E-‐12 0.0 ZnCl+ 4.42E-‐12 0.0 ZnCl+ 3.12E-‐12 0.0

SW2	  Permeate

PHREEQC-‐i	  Data
Primary	  Aqueous	  Species	  in	  Solution

SW2	  <0.45 SW2	  Retentate
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Appendix H 

Summary of TFF Mass Balance Calculations 

Summary of TFF mass balance calculations for SW1 and SW2 collected in October 2011 and 

July 2012, including concentrations in the <0.45 um, permeate and retentate fractions, 

concentration factor, retention coefficient, and loss percent. 

 

 

Sample Starting Volume (L) Permeate Volume (L) Retentate Volume (L) Concentration Factor
Fe Rich Oct 16.44 16 0.44 37.4

Mn Rich Oct 19.4 18.57 0.64 30.0

Sample Starting Volume (L) Permeate Volume (L) Retentate Volume (L) Concentration Factor
Fe Rich Oct 20 19.53 0.53 37.7

Mn Rich Oct 20 19.19 0.48 40.6
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Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppb)

Concentration	  of	  
Colloid	  Fraction	  (ppb)

Concentraton	  of	  Truly	  
Dissolved	  Fraction	  

(ppb)

Retention	  
Coefficient

Loss	  Percent	  
(%)

Ag 0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Al 2.0 1.8E+02 3.6E+01 1.6E+01 9.9E-‐01 70.5
As 0.1 0.1 0.0 0.1 0.9 -‐9.5
B 0.5 4.5E+02 2.5E-‐01 4.4E+02 2.1E-‐02 1.5
Ba 0.2 43 0.1 16 0.2 62.2
Be 0.005 0.582 0.029 0.491 0.685 10.8
Cd 0.02 0.03 0.00 0.02 0.53 16.8
Ce 0.01 4.19 0.98 0.13 1.00 73.6
Co 0.05 2.07 0.01 2.04 0.11 0.9
Cr 0.1 <	  0.1 <	  0.1 <	  0.1 <	  0.1 <	  0.1
Cs 0.01 0.12 0.00 0.12 0.01 0.0
Cu 0.1 0.7 0.0 0.4 0.8 35.3
Dy 0.005 0.497 0.111 0.020 0.995 73.6
Er 0.005 0.416 0.089 0.042 0.988 68.5
Eu 0.005 0.044 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Ga 0.01 0.03 <0.010 0.03 <0.010 <0.010
Gd 0.005 0.404 0.088 0.012 0.996 75.1
Ge 0.02 0.07 0.00 0.06 0.38 11.4
Hf 0.01 <	  0.01 <	  0.01 0.01 <	  0.01 <	  0.01
Ho 0.005 0.129 0.028 0.009 0.992 71.4
In 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 3.63 0.77 0.36 0.99 68.8
Li 0.02 45.1 0.02 44.9 0.02 0.5
Lu 0.005 0.053 0.009 0.015 0.958 54.3
Mn 0.1 3.6E+03 -‐1.7E+00 3.9E+03 -‐1.7E-‐02 -‐7.0
Mo 0.05 2.03 0.00 1.99 0.05 1.9
Nb 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Nd 0.005 1.445 0.330 0.033 0.997 74.9
Ni 0.2 2.4 0.0 2.2 0.1 9.0
Pb 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Pr 0.005 0.405 0.093 0.009 0.997 74.7
Rb 0.05 15.4 -‐0.01 16.6 -‐0.03 -‐8.1
Re 0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Se 1.0 <	  1 <	  1 <	  1 <	  1 <	  1
Sm 0.005 0.244 0.058 0.006 0.997 73.6
Sn 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Sr 0.5 8.2E+02 3.6E-‐01 8.5E+02 1.5E-‐02 -‐3.9
Ta 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 0.069 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Te 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 0.08 0.01 0.02 0.96 54.2
Ti 0.5 2.5 0.0 2.3 0.3 5.6
Tl 0.005 0.007 0.000 0.006 0.173 6.9
Tm 0.005 0.060 0.012 0.008 0.982 66.8
U 0.005 19.958 0.058 20.792 0.095 -‐4.5
V 0.1 <	  0.1 <	  0.1 <	  0.1 <	  0.1 <	  0.1
W 0.02 0.18 0.00 0.17 0.28 3.5
Y 0.01 7.47 1.50 0.80 0.99 69.3
Yb 0.005 0.365 0.070 0.071 0.974 61.2
Zn 0.5 41 0.3 6.6 0.6 83.4
Zr 0.050 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW1,	  October	  2011	  for	  Samples	  Run	  by	  ICP-‐MS
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Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppb)

Concentration	  of	  Colloid	  
Fraction	  (ppb)

Concentraton	  of	  Truly	  
Dissolved	  Fraction	  

(ppb)

Retention	  
Coefficient

Loss	  
Percent	  (%)

Ag 0.005 0.008 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Al 2 3.E+01 6.E-‐01 1.E+01 7.E-‐01 23.2
As 0.1 0.370 0.006 0.210 0.459 2.1
B 0.5 3.2E+02 8.3E-‐02 3.3E+02 7.7E-‐03 2.9
Ba 0.2 2.1E+01 3.8E-‐02 2.1E+01 5.5E-‐02 6.2
Be 0.005 0.223 0.002 0.163 0.273 -‐0.8
Cd 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Ce 0.01 2.57 0.08 0.29 0.93 12.5
Co 0.05 0.16 0.00 0.33 0.30 65.7
Cr 0.1 <	  0.1 <	  0.1 <	  0.1 <	  0.1 <	  0.1
Cs 0.01 0.08 0.00 0.08 0.00 1.3
Cu 0.1 1.2 0.0 0.6 0.5 -‐12.7
Dy 0.005 0.380 0.012 0.046 0.922 10.7
Er 0.005 0.307 0.009 0.052 0.874 7.6
Eu 0.005 0.040 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Ga 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Gd 0.005 0.323 0.010 0.039 0.926 14.3
Ge 0.02 0.03 0.00 0.03 -‐0.16 -‐6.9
Hf 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Ho 0.005 0.097 0.003 0.013 0.899 3.0
In 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 3.23 0.10 0.50 0.88 6.5
Li 0.02 30.7 0.03 30.3 0.03 1.1
Lu 0.005 0.039 0.001 0.013 0.710 2.1
Mn 0.1 3.5E+02 6.8E-‐01 3.4E+02 5.8E-‐02 2.0
Mo 0.05 0.64 0.00 0.68 -‐0.01 4.6
Nb 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Nd 0.005 1.485 0.046 0.164 0.937 14.7
Ni 0.2 1.0 0.0 0.9 0.5 40.3
Pb 0.01 0.24 <0.010 0.02 <0.010 <0.010
Pr 0.005 0.420 0.013 0.047 0.938 17.3
Rb 0.05 13.0 0.01 12.7 0.02 -‐0.5
Re 0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 0.06 0.00 0.02 0.79 18.5
Se 1.000 <	  1 <	  1 <	  1 <	  1 <	  1
Sm 0.005 0.250 0.008 0.025 0.939 9.4
Sn 0.01 0.02 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Sr 0.5 6.8E+02 5.0E-‐01 6.6E+02 2.2E-‐02 -‐0.5
Ta 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 0.056 <	  0.005 0.006 <	  0.005 <	  0.005
Te 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 0.40 <0.020 0.03 <0.020 <0.020
Ti 0.5 1.6 0.0 1.4 0.2 8.6
Tl 0.005 0.006 0.000 0.006 0.127 4.7
Tm 0.005 0.044 0.001 0.009 0.842 7.7
U 0.005 30.280 0.112 27.768 0.111 2.7
V 0.1 0.2 <	  0.1 0.1 <	  0.1 <	  0.1
W 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Y 0.01 3.81 0.11 0.71 0.86 7.7
Yb 0.005 0.268 0.007 0.069 0.791 8.9
Zn 0.5 2.4 0.0 1.6 0.2 -‐19.9
Zr 0.05 0.07 <	  0.05 <	  0.05 <	  0.05 <	  0.05

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW2,	  October	  2011	  for	  Samples	  Run	  by	  ICP-‐MS
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Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppb)

Concentration	  of	  
Colloid	  Fraction	  

(ppb)

Concentraton	  of	  Truly	  
Dissolved	  Fraction	  

(ppb)

Retention	  
Coefficient

Loss	  Percent	  
(%)

Ag 0.005 0.098 0.000 0.246 -‐0.155 54.1
Al 2 2.E+01 -‐4.E+00 9.E+02 -‐9.E+00 81.9
As 0.1 0.1 0.0 2.0 -‐0.3 90.9
B 0.5 5.1E+02 6.4E-‐03 5.3E+02 4.8E-‐04 4.0
Ba 0.2 1.4E+01 -‐2.0E-‐02 1.8E+01 -‐5.3E-‐02 14.9
Be 0.005 0.438 -‐0.003 1.129 -‐0.232 52.4
Bi 0.02 <	  0.02 <	  0.02 0.17 <	  0.02 <	  0.02
Cd 0.02 0.02 0.00 0.05 -‐0.17 48.3
Ce 0.01 0.12 -‐0.13 21.6 -‐39.8 77.5
Co 0.05 3.01 0.00 3.34 -‐0.02 7.7
Cr 0.1 0.2 0.0 1.4 -‐0.1 88.2
Cs 0.010 0.10 0.00 0.10 -‐0.02 3.9
Cu 0.1 0.4 0.0 1.8 -‐0.4 69.7
Dy 0.005 0.022 -‐0.014 2.054 -‐23.251 74.3
Er 0.005 0.041 -‐0.011 1.818 -‐10.242 75.3
Eu 0.005 <	  0.005 <	  0.005 0.160 <	  0.005 <	  0.005
Ga 0.01 0.04 0.00 0.01 0.00 -‐150.0
Gd 0.005 0.008 -‐0.011 1.597 -‐48.695 75.1
Ge 0.02 0.07 0.00 0.09 -‐0.04 20.5
Hf 0.01 <	  0.01 <	  0.01 0.01 <	  0.01 <	  0.01
Ho 0.005 0.008 -‐0.003 0.561 -‐15.571 75.8
In 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 0.35 -‐0.10 20.1 -‐11.0 79.7
Li 0.02 44.5 -‐0.02 46.2 -‐0.02 1.9
Lu 0.005 0.015 -‐0.001 0.210 -‐3.068 72.0
Mo 0.05 2.15 0.00 2.41 -‐0.05 6.5
Nb 0.01 <	  0.01 <	  0.01 0.02 <	  0.01 <	  0.01
Nd 0.005 0.032 -‐0.042 6.675 -‐49.640 76.6
Ni 0.2 5.4 0.0 6.7 -‐0.1 10.2
Pb 0.01 0.04 0.00 0.35 -‐0.05 88.7
Pr 0.005 0.009 -‐0.012 1.920 -‐47.628 76.8
Rb 0.05 14.3 0.00 14.9 -‐0.01 3.4
Re 0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 <	  0.01 <	  0.01 0.18 <	  0.01 <	  0.01
Se 1 <	  1 <	  1 <	  1 <	  1 <	  1
Sm 0.005 0.007 -‐0.006 0.985 -‐34.449 75.8
Sn 0.01 0.04 0.00 0.11 -‐0.22 61.6
Sr 0.5 8.3E+02 -‐7.0E-‐01 8.9E+02 -‐3.2E-‐02 3.7
Ta 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 <	  0.005 <	  0.005 0.271 <	  0.005 <	  0.005
Te 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 <	  0.02 <	  0.02 0.35 <	  0.02 <	  0.02
Tl 0.005 <	  0.005 <	  0.005 0.006 <	  0.005 <	  0.005
Tm 0.005 0.009 -‐0.002 0.253 -‐6.283 74.2
U 0.005 20.625 -‐0.013 23.907 -‐0.023 11.8
V 0.1 <	  0.1 <	  0.1 0.2 <	  0.1 <	  0.1
W 0.02 0.22 0.00 0.32 -‐0.15 23.2
Y 0.01 0.78 -‐0.22 39.9 -‐10.4 78.2
Yb 0.005 0.071 -‐0.009 1.506 -‐4.631 74.1
Zn 0.5 6.7 -‐0.1 21 -‐0.3 57.3
Zr 0.05 <	  0.05 <	  0.05 0.34 <	  0.05 <	  0.05

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW1,	  July	  2012	  for	  Samples	  Run	  by	  ICP-‐MS



 

332 

 

 

Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppb)

Concentration	  of	  
Colloid	  Fraction	  

(ppb)

Concentraton	  of	  
Truly	  Dissolved	  
Fraction	  (ppb)

Retention	  
Coefficient

Loss	  Percent	  
(%)

Ag 0.005 0.258 0.004 0.199 0.670 55.2
Al 2 2.E+01 4.E-‐01 1.E+01 7.E-‐01 44.4
As 0.1 0.7 0.0 0.4 0.6 20.0
B 0.5 3.0E+02 -‐5.7E-‐02 3.1E+02 -‐7.7E-‐03 1.9
Ba 0.2 14 0.0 13 0.1 2.4
Be 0.005 0.213 0.003 0.138 0.500 20.8
Bi 0.02 0.14 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Cd 0.02 0.04 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Ce 0.01 3.82 0.09 0.40 0.98 55.7
Co 0.05 0.13 <	  0.05 <	  0.05 <	  0.05 <	  0.05
Cr 0.1 0.5 0.0 0.2 0.7 -‐5.4
Cs 0.01 0.11 0.00 0.11 0.04 2.6
Cu 0.1 2.4 0.0 0.7 0.8 13.6
Dy 0.005 0.473 0.011 0.055 0.962 47.4
Er 0.005 0.365 0.008 0.053 0.935 39.7
Eu 0.005 0.053 <0.005 0.006 <0.005 <0.005
Ga 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Gd 0.005 0.406 0.010 0.048 0.966 50.8
Ge 0.02 0.04 0.00 0.04 0.19 19.0
Hf 0.01 <	  0.01 <	  0.01 0.036 <	  0.01 <	  0.01
Ho 0.005 0.115 0.003 0.014 0.949 40.3
In 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
La 0.01 3.14 0.07 0.39 0.95 42.4
Li 0.02 28 0.02 29 0.02 3.6
Lu 0.005 0.044 0.001 0.012 0.813 21.5
Mo 0.05 1.20 0.00 1.15 0.07 2.6
Nb 0.01 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Nd 0.005 1.828 0.044 0.201 0.974 54.1
Ni 0.2 2.6 0.0 1.4 0.4 <	  0.05
Pb 0.01 0.69 <0.01 0.04 <0.01 <0.01
Pr 0.005 0.514 0.012 0.056 0.974 54.5
Rb 0.05 11.3 0.00 11.4 0.00 0.7
Re 0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005 <	  0.005
Sb 0.01 0.60 0.01 0.03 0.96 -‐26.5
Se 1 <	  1 <	  1 <	  1 <	  1 <	  1
Sm 0.005 0.310 0.007 0.033 0.972 52.0
Sn 0.01 0.09 0.00 0.03 0.71 5.3
Sr 0.5 5.5E+02 3.3E-‐01 5.4E+02 2.4E-‐02 0.1
Ta 0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01 <	  0.01
Tb 0.005 0.069 <0.005 0.009 <0.005 <0.005
Te 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Th 0.02 0.62 <	  0.02 0.08 <	  0.02 <	  0.02
Tl 0.005 0.008 0.000 0.008 0.136 14.3
Tm 0.005 0.052 <0.005 0.009 <0.005 <0.005
U 0.005 20.83 0.059 18.27 0.115 -‐1.2
V 0.1 0.3 <	  0.1 <	  0.1 <	  0.1 <	  0.1
W 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Y 0.01 4.07 0.09 0.62 0.93 37.0
Yb 0.005 0.312 0.007 0.065 0.861 22.7
Zn 0.5 7.8 0.2 1.4 0.9 18.0
Zr 0.05 0.25 <0.05 0.061 <0.05 <0.05

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW2,	  July	  2012	  for	  Samples	  Run	  by	  ICP-‐MS
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Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppm)

Concentration	  of	  
Colloid	  Fraction	  

(ppm)

Concentraton	  of	  
Truly	  Dissolved	  
Fraction	  (ppm)

Retention	  
Coefficient

Loss	  Percent	  
(%)

Br 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 294 0.32 282 0.04 0.1
Cl 0.1 9.0 0.0 7.6 0.1 -‐8.0
Fe 0.005 13.85 0.346 2.519 0.932 49.2
K 0.05 3.72 0.00 3.70 0.00 -‐0.6
Mg 0.005 43.50 0.048 41.39 0.041 -‐0.9
Na 0.05 11.1 0.00 11.0 0.00 -‐1.0
P 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 286 0.18 277 0.02 -‐1.1
Sc 0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 20.6 0.12 17.0 0.21 3.5

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW1,	  October	  2011	  for	  Samples	  Run	  by	  ICP-‐ES

Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppm)

Concentration	  of	  Colloid	  
Fraction	  (ppm)

Concentraton	  of	  Truly	  
Dissolved	  Fraction	  

(ppm)

Retention	  
Coefficient

Loss	  
Percent	  (%)

Br 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 2.32E+02 1.43E-‐01 2.26E+02 1.85E-‐02 -‐0.7
Cl 0.1 8.5 0.0 7.6 0.1 2.5
Fe 0.005 0.723 <0.005 0.036 <0.005 <0.005
K 0.05 3.19 0.00 3.33 0.02 5.7
Mg 0.005 34.45 0.036 33.06 0.031 -‐1.1
Na 0.05 9.08 0.00 9.08 0.01 0.5
P 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 2.21E+02 2.88E-‐01 2.15E+02 3.92E-‐02 1.2
Sc 0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 8.33 0.01 8.04 0.03 -‐0.2

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW2,	  October	  2011	  for	  Samples	  Run	  by	  ICP-‐ES
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Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppm)

Concentration	  of	  
Colloid	  Fraction	  

(ppm)

Concentraton	  of	  Truly	  
Dissolved	  Fraction	  

(ppm)

Retention	  
Coefficient

Loss	  Percent	  
(%)

Br 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 2.89E+02 -‐1.39E-‐01 3.05E+02 -‐1.81E-‐02 3.6
Cl 0.1 8.1 0.0 9.2 0.0 12.1
Fe 0.005 1.958 -‐0.044 14.745 -‐0.850 75.7
K 0.05 3.76 0.00 3.97 0.01 6.3
Mg 0.005 46.090 0.029 48.153 0.024 6.5
Mn 0.005 3.926 0.002 4.143 0.022 7.3
Na 0.05 11.7 0.00 12.1 0.01 4.1
P 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 2.86E+02 -‐1.68E-‐01 3.01E+02 -‐2.21E-‐02 2.9
Sc 0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 15.9 -‐0.01 19.4 -‐0.01 17.0
Ti 0.002 <	  0.002 <	  0.002 <	  0.002 <	  0.002 <	  0.002

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW1,	  July	  2012	  for	  Samples	  Run	  by	  ICP-‐ES

Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppm)

Concentration	  of	  
Colloid	  Fraction	  

(ppm)

Concentraton	  of	  
Truly	  Dissolved	  
Fraction	  (ppm)

Retention	  
Coefficient

Loss	  Percent	  
(%)

Br 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
Ca 0.02 1.98E+02 2.46E-‐01 1.90E+02 5.05E-‐02 0.7
Cl 0.1 6.2 0.0 5.4 0.1 -‐4.0
Fe 0.005 1.261 <0.005 0.105 <0.005 <0.005
K 0.05 2.76 0.01 2.58 0.08 0.8
Mg 0.005 29.671 0.043 28.042 0.060 0.3
Mn 0.001 0.398 0.003 0.288 0.292 1.1
Na 0.05 7.99 0.01 7.71 0.05 0.9
P 0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05 <	  0.05
S 0.05 1.84E+02 2.25E-‐01 1.76E+02 4.98E-‐02 0.9
Sc 0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001 <	  0.001
Si 0.02 7.83 0.01 7.57 0.04 0.4
Ti 0.002 <	  0.002 <	  0.002 <	  0.002 <	  0.002 <	  0.002

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW2,	  July	  2012	  for	  Samples	  Run	  by	  ICP-‐ES
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Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppm)

Concentration	  of	  
Colloid	  Fraction	  

(ppm)

Concentraton	  of	  
Truly	  Dissolved	  
Fraction	  (ppm)

Retention	  
Coefficient

Loss	  Percent	  
(%)

Br 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Cl 0.01 9.29 0.03 7.78 0.10 -‐7.7
F 0.01 5.64 0.00 5.62 0.00 -‐0.7

NO3 0.02 0.27 0.00 0.25 0.10 3.7
PO4 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
SO4 0.02 848 0.61 824 0.03 -‐0.3

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW1,	  October	  2011	  for	  Samples	  Run	  by	  Dionex

Element
Detection	  
Limit

Concentration	  in	  
<0.45	  um	  Fraction	  

(ppm)

Concentration	  of	  Colloid	  
Fraction	  (ppm)

Concentraton	  of	  Truly	  
Dissolved	  Fraction	  

(ppm)

Retention	  
Coefficient

Loss	  
Percent	  (%)

Br 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
Cl 0.01 8.40 0.03 7.66 0.10 1.3
F 0.01 3.71 -‐0.01 3.90 -‐0.05 0.3

NO3 0.02 <	  0.02 <	  0.02 0.04 <	  0.02 <	  0.02
PO4 0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02 <	  0.02
SO4 0.02 6.37E+02 -‐1.56E-‐01 6.41E+02 -‐7.35E-‐03 0.0

Concentrations,	  Retention	  Coefficients	  and	  Loss	  %	  for	  Elements	  in	  SW2,	  October	  2011	  for	  Samples	  Run	  by	  Dionex
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Appendix I 

X-Ray Diffraction Summary 

Bulk samples of tailings, stream sediments, hardpan, pebble coatings, and wetland sediments that 

have been analyzed by XRD. 
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Sample Depth Sub-‐Sample Colour Bulk	  XRD	  Results uXRD	  Results
2-‐5	  cm AL-‐S1 Brown-‐red Quartz,	  albite,	  orthoclase,	  phlogopite
5-‐7	  cm AL-‐S2 Grey-‐red Quartz,	  albite,	  phlogopite
7-‐9	  cm AL-‐S3 Red-‐brown Quartz,	  albite,	  phlogopite
11-‐15	  cm AL-‐S4 Red-‐brown Quartz,	  albite,	  phlogopite Maghemite,	  franklinite,	  birnessite
17-‐19	  cm AL-‐S5 Brown-‐red Quartz,	  albite,	  orthoclase,	  phlogopite
19-‐24	  cm AL-‐S6 Brown-‐red Quartz,	  albite,	  orthoclase,	  phlogopite
24-‐27.5	  cm AL-‐S7 Light	  grey Quartz,	  albite,	  orthoclase,	  phlogopite
27.5-‐29.5	  cm AL-‐S8 Grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
29.5-‐32	  cm AL-‐S9 Darker	  grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
32-‐34	  cm AL-‐S10 Darker	  grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
1-‐3	  cm RP-‐S1 Orange-‐red Quartz,	  albite,	  phlogopite
0-‐4.5	  cm RP-‐S2 Grey-‐brown Quartz,	  montmorillonite
4.5-‐7	  cm RP-‐S3 Grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
7-‐9	  cm RP-‐S4 Grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
9-‐11	  cm RP-‐S5 Grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
11-‐13	  cm RP-‐S6 Grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
13-‐14	  cm RP-‐S7 Grey-‐black Quartz,	  anorthite
14-‐18.5	  cm RP-‐S8 Grey-‐brown Quartz,	  anorthite,	  phlogopite,	  rutile
18.5-‐20	  cm RP-‐S9 Grey-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
20-‐24	  cm RP-‐S10 Grey-‐brown Quartz,	  anorthite
24-‐26	  cm RP-‐S11 Grey-‐brown Quartz,	  albite,	  phlogopite
26-‐28	  cm RP-‐S12 Orange-‐red Quartz,	  albite
28-‐30	  cm RP-‐S13 Grey-‐brown Quartz,	  anorthite
Surface S1 Orange-‐red Quartz,	  anorthite,	  orthoclase,	  phlogopite,	  carbon

Surface
S2

Orange-‐red Quartz,	  rutile,	  carbon
Birnessite,	  bastnastite(Ce),	  anatase(Ce),	  quartz,	  
magnesite,	  ceria,	  gibbsite

Surface S3 Red-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite,	  rutile
Surface S4 Orange-‐brown Quartz,	  albite

Surface
S4-‐Peb

Yellow-‐brown
Quartz,	  albite,	  orthoclase,	  phlogopite Goethite,	  birnessite,	  maghemite,	  akaganeite,	  cassiterite,	  

laumontite

Surface
S4-‐HP Yellow-‐orange	  to	  

grey-‐brown
Quartz,	  albite,	  orthoclase,	  phlogopite

Goethite,	  birnessite,	  quartz,	  ferrihydrite,	  maghemite

Surface
S5 Red-‐brown	  to	  grey-‐

brown
Quartz,	  albite,	  phlogopite

Surface S6 Brown-‐black Quartz,	  albite,	  phlogopite
Surface S7 Grey-‐brown Quartz,	  albite,	  phlogopite
Surface S7-‐Peb Brown-‐black Quartz,	  phlogopite Lepidocrocite,	  birnessite,	  todorokite,	  quartz,	  laumontite
Surface S8 Red-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite
Surface S9 Yellow-‐brown Quartz,	  albite,	  orthoclase,	  phlogopite

C1

C2

SS

Goethite,	  birnessite,	  hematite,	  lepidocrocite

Goethite

Uraninite,	  birnessite,	  goethite
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Appendix J 

Budget for Field and Analytical Work Conducted  

Summary of expenses to complete the field and analytical work within this thesis.  
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Item	  or	  Analysis Expense	  Description $	  per	  Sample
$	  per	  
Day	  or	  
Hour

#	  of	  
Samples/Days

/Hours
Total	  $

Use	  of	  Sector	  20-‐ID	  Beamline -‐ $10,000 6	  days $60,000
Accomodation	  (2	  personnel) -‐ $150 10	  days $1,500
Per	  Diem	  (2	  personnel) -‐ $100 10	  days $1,000
Flights	  (Kingston-‐Chicago	  for	  2	  personnel) -‐ $850 2	  trips $1,700
Flights	  (Chicago-‐Kingston	  for	  2	  personnel) -‐ $850 2	  trips $1,700
Car	  Rental	  (rental,	  gas,	  mileage) -‐ $100 10	  days $1,000
Assistance	  (for	  24	  operations) -‐ $36 104	  hours $3,744
Shipment	  of	  Radioactive	  Samples -‐ -‐ -‐ $150
Use	  of	  X26A	  Beamline -‐ $10,000 5	  days $50,000
Use	  of	  X27A	  Beamline -‐ $10,000 1	  day $10,000
Accomodations -‐ $41 10	  days $410
Per	  Diem -‐ $50 11	  days $550
Car	  Rental	  (rental,	  gas,	  mileage) -‐ $100 11	  days $1,100
Accomodations	  (per	  personnel) -‐ $140 7	  days $980
Per	  Diem	  (2	  personnel) -‐ $50 13	  days $650
Car	  Rental	  (rental,	  gas,	  mileage) -‐ $100 9	  days $900
Field	  Assistance -‐ $36 33.5	  hours $1,206
Liftable	  Thin	  Sections $60 -‐ 9	  samples $540
Shipment	  of	  Thin	  Sections -‐ -‐ -‐ $100

XRD	  Analyses Use	  of	  XRD	  @	  Queen's	  University $20 -‐ 43	  samples $860
SEM	  Analyses Use	  of	  SEM	  @	  Queen's	  University -‐ $45 60	  hours $2,700
ACME	  Bulk	  Chemistry	  Analyses	  of	  Sediments ICP-‐MS	  and	  ICP-‐ES	  Analyses $25.05 -‐ 43	  samples $1,077
ACME	  Bulk	  Chemistry	  Analyses	  of	  Waters ICP-‐MS	  and	  ICP-‐ES	  Analyses $30.45 -‐ 9	  samples $274
Supplies Consumables:	  standards,	  epoxy,	  petri	  

dishes,	  kapton	  tape,	  sample	  containers,	  
acetone

-‐ -‐ -‐
$2,000

Student	  Stipend/Scholarships Marie	  Mottashed	  and	  NSERC	  Scholarships -‐ -‐ -‐ $45,000

$189,141TOTAL

Budget	  for	  Analytical	  Thesis	  Work	  Performed

Synchrotron	  Micro-‐Analysis	  @	  APS

Synchrotron	  Micro-‐Analysis	  @	  NSLS

Field	  Work

Production	  of	  Liftable	  Thin	  Sections
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