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Abstract 

Increased demand for rare earth elements (REEs) for applications in modern technologies 

has led to an increase in REE exploration. Several deposits are expected to begin mining within a 

decade, but few studies have examined the possible environmental effects created by these mines.  

Metal toxicity is thought to be greater in aqueous environments when metals occur as free ions 

rather than complexes, and the speciation can also impact the treatment technologies utilized to 

reduce metal concentrations. This research investigates the mineralogical source of REEs and the 

mechanism of REE mobility in low-temperature waters that have interacted with pilot plant 

tailings from the Nechalacho deposit, Northwest Territories. The Nechalacho deposit is owned by 

Avalon Rare Metals Inc. and located approximately 100 km east of Yellowknife. The deposit is 

hosted within a hydrothermally altered layered nepheline-sodalite syenite in the peralkaline 

Blatchford Lake complex. The main REE ore minerals are zircon, fergusonite, allanite, monazite, 

bastnäsite, and synchisite-parasite. Characterization of the tailings using mineral liberation 

analyzer (MLA) show that the ore minerals are fine grained and well liberated. Bastnäsite and 

synchisite-parasite are the only potentially soluble ore minerals at low temperature and near-

neutral pH. Shake flask experiments were designed to simulate the interaction of tailings with 

three different leach waters to identify soluble phases and mobile elements. Decanted solutions 

from the shake flasks were filtered to 0.45µm and 0.01µm. Speciation modelling of the 0.01µm 

filtrate suggests that carbonate ligands will form the dominant complexes with the REEs, and 

<2% occur as free metal ions. Higher proportions of LREEs (1-6%) occur as free metal ions than 

HREEs (<1%) and LREEs occur in higher concentrations (2 to 8 times greater) than the HREE. 

REEs were found in the colloidal fraction ([REEcolloid] = [REE0.45µm] – [REE0.01µm]). Ionic strength 

is the dominant control on distribution of REEs between colloidal and dissolved fraction. Colloids 

captured on filters from ultrafiltration analyzed using scanning electron microscopy and 

synchrotron microanalysis show REEs are hosted in colloidal rare earth minerals (e.g. zircon) and 



 

 

iii 

also show colloidal humic acid, Fe-oxides and Mn-oxides. Speciation modeling shows that REE 

sorption to these phases is probable. 
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Chapter 1 

Introduction 

1.1 Introduction to the rare earth elements 

The rare earth elements (REEs), also known as the lanthanides, include La to Lu of 

Group IIIA in the periodic table. Often included in REE studies is another Group IIIA element, Y 

owing to its similar properties, and occasionally Sc, although its considerably smaller ionic radius 

results in different properties and will not be discussed further here. All of the elements share 

very similar chemical and physical properties, which are discussed further in Chapter 2.  The 

REEs are often subdivided into the light REEs (LREE), La to Sm, and the heavy REEs (HREE), 

Eu to Lu, which may also usually include Y (hence are often referred to as YREE). The REE may 

be subdivided further into the LREEs, middle REEs (MREEs), and HREEs, in which case each 

classification includes La to Nd, Pm to Ho, and Er to Lu as well as Y, respectively, although 

definitions vary throughout the literature (Henderson 1984). 

The first use of REEs occurred in 1883 with the development of incandescent gas mantles 

containing rare earth oxides (REO), although they were soon replaced by the use of Th (Neary & 

Highley 1984). Since then, the REEs have become increasingly important in modern technology. 

While they share very similar chemical and physical properties, as mentioned above, it is their 

slight differences that lead to the REEs different end uses. The REEs are used in many ways 

(Figure 1.1) including automobile catalysts and catalysts in the petroleum refining process, in 

phosphors for flat panel displays (TVs, cell phones, laptops, etc.), as well as for permanent 

magnets and medical devices. The REEs are also used in a large portion of green technology such 

as rechargeable batteries for hybrid and electric cars, and in the newest generation of wind-

turbines. They have recently been labeled as a strategic resource, likely due to their application in 
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jet fighter engines, missile guidance systems, antimissile defence, satellite and communication 

systems and other military technology (Humphries 2011, 2012, 2013). 

From the mid-1960’s and throughout the 1980’s MolyCorp’s Mountain Pass mine in 

California was the world’s dominant source of REEs. However, in the late 1980’s and early 

1990’s, China with lower cost production flooded the market with REEs eventually  resulting in 

western competitor Molycorp to cease production in 2002 (which has since restarted production 

as of 2012) who was also dealing with a number of environmental (e.g. spilled contaminated 

water) and regulatory issues (Humphries 2011, 2012, 2013). As a result China now produces 97% 

of the world’s REEs (Figure 1.3) and is the leading nation in regards of the expertise to process 

and refine them. China’s monopoly of production does not resemble the world distribution of 

REE reserves. According to the USGS, the world’s reserves are about 110 million metric tonnes 

with China holding around half of these (Figure 1.3) – it is the serious lack of expertise outside of 

China for REE separation, refining, alloying and fabricating which will hamper the Western 

supply chain (Humphries 2011, 2012, 2013). However, with the increase of use in modern 

technologies, coupled with a changing global economy – where over half of the world’s 

population belong to nations with emerging economies (e.g. China 1.3 billion, India 1.0 billion) 

who have increased access to this technology – demand for REE has been steadily increasing 

(Kingsnorth 2011). Demand for the REE is forecast to increase dramatically over the next decade, 

with some estimates suggesting that in 2021 the demand will be nearly double the present value 

of 130,000 metric tonnes per year (Humphries 2011, 2012, 2013; Kingsnorth 2011). To put the 

amount of REE production in perspective, Au and Cu production for 2012 were 2649 metric 

tonnes (U.S. Geological Survey 2014) and 16.9 million metric tonnes (U.S. Geological Survey 

2014), respectively. In the past China has had the ability to control the REE prices by stockpiling 

to increase prices and flooding the market to lower prices and keep competition from developing. 

However, China will longer be able to increase production enough to lower prices or meet this 
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rising demand. Additionally, China’s cost of production is rising due to lower grade ores, rising 

labour costs, and growing social and environmental costs (Humphries 2011, 2012, 2013). 

 

Figure 1.1 Examples of REE use in modern technology for the U.S. in blue, and the World in 

grey, during a) 2010 and b) forecast for 2015 (Humphries 2011). 

 

Figure 1.2 Supply and demand for REEs beginning in 2005, as well as the forecasted numbers for 

up to 2015 (Kingsnorth 2011). 
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Figure 1.3 World map showing distribution of REE production and reserves. These numbers are 

also shown in the pie charts below. The arrows represent REE imports to the US (Humphries, 

2011) 
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1.2 Nechalacho rare earth element deposit 

Avalon Rare Metals Inc.’s (Avalon) Nechalacho deposit is located at Thor Lake, 

approximately 100 km southeast of Yellowknife, Northwest Territories and 5 km north of the 

Hearne Channel, Great Slave Lake (Figure 1.4). It is considered one of the largest deposits of the 

HREEs worldwide and is Canada’s most advanced REE project to date (Castor 2008, Humphries 

2012). 

The Blatchford Lake intrusive suite (BLIS) is situated on the southern margin of the 

Slave craton adjacent to the Athapuscow Aulacogen (represented by the eastern arm of Great 

Slave Lake) (Hoffman 1973, Hoffman et al. 1974, Davidson 1978, Bowring et al. 1984). The 

entire intrusive suite has been intruded into Archean metasedimentary rocks, granite and 

granodiorite plutons (Figure 1.4) (Mumford 2013). The BLIS can be divided into two groups 

based on crosscutting relationships and chemistry: the older subalkaline-alkaline western lobe 

composed of mafic and ultramafic rocks, and metaluminous granites and syenites, and a 

peralkaline eastern lobe composed of granite, syenite, and nepheline syenite (Davidson 1981, 

Mumford 2013). Located at the centre of the BLIS is the Thor Lake syenite (Figure 1.4), dated at 

2176 ± 1.6 Ma (Mumford 2013), within lies the younger Nechalacho layered alkaline suite at 

2164 ± 11 Ma (Mumford 2013) which hosts the majority of the REE mineralization at Thor Lake. 

Mineralization in the deposit has been dated at 2094 ± 10 Ma (Bowring et al. 1984). 
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Figure 1.4 Geologic map of the Blatchford Lake Intrusive Complex showing the location of the 

Nechalacho deposit as well as the adjacent T-zone deposit at Avalon’s Thor Lake property 

(Sheard et al. 2012). 
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The Nechalacho layered alkaline suite is a sequence of silica undersaturated rocks that 

have increasing alkalinity with depth. There is little of the suite exposed at the surface, but based 

on intersections in drill core the current model is a dome-shaped body that dips below the Thor 

Lake Syenite in all directions (Figure 1.5). The suite is > 1.5 km diameter and has a depth of at 

least 300 m (current depth of drilling) although the full extent is unknown. Progressing 

downwards through the sub-horizontal layers of the cross section, the suite consists of a sodalite 

roof cumulate, a medium to coarse-grained to aegirine syenite with pegmatitic and foyaitic lenses, 

and a foyaitic aegirine nepheline syenite with layers of zircon-bearing pseudomorphs. The 

strongly altered aegirine syenite is host to a 15 to 30 m thick upper mineralized zone (upper zone) 

and the foyaitic aegirine nepheline syenite hosts a 15 to 60 m thick lower mineralized zone (basal 

zone). In some drill holes the mineralized zones are separated by unmineralized rocks while in 

other holes the upper zone may grade directly into the basal zone. The REE distribution can be 

correlated to depth, with the LREE concentrated in the upper portion of the deposit, and the 

HREE more concentrated at depth.  The ore mineralogy can similarly be divided, with the LREE 

hosted mainly by monazite, allanite, bastnäsite, and synchisite-parisite, whereas the HREE are 

hosted in fergusonite and zircon (Table 1.1). The ore mineralogy is broadly similar between the 

upper mineralized zone (upper zone) and the lower mineralized zone (basal zone) however 

differences include changes in relative proportions of HREE and LREE minerals between the two 

zones and the texture that these minerals occur in. The upper zone has a higher ratio of LREE to 

HREE bearing minerals than the basal zone as suggested by the chemical analysis mentioned 

above (Sheard et al. 2012). 
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Figure 1.5 Suboutcrop geology map of the Nechalacho deposit with a north-south cross section 

showing the relationship of the host rocks and mineralized zones (Sheard et al. 2012). 
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The fluorocarbonates bastnäsite and synchisite-parisite are present in close association 

with fluorite and calcite in the upper zone, generally occurring as fine-grained disseminations 

interstitial to biotite, magnetite and zircon and more rarely forming rims around zircon and 

allanite. The REE-bearing fluorocarbonates are often intergrown with each other. Allanite occurs 

largely in the upper zone as fine anhedral grains or in more massive clusters which are commonly 

interstitial to zircon. Monazite is found mainly in the upper zone as elongate needles or as tiny 

grains replacing the interiors of zircon, K-feldspar, quartz and biotite. In the basal zone, these 

LREE-bearing minerals occur in predominantly as intimate intergrowths with HREE-bearing 

minerals in pseudomorphs after probable eudialyte 

(Na15Ca6(Fe
2+

,Mn
2+

)3Zr3(Si25O73)(O,OH,H2O)3(OH,Cl)2) (Sheard et al. 2012). 

Sheard et al. (2012) described three different types of zircon in the Nechalacho deposit. 

Type 1 zircons are euhedral, zoned crystals 30 µm to 60 µm in size and almost exclusive to the 

upper zone. These zircons may occur as isolated crystals or in wavy laminations that are parallel 

to igneous layering. A subset of this zircon type is interpreted to be mechanically remobilized, 

occurring as clots, irregular streaks and in veinlets. Type 2 zircons are 10 µm to 30 µm anhedral 

grains that occur within pseudomorphs after probable eudialyte. This second type represents the 

majority of zircon in the basal zone. The third type of zircon is uncommon, occurring mainly in 

the upper zone as in irregular patches and zones of brecciation (Sheard et al. 2012). Smith et al. 

(1991) documented local metamictization of some zircon in the Nechalacho deposit. Fergusonite 

occurs in both the upper and basal zones, although it is much more abundant in the latter. 

Fergusonite occurs as very fine anhedral grains that are adjacent to zircon in the upper zone, but 

in the basal zone occurs in pseudomorphs after eudialyte (Sheard et al. 2012).   

The hydrothermal alteration of the deposit is pervasive and not restricted to the igneous 

layering. The dominant alteration minerals in the mineralized zones are magnetite and biotite, and 

are spatially associated with the ore minerals in the upper and basal zones. Other alteration 
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minerals in the deposit include hematite, chlorite, illite, muscovite, calcite, quartz, fluorite, and 

albite with lesser amounts of ankerite, siderite, kutnahorite (Ca(Mn,Mg,Fe)(CO3)2), scapolite, 

pyrite, and sphalerite, however not all of these are found in the ore zones (Sheard et al., 2012). 

 

Elements of 

Interest 

Mineral Formula 

LREE 

Bastnasite-(Ce) Ce(CO3)F 

Synchisite-Parisite-(Ce) Ca(Ce,La)(CO3)2F - Ca(Ce,La)2(CO3)3F2 

Monazite-(Ce) (Ce,La,Nd,Th)PO4 

Allanite-(Ce) Ca(La,Y,Ce)(Al2Fe2+)Si3O12 

HREE Zircon ZrSiO4 

HREE/Nb Fergusonite-(Y) YNbO4 

Nb Columbite (Fe,Mn)Nb2O6 

Table 1.1  A list of ore minerals and their compositions from the Nechalacho deposit 

 

1.3 Proposed Mineral Processing Plan 

 Because of the similar chemical and physical properties of the REEs, the isolation of 

individual REEs requires costly separation and fractionation processes and has been historically 

difficult to achieve on an economic scale (Habashi 2012). Outside of China, there is little 

expertise in separating, processing and refining REE ores (Humphries 2012). The processing of 

the Nechalacho ore will be comprised of two separate phases; a flotation plant on site at the mine 

(Avalon 2011), and a hydrometallurgical plant in Louisiana (Avalon 2014). The mineral 

concentrate from the Nechalacho flotation plant will be shipped by barge across Great Slave Lake 

to Hay River where it will then be shipped by rail to Louisiana. As of March 2014, Avalon had 

entered into an agreement with Solvay to further process Avalon’s REE concentrate into pure rare 

earth oxides (Avalon 2014). 

1.3.1 Flotation Plant 

 The Nechalacho deposit is to be an underground mining operation. The ore will be 

initially crushed to between 9 and 13 mm underground allowing Avalon to keep minimal ore 
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stockpiles on the surface located in ore bins. The crushed ore will then be fed to undergo grinding 

to achieve an 80% passing size of 37 µm. For the tailings used in this study, at this stage the 

slimes (particles <8 µm) were removed directly to the tailings (Avalon 2011). However, due to 

significant loses of REE minerals in the slimes (H. Notzl, personal communication, March 28, 

2012); the slimes are now retained for further separation (Avalon 2013). 

 

 

 

    

Figure 1.6 Simplified flow sheet for the Nechalacho flotation plant 

 

The feed will then proceed to the magnetic separation for the removal of magnetite. In the 

first stage of magnetic separation, magnetic particles collected will be fed into a second magnetic 

separation while the non-magnetics will proceed through the processing plant. In the second stage 

of magnetic separation, smaller particles will proceed directly into the second magnetic separator, 

while large particles will be reground to an 80% passing at 37 µm before being fed into the 

second magnetic separator. Any magnetics separated in this phase will be discharged to the 

tailings (Avalon 2011).  

Grinding 

80% passing at 37 µm 

Magnetic 

Separation 

 

Flotation 

REE Concentrate 

to Hydrometallurgical 

Plant 

 

Tailings 
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Since Avalon’s February 2012 pilot plant tests completed by SGS in Lakefield, ON, the 

remainder of the flotation plant flow sheet has greatly changed. In December 2013 a pilot plant 

studies by SGS optimized a flow sheet that improved REE mineral recovery while reducing both 

capital and operating costs (Avalon 2013). The principal change to the new flow sheet was a 

switch to a superior reagent suite. Additionally the grinding has switched from a ball and rod mill 

combination to a semi-autogenous grind (SAG) mill and eliminated the gravity concentration of 

the final REE mineral concentrate (Avalon 2013). 

 

1.4 Proposed Tailings Management Plan 

The proposed tailings management facility (TMF) will be located northeast of Thor Lake 

in a local catchment that currently hosts Ring Lake and Buck Lake (Figure 1.7). The area was 

selected as it forms a natural basin that will provide adequate storage and minimize embankment 

construction and development costs. Discharge from the TMF will flow into Drizzle Lake, where 

it will follow the natural water course back to Thor Lake via Murky Lake. Ring, Buck and 

Drizzle Lakes have also found to be non-fish-bearing. The discharge point for Avalon’s site 

specific water quality objectives (SSWQO) is at the TMF discharge point into Drizzle Lake 

(Avalon 2011). 

Tailings will be pumped to the TMF from the flotation plant, located southwest of Thor 

Lake. To reduce icing concerns during winter months, tailings discharge into the TMF will be via 

a single end-of-pipe discharge from the tailings deposition pipeline. The tailings discharge will be 

a slurry consistency of 50% solids. Discharge will be cycled between several different locations 

around the TMF creating a relatively flat tailings beach around the edge of the facility with a 

supernatant pond in the center of the TMF. A polishing pond will be constructed on the southeast 

side of the TMF, just west of Drizzle Lake. For the first 5 years of mine life, 100% of the tailings 
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will be pumped to the TMF at which point, approximately 50% of the tailings will start being 

used for paste backfill (Avalon 2011). 

A description of the chemistry of the pilot plant water that will be discharged to the TMF 

and Ring Lake’s chemistry can be found in Chapter 4. Ring Lake chemistry is comparable to the 

other Lakes in the TMF, as well as Drizzle and Murky Lake (Avalon 2011). The chemistry and 

mineralogy of the tailings can be found in Chapter 3. 

 

1.5 Research Objectives 

REEs have been well studied for use as geochemical tracers in natural environments; 

however few studies have examined their behaviour and possible environmental effects of REEs 

released from mining. Metal toxicity is thought to be greater in aqueous environments when 

metals occur as free ions rather than complexes, and the speciation can also impact the treatment 

technologies utilized to reduce metal concentrations. This research investigated the mineralogical 

source of REEs and the mechanism of REE mobility in low-temperature waters that have 

interacted with pilot plant tailings from the Nechalacho deposit, Northwest Territories. The study 

utilized mineral liberation analyzer (MLA) to characterize the tailings in order to determine the 

most likely mineralogical sources of REEs that are available to interact with the environment. 

Shake flask experiments were designed to simulate the interaction of tailings with leach water to 

identify soluble phases and mobile elements. Distilled deionized water, Ring Lake water and 

water from the pilot processing plant will be used at leach waters for the shake flask tests to 

determine the effect of solution chemistry on REE mobility. Ultrafiltration was used to capture 

colloids from the shake flask test decants, which was analyzed using scanning electron 

microscopy (SEM) and synchrotron micro-analysis. Speciation modelling was used to determine 

the dominant REE complexes in the dissolved fraction and the amount of REE sorbed to colloidal 

phases.  
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Figure 1.7 Tailings management facility (TMF) in plan view (Avalon 2011).  
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Chapter 2 

Review of the factors controlling the environmental mobility of rare 

earth elements 

2.1 Introduction 

 The aqueous mobility of rare earth elements (REEs) has commonly been explored in the 

past due to their potential application as tracers of geochemical processes in aqueous systems. 

REE mobility in low-temperature solutions has been shown to be dependent on the pH, 

temperature, ionic strength, and solution chemistry. For example, the aqueous transport of REEs 

can be modified by complexation with organic and inorganic ligands (Johannesson & Zhou 1999, 

Klungness & Byrne 2000, Luo & Byrne 2004, Schijf & Byrne 2004, Tang & Johannesson 2010, 

Wood 1990, 1993), or through sorption to suspended particles and colloids (Bau 1999, Quinn et 

al. 2004, 2006a, 2006b, 2007, Sholkovitz 1995). Here we review the coordination chemistry, 

sorption behaviour and potential colloid association of REEs with respect to low temperature 

aquatic settings. 

 

2.2 Rare earth element chemistry 

REEs include La to Lu of Group IIIA in the periodic table. All share very similar 

chemical and physical properties. Often included in REE studies is another Group IIIA element, 

Y owing to its similar properties, and occasionally Sc, although its considerably smaller ionic 

radius makes for different properties and will not be discussed further here. The REEs are often 

subdivided into the light REEs (LREE), La to Sm, and the heavy REEs (HREE), Eu to Lu, which 

also usually include Y (hence are often referred to as YREE). The REE may be subdivided 

further into the LREEs, middle REEs (MREEs), and HREEs, in which case each classification 
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includes La-Nd, Pm to Ho, and Er to Lu as well as Y, respectively, although definitions vary 

throughout the literature. 

The similar geochemical properties shared by REEs can be explained by the nature of 

their electron configurations, which result in a stable (+III) oxidation state. La has an electron 

configuration of [Xe] 5d
1
s

2
 whereas the next element cerium has a configuration of [Xe] 

4f
1
5d

1
6s

2
. The remaining REEs continue to fill up the 4f sub-shell until it is filled at Yb. The 4f 

electrons are shielded by the electrons in 5s
2
 and 5p

6
 sub-shells, so only the 6s and 5d valence 

electrons contribute significantly to chemical reactions. The result is ionic bonds between the 

REE and the ligand (Henderson 1984, Sinha 1976). This leads the REEs to act uniformly despite 

the increasing number of 4f electrons across the series, and explains their occurrence in nature 

grouped together, rather than as discrete elements (Henderson, 1984). Alternative oxidation states 

for REEs include (+II) and (+IV) however in natural systems this is only significant for Eu (+II) 

under extremely reducing conditions (this is not expected near surface), and for Ce (+IV) in 

oxidizing environments (Henderson 1984, Wood 1990) 

The REEs have a steady decrease in ionic radii with increasing atomic number, known as 

the lanthanide contraction. Imperfect shielding of one electron by another in the 4f orbital results 

in increasing nuclear charge acting on each 4f electron with increasing atomic number, causing 

the steady contraction in ionic radius across the series. This phenomenon also dictates where the 

REEs can substitute for other cations. While all of the REEs have large ionic radii limiting 

substitution, minerals preferentially select REEs based on the size of the coordination polyhedra 

in the mineral, and the  ionic radii of the REEs (e.g. allanite, large polyhedra, prefers LREE; 

zircon, smaller polyhedra, prefers HREE)  (Henderson 1984).  

Ionic radii have also been shown to increase with higher coordination numbers, as in the 

case of lanthanum which has an increase in ionic radius of 0.26 Å when increasing its 

coordination number from 6 to 12. For REEs in solid compounds, coordination numbers range 
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from 3 to 12, although most commonly they are between 6 and 12. The electrostatic nature of the 

bonds means that the preferred complexes in solids formed by the REEs allow the central REE 

ion to remain spherical, while limiting ligand-ligand and metal-metal repulsing forces and 

meeting steric requirements for the ligand (Sinha 1976). For aqueous systems, coordination 

number of 8 for the HREE and 9 for the LREE is most common (Wood 1990). 

REEs are often presented in figures of atomic number versus abundance. Because REEs 

share similar geochemical behaviour, patterns in these diagrams can be very useful in 

understanding geochemical processes that have acted on REEs. However, simply plotting 

abundance versus atomic number will result in a zigzag shape where elements with even atomic 

numbers are more abundant than those with odd atomic numbers. This arises from the nuclei with 

an even numbers of neutrons and protons being more stable than nuclei with odd numbers of 

neutrons and protons (Goldschmidt 1937). Figure 2.1a shows the decrease in abundance of the 

REEs with increasing atomic number. To eliminate this zigzag shape and effects of fractionation, 

the REEs are normalized against an average abundance such as the North American Shale 

Composite (NASC), chondrites, or mid-ocean ridge basalt (MORB) depending on the substance 

being analyzed. This allows patterns to be recognized as in Figure 2.1b. NASC is the preferred 

method of normalization for water analyses (Henderson 1984, Rollinson 1993). 

 A subtle anomaly in this charge and radius controlled geochemical system is known as 

the lanthanide tetrad effect (Figure 2.1b), where irregular REE patterns can be divided into four 

concave-upward segments (Bau 1996, 1999, Wood 1990). The most anomalous elements in this 

pattern, Y, La, Gd and Lu have the electron configuration of [Kr] 4d
0
, [Xe] 4f

0
, [Xe] 4f

7
 and [Xe] 

4f
14

 in their trivalent oxidation state.  These are notable as the first two are similar to noble gases 

resulting in an increased covalent contribution to their dominantly ionic bonds, and the latter two 

have a half-filled and full 4f orbital, respectively. This has been proposed as the possible cause of 

the lanthanide tetrad effect (Bau 1999). However, not all authors support the tetrad effect, 
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suggesting that the subtle anomalies are due to analytical error and citing a lack of conclusive 

evidence (McLennan 1994). 

 

Figure 2.1 REE abundance diagrams, a) abundance in solar system relative to 10
6
 atoms of Si 

(data from Anders & Ebihara, 1982), b) scavenging of REE from seawater by FeOOH at different 

pH, with evidence of the lanthanide tetrad effect (Bau, 1999) 

 

2.3 Complexation and Speciation 

 According to Pearson (1963), the trivalent REEs are classified as hard ions and as such 

preferentially complex with hard ligands that have a highly electronegative donor atom (e.g. F
-
, 

CO3
2-

, SO4
2-

, PO4
3-

, OH
-
), although complexes with other species are known. The bonding in 

these complexes is dominated by electrostatic rather than covalent forces resulting in a range of 

coordination numbers for REEs (Wood 1990).  Wood (1990, 1993) provides a comprehensive 

review of the literature for low temperature aqueous YREE complexation with inorganic ligands 

and organic ligands prior to the 1990’s. The following sections will discuss the complexation of 

the REEs by the ligands most common in natural low-temperature aqueous waters. 
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Figure 2.2 Stability constants for REE complexation in natural waters at 25
o
C with A) carbonate, 

µ = 0 (Luo & Byrne 2004), B) sulfate, µ = 0 (Schijf & Byrne 2004), C) hydroxide, µ = 0 

(Klungness & Byrne 2000), D) phosphate, µ = 0.1 (Liu & Byrne 1997), E) fluoride, µ = 0.015 

(Luo & Byrne 2000), and F) chloride, µ = 0.7 (Luo & Byrne 2001). The vertical scale changes 

between ligands. Data for Pm exists for REE-phosphate complexes as these are calculated values. 
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2.3.1  Carbonate Complexes 

In low-temperature natural waters where pH>6, carbonate complexes of the YREE are 

expected to be the dominant species (Wood 1990). In alkaline waters that have CO2 partial 

pressures equal to or greater than the partial pressure of the atmosphere, YREE complexation is 

usually dominated by the carbonate complexes MCO3
+
 and M(CO3)2

-
. Work by Luo and Byrne 

(2004) indicates that M(CO3)2
- 
is the dominant species at pH>8, MCO3

+
 is the principal dissolved 

carbonate species for pH 5.5 – 8, and free ions, M
3+

, dominate at pH<5.5. Although the pH at 

which [(M(CO3)2
-
] / [ MCO3

-
] = 1 is insensitive to changes in ionic strength, the pH at which 

[MCO3
+
] / [M

3+
] = 1 decreases with increasing ionic strength. As a result, MCO3

+
 becomes 

increasingly important with respect to M
3+

 (Luo & Byrne 2004) in high ionic strength media. 

 

2.3.2 Sulfate Complexes 

In most natural waters YREE complexes with sulfate compose only a minor amount of 

the total dissolved YREE because sulfate concentrations are so low, and SO4
2-

 is a relatively weak 

ligand in comparison to CO3
2-

, OH
-
, F

-
, oxalate and humic acids (Schijf & Byrne 2004). However, 

in environments where free sulfate concentrations are high and these competing ligands are very 

low, sulfate may be the dominant ligand in YREE speciation. These sulfate rich waters are often 

characterized by a low pH and a very low alkalinity and dissolved organic content concentration. 

Sulfate also becomes more important with increasing temperature (Schijf & Byrne 2004). 

Examples of such environments include acid rock drainage (Fernandez-Caliani et al. 2009, 

Gammons et al. 2005, Johannesson & Lyons 1995, Johannesson & Zhou 1999). Interestingly, all 

of these studies indicated enrichment in MREE concentrations, although none have been able to 

effectively explain this pattern. The stability constants for YREE sulfate complexes show a slight 

increase in magnitude for the MREE (Figure 2.2b), but sulfate complexes are not expected to 

fractionate the YREE significantly (Schijf & Byrne 2004). Johannesson and Zhou (1999) 
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proposed that the slight MREE enrichment observed in the ARD of an arctic lake was not caused 

by the dominant YREE sulfate complexation, but rather from the dissolution of YREE-enriched 

iron (oxyhydr)oxides and/or surface coatings, which would be readily dissolved in these low pH 

waters. Other proposed mechanisms of MREE enrichment include weathering of MREE enriched 

minerals such as apatite (Sholkovitz 1995), fractionation by colloid-borne REEs (Hoyle et al. 

1984, Elderfield et al. 1990), and solid-liquid exchange reactions such as adsorption/desorption 

and/or ion exchange between the acid waters and MREE enriched minerals or suspended particles 

(Gosselin et al. 1992, Sholkovitz 1995). 

 

2.3.3 Hydroxide Complexes 

Hydroxide ligands are not expected to play a role in YREE complexation in natural 

waters unless the pH is far above 7, so REE-hydroxide complexation will only be significant in 

very alkaline environments (Quinn et al. 2006a, Wood 1990). Patterns of REE complexation with 

hydroxide (Figure 2.2c) show an increase in the magnitude of the stability constant across the 

REE. The hydrolysis behaviour of Y
3+

 is between that of Sm
3+

 and Eu
3+

 despite its similarity to 

the ionic radii of the Ho
3+

 ion (Klungness & Byrne 2000). This is expected of YREE 

complexation with covalent ligands, as Y is a harder ion than the REE and is therefore more 

weakly complexed than Ho when YREE-ligand interactions are significantly covalent, and more 

strongly complexed in interactions that are electrostatic in nature (Klungness & Byrne 2000; and 

sources within). Klungness and Byrne (2000) showed that complexation of YREE by hydroxide 

decreases with increasing ionic strength. Furthermore, these complexes are strongly affected by 

temperature, as a change from 25
o
 C to around 5

o
 C is expected to decrease hydrolysis constants 

by more than a factor of four (Klungness & Byrne 2000). 

2.3.4 Phosphate Complexes 
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The stability constants for REE complexation with phosphate are large, comparable to 

those of REE carbonate complexes (Byrne et al. 1991). In relation to this, Byrne et al. (1991) 

predicted phosphate may be a dominant ligand in circumneutral waters. However, phosphate 

concentrations in natural waters are generally orders of magnitude smaller than the concentration 

of other competing ligands (notably carbonate), and are not expected to be a dominant ligand 

except in the waters contaminated by anthropogenic phosphate (Johannesson et al. 1996, Wood 

1990). Furthermore, Johannesson et al. (1996) showed that the availability of PO4
3-

 for REE 

complexation is further limited since Ca
2+

 and Mg
2+

 will outcompete REEs for phosphate. It 

should be noted that REE phosphates are common REE bearing minerals and have sufficiently 

small solubility products that even small concentrations of phosphate and REEs can induce 

precipitation. Additionally, phosphate minerals exhibit an MREE enriched signature indicating 

that they will more readily partition MREE from solution, impacting the REE distribution in the 

solution phase (Byrne et al. 1996, Liu & Byrne 1997). 

 

2.3.5 Fluoride Complexes 

YREE fluoride complexation is not expected to dominate speciation in most natural 

waters at low temperatures, although in exceptional cases where fluoride is in higher 

concentrations than competing ligands, and the solution is mildly acidic, these complexes may be 

predominate (Wood 1990). Stability constants for YREE fluoro-complexes (Figure 2.2e) show an 

increase from the LREEs to HREEs, with Y having the largest (Luo & Byrne 2000, Schijf & 

Byrne 1999). Luo and Byrne (2000) found that with increasing ionic strength, the magnitude of 

YREE fluoro-complex stability constants decreased. However, with ionic strengths above 3.0 M, 

the stability constants began to increase again. The change in pattern was attributed to the low 

solubility of the LREE with fluoride, which caused the formation of MF3 (s) (Luo & Byrne, 2000). 

Anomalous behaviour of Ce was found by both Schijf and Byrne (1999), and Luo and Byrne 
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(2000), which was attributed to the oxidation of Ce (III) to Ce (IV). But under the conditions in 

these two studies, only Ce (III) should have been present, suggesting the Ce anomalies in nature 

may be due to speciation in addition to redox conditions (Schijf & Byrne 1999). 

 

2.3.6 Chloride Complexes 

Luo and Byrne (2001) determined the YREE to be very weakly complexed by chloride at 

low temperatures, noting the large ionic radii and strong ionic nature of YREE complexes as the 

cause. Chloride complexes with all REE evenly; subtle variations in the stability constants are 

attributed to analytical error (Figure 2.2f). The study also determined that increasing ionic 

strength decreased the magnitude of the stability constants evenly across the series, so the YREE 

pattern remained the same. Although chloride does not form strong complexes with YREE it is 

present at significantly higher concentrations than other ligands in many natural waters, 

warranting consideration that it may be a major complex in some cases (Luo & Byrne 2001). 

 

2.3.7 Organic complexes 

The YREE are known to form strong complexes with many organic ligands (Wood 

1993). Wood (1993) discussed the potential for complexes of YREE with carboxylic acids to 

predominate over inorganic complexes, but noted that carboxylic acids would not occur in 

sufficient quantities for this to happen naturally, with the exception of some oil field brines. Other 

important organic ligands such as humic and fulvic acids are known to complex with the REE in 

natural waters (Sholkovitz 1995, Tang & Johannesson 2010), but will be included in a subsequent 

section dealing with the interaction of REEs with organic colloids. 
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2.4 Colloids 

 In aquatic geochemistry, colloids refer to any solid phase particles with a diameter 

between 10
-5 

m and 10
-9 

m suspended in an aqueous phase. Due to their small size, colloids have a 

relatively large surface area to bulk ratio, hence a significant portion of their constituent atoms are 

present at the surface-water interface leading to important surface properties that are not present 

in larger particles (Langmuir 1997). Such nano particles have an increased solubility, and are able 

to remain suspended in natural waters moving at a range of velocities from a combination of 

mutual charge repulsion and Brownian motion (Stumm and Morgan 1996). Colloids will remain 

in solution unless the solution chemistry leads to agglomeration and subsequent settling 

(Langmuir 1997). This material is often considered to be part of the dissolved fraction of a 

solution as colloids are able to pass through the standard 0.45 µm-membrane filter that is 

traditionally defined as the cut-off between suspended particulates and the dissolved phase. 

Consequently many studies that use this conventional definition, do not consider the colloidal 

fraction separately from truly dissolved (< 1 nm) species, despite their different behaviours. 

REEs may be transported as colloids, either as nanoparticulate REE mineral assemblages 

in water or more likely as sorption complexes on inorganic and/or organic colloidal phases. 

Indeed, colloids usually have a large unsatisfied surface charge that makes them strong candidates 

for sorbents for dissolved species (Langmuir 1997). Transportation of metals that are often 

considered relatively immobile may be significantly impacted by sorption to colloids 

(Kretzschmar & Schäfer 2005). 

2.5 Sorption to inorganic mineral assemblages 

REE sorption to suspended particles and colloids as well as sorptive removal 

(scavenging) of REEs from water by sinking particles have been identified as important factors in 

the REE mobility and chemistry in natural waters (Gammons et al. 2005, Quinn et al. 2004). 

Sorption of these inorganic particles is affected by the nature of the particle (Quinn et al. 2004, 
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DeCarlo et al. 1998) pH (Quinn et al. 2006a), temperature (Quinn et al. 2007), and solution 

chemistry (Quinn et al. 2006b). However ionic strength is shown to have little effect on the 

sorption properties of REE (Ohta & Kawabe 2000, 2001, Quinn et al. 2006a). 

REE sorption to inorganic particulates is chiefly controlled by the sorbent themselves. In 

a comparison of ferric hydroxide and aluminum hydroxide (Figure 2.3a), Quinn et al. (2004) 

showed that the former more readily partitioned REEs from solution, and ferric hydroxide also 

showed an affinity for MREEs whereas aluminum hydroxide preferentially selected HREEs. In 

another case, REE sorption to ferric hydroxide was shown to be temperature dependant (Quinn et 

al. 2007), but Tertre et al. (2005) indicated otherwise for montmorillonite. The most evident 

example is the scavenging of REE from seawater by ferric hydroxide and manganese oxide, 

where Ce (IV) will begin to sorb to manganese oxide below pH<4 while the remaining M
3+

 are 

not sorbed until near neutral. The uptake of Ce (IV) is something that does not occur with ferric 

hydroxide (DeCarlo et al. 1998). Here we will focus on ferric hydroxide to illustrate the how the 

other variables above may affect REE sorption as it is the most abundant in the literature. 

 

 

Figure 2.3 REE sorption to suspended particles. Panel A shows the difference the affinity of REE 

for the surfaces of ferric and aluminum hydroxides (Quinn et al. 2004). Panel is a comparison of 

REE extraction from sand using solutions with different dominant ligands; normalized to the REE 

composition of the sand at 25
o
C and pH = 9.6 (Tang & Johannesson 2010) 
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In an experiment of the diel behaviour (changes over a 24-h cycle) of REEs in a mountain 

stream affected by acid rock drainage, Gammons et al. (2005) suggested that the decrease in truly 

dissolved concentrations of REE during the day were a result of REE sorption to suspended 

particles, as a result of the temperature increase during the day that induced precipitation of 

hydrous ferric oxide and hydrous aluminum oxide. This is compounded by the increased rate of 

REE sorption to hydrous ferric hydroxide with increased temperature (Quinn et al. 2007). The 

scavenging of REE is more pronounced downstream where an increase in pH from 3.4 to 6.9 

causes increased precipitation of these sorbents (Gammons et al. 2005). Several other studies 

(Bau 1999, DeCarlo et al. 1998, Quinn et al. 2006a, Verplanck et al. 2004) have shown that REE 

sorption to hydrous ferric oxide is not significant at pH<5, but begin to partition REE strongly 

from solution when pH>5. The rate of REE sorption to hydrous ferric oxide plateaus when pH>7 

and a correction for hydrolysis must be made (DeCarlo et al. 1998). Additionally, the surfaces of 

fresh precipitates would allow for more REE uptake by the particles (Gammons et al. 2005, 

DeCarlo et al. 1998).  

Since the rate of sorption of REEs to inorganic particulates increases with increased pH, 

it is reasonable to conclude that this mechanism for REE mobility will compete largely with 

carbonate complexes, which are the dominant ligand for REE complexation under similar pH 

conditions. Quinn et al. (2006b) developed a model that predicted that increasing the carbonate 

concentration in a solution will increase sorption of REEs to hydrous ferric oxide due to an 

increase in pH. Further, at lower carbonate concentrations there is an increase in REE sorption as 

both M
3+

 and MCO3
+

 are sorbed to the hydrous ferric oxide, but at higher carbonate
 

concentrations there is a decrease in REE sorption, notably for HREEs, as a result of an increase 

in complexation by carbonate ligands (Quinn et al. 2006b). 

An additional consideration for REE chemistry in natural waters when pH<5 is 

desorption of REE from ferric hydroxide (Fernandez-Caliani et al. 2009, Gosselin et al. 1992, 
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Johannesson & Zhou 1999, Sholkovitz 1995). As mentioned above, the release of REE into 

solution through desorption may actually be responsible for the MREE enriched pattern typical of 

low pH natural waters, especially in consideration of the affinity of MREE sorption to ferric 

hydroxide. 

 

2.6 Sorption to organic phases 

Organic colloids are known to be important mechanisms for the mobility of REEs in 

natural waters by sorption. In a study by Sholkovitz (1995), it was determined that colloids (from 

the Connecticut, Hudson and Mississippi rivers) have a shale-like REE pattern, while the solution 

phase was enriched in HREE with respect to shale. At low pH, there are fewer colloidal REEs, 

and they are also less fractionated with respect to the dissolved REE composition, whereas at high 

pH the concentration of REEs dissolved in natural terrestrial waters decrease, but fractionation 

increases with respect to shale (Sholkovitz 1995). 

Increasing evidence from recent work suggests that natural organic matter (NOM) in 

natural terrestrial waters is the chief ligand in REE complexation (Tang & Johannesson 2010). 

NOM in these waters is mainly composed of humic substances (HS), which in turn can be 

subdivided into humic acids (HA) and fulvic acids (FA) (Thurman 1985). Most circumneutral to 

alkaline natural waters show a MREE-enriched pattern or an HREE enriched pattern. MREE-

enriched patterns are a result of HS complexation with the REE (Figure 2.3b). The more abundant 

Fe and Al out-compete the REE for the strong binding sites on HS, leaving the weak binding sites 

for the REE. These weak binding sites preferentially complex with the MREE, resulting in MREE 

enriched waters (Tang & Johannesson 2010). On the other hand, the HREE-enriched pattern 

(Figure 2.3b) can be effectively explained by the increasing magnitude of carbonate stability 

constants across the series (Luo & Byrne, 2004). Examining the HS in natural waters more 

closely reveals that in MREE-enriched waters high molecular weight dissolved organic content 
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(HA) predominates, whereas in the HREE-enriched waters low molecular weight dissolved 

organic content (FA) is the dominate HS (Tang & Johannesson 2010). From this Tang and 

Johannesson (2010) concluded that HA forms stronger REE complexes than carbonate ions, but 

carbonate ions form stronger complexes than FA (Figure 2.3b), and NOM from different sources 

as a different complexing capacity for REEs. 

 

2.7 Summary 

Temperature, pH, ionic strength, and solution chemistry affect the mobility of REEs in 

aqueous solution. Mobility of REEs may occur via complexation, sorption, or as colloidal 

material, but more likely a combination of the three. Most natural systems are complex and REE 

mobility in each should be considered individually due to the number of variables that require 

consideration. In spite of this, there are several common attributes that may occur in low-

temperature natural waters. 

(1) In most low-temperature natural waters that are circumneutral or alkaline it is expected 

that carbonate complexes (HREE enriched) or complexes with humic acids (MREE 

enriched) will control REE mobility. 

(2) For low pH settings, free metal ion species are usually dominant, unless the concentration 

of sulfate is significantly higher than competing ligands, in which case REE sulfate 

complexes can be expected to be a dominant species 

(3) Sorption is not expected to occur at low pH, but rather REE desorption from mineral 

hosts such as ferric hydroxide may be expected under these conditions 

(4) An abnormally high concentration of a ligand relative to competing ligands gives an 

indication that it may be a dominant in REE complexation 

(5) Low ionic strength and increased temperature generally increase REE mobility 
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Chapter 3 

Characterization of rare earth element tailings from Nechalacho using 

mineral liberation analyzer 

3.1 Introduction 

Rare earth element (REE) deposits in peralkaline complexes can often have complex and 

unusual mineralogical assemblages (Sheard 2012). The Nechalacho deposit is situated around 100 

km east of Yellowknife in the peralkaline Blatchford Lake complex. Close to 100 minerals have 

been reported in the Nechalacho layered alkaline complex (Pinckston & Smith 1995, Sheard et al. 

2012). The Nechalacho ore body occurs in two sub-horizontal layers: the 15 – 30 m thick upper 

zone, and the 15 – 60 m thick basal zone (Sheard et al. 2012). The REE distribution can be 

correlated to depth, with the LREE concentrated in the upper portion of the deposit, and the 

HREE more concentrated at depth. The deposit has been hydrothermally altered with the 

dominantly LREE-rich ore minerals bastnäsite, synchisite-parisite, monazite and allanite as well 

as the HREE-bearing zircon and fergusonite all being secondary in nature. In the upper zone these 

minerals can be found as fine-grained disseminations or replacing zircon, while in the basal zone 

the ore minerals occur as fine-grain intergrowths in pseudomorphs of eudialyte (Sheard et al. 

2012). Further description of the Nechalacho deposit can be found in Chapter 1. The upper zone 

is divided into a low grade ore UZLG and a representative ore UZAG, while the basal zone is 

divided into an upper and lower basal zone, BZAG and BZMP respectively, which is also 

division in REE grade as it increases towards the bottom of the basal zone (B. Mercer, personal 

communication, July 24, 2012). 
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3.2 Methods 

 Mineral Liberation Analyzer (MLA) is an automated quantitative mineralogy software 

program developed by FEI Company for use with a scanning electron microscope (SEM) fitted 

with an energy dispersive spectrum (EDS) analyser to enable rapid mineralogical characterization 

of ore and plant feeds for optimization of the process plant design during mining operations (Gu 

2003, Fandrich et al. 2007). MLA has been recently applied to the study of different materials, 

including sediments and sedimentary rocks (Sylvester 2012), waste rock (Blaskovich 2013), 

tailings and mine waste (Buckwalter-Davis 2013, Mermillod-Blondin et al. 2011). 

MLA uses a combination of back-scatter electron (BSE) imagery and image analysis 

software to determine the size and shapes of the particles in the sample. Particles may include 

more than one mineral phase. Mineral phases are separated based on homogenous grey levels 

from the BSE and identified by comparing EDS collected for sample to a known database: the 

Mineral Reference Library.  (Gu 2003, Fandrich et al. 2007). 

 

3.2.1 Sample Preparation 

 Tailings from Avalon Rare Metal Inc.’s February 2012 pilot plant study conducted by 

SGS were stored saturated with water from the pilot plant in 20 gal pails. Approximately 500 g of 

the tailings were allowed to dry open to the air at ambient room temperature. Agglomerated 

particles were broken up by hand as much as possible. The 500 g of tailings was then split into 

representative subsamples for ICP-MS and MLA using a Rotary Micro Riffler. 

 Chemical analysis of the tailings was done by Queen’s Facility for Isotope Research 

(QFIR) at Queen’s University, Kingston, ON. A microwave digestion was used to dissolve the 

samples due to the large abundance of relatively in soluble zircon before being analyzed by ICP-

MS. 
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For MLA, 0.25 g of shavings from a carbon rod were mixed with 0.5 g of tailings. FEI 

Company recommends mixing graphite with samples that have particle sizes <0.38 µm to 

decrease particle density and reduce agglomeration allowing MLA to operate more effectively 

(FEI). In a plastic vial lightly coated with Vaseline, the graphite-tailings combination was mixed 

with epoxy, and stirred thoroughly to ensure the entire sample was suspended, but gently enough 

so as not to create bubbles in the epoxy. The sample was then placed in an ultrasonic bath for 10 

minutes, and then allowed to harden for 24 hours. The sample was cut vertically in half to avoid 

effects of density settling (Blaskovich 2013), mounted in thin section and carbon coated for 

MLA. A comparison of this sample preparation technique versus a thin section prepared without 

graphite and cut horizontally can be seen in Figure 3.1. Notice the reduction in particle density 

and agglomeration by the addition of graphite, as well as the effect of particle density. 

 

3.2.2 MLA Setup 

 SEM parameters required for MLA setup are listed in Table 3.1. Due to the small particle 

size, the SEM was operated at 15 keV as recommended by FEI for particles <38 µm. Using an 

accelerating voltage of 15 kV versus the standard 25 kV can improve resolution by reducing the 

interaction volume of the beam and thus resulting in fewer mixed spectra. It can improve 

characterization of silicate and/or carbonate minerals of potentially similar composition (Hoal et 

al. 2009, Gauvin et al. 2012). Brightness, contrast and grey level were calibrated using the Au 

standard to provide better contrast between ore minerals (e.g. bastnäsite and synchisite-parisite). 

 An 80,000 particle sample population was selected as it lies between the 50,000 particle 

minimum recommended by Blaskovich (2013) and the 100,000 particles chosen by Buckwalter-

Davis (2013). Parameters for separation (Table 3.1) were optimized based on trial and error. 
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Figure 3.1 A comparison of particle density, agglomeration and segmentation in samples prepared 

with and without graphite. A) BSE image from MLA of sample BZMP prepared with graphite. 

This sample has been cut vertically and shows the effect of density settling. B) A classified image 

from MLA of the sample BZMP in A). C) BSE image from MLA of sample BZMP prepared 

without graphite. D) A classified image from MLA of the sample BZMP in C). The effects of 

agglomeration in C and D are much more dramatic than in the A and B which were prepared with 

graphite. 
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Parameter  Parameter  Parameter  

Energy 15 kV Brightness 91.8 Fracture 12 

Spot Size 5.45 Contrast 35.8-36.7 Elongation 12 

Working 

Distance 

13 ± 0.2 mm Grey Level 247 Touching 18 

Table 3.1 SEM operating conditions, in columns 1 and 2, and separation parameters, in column 3, 

used for MLA. 

 

3.2.3 Acid Base Accounting 

 Acid base accounting (ABA) is a series of analyses and calculations designed to estimate 

the potential for mineral weathering to produce acidic drainage. Acidic drainage is predicted 

when the acid generating potential (AP) exceeds the acid neutralizing potential (NP). Laboratory 

static tests for AP and NP are based on bulk chemistry and do not account for mineralogy (Price 

2009). Iron and manganese carbonates such as siderite and ankerite (Table 3.1) have been shown 

to complicate NP calculations because the alkalinity that they produce in dissolution is 

counteracted by acidity produce through the oxidation of the iron and manganese also released 

(Price 2009, Frostad et al. 2003). Buckwalter-Davis (2013) pioneered a new technique to 

calculate ABA using automated mineralogy in conjunction with the equations developed by 

Frostad et al. (2003): 

CaCO3-NP (kg CaCO3/tonne) = (calcite wt.% + dolomite wt.% + (ankerite wt.% x (1-(Fe mole %/100)))) x 

10 EQ 1 

FeCO3-NP (kg CaCO3/tonne) = ((ankerite wt.% x Fe-mole%) + siderite wt.%) / 115.86
1
 x 100.09

2
 x 10 EQ 2 

1
115.86 = molecular weight of FeCO3 

2
100.09 = molecular weight of CaCO3 

AP was calculated following the equation in Price (2009): 

 AP = %S × 31.25 EQ 3 
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Mineral Density Formula Colour 

Albite 2.62 NaAlSi3O8  

Plagioclase 2.69 Na0.5Ca0.5Si3AlO8  

Potassium Feldspar 2.56 KAlSi3O8  

Quartz 2.63 SiO2  

Fe-Oxide (Magnetite +/- Hematite) 5.15 Fe3+2Fe2+O4  

Quartz-Fe Oxide 3.89 SiO2 - Fe3+2Fe2+O4  

Biotite 3.10 KMg2.5Fe2+0.5AlSi3O10(OH)1.75F0.25  

Muscovite 2.83 KAl3Si3O10(OH)1.9F0.1  

Chlorite 2.95 (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6  

Calcite 2.71 Ca(CO3)  

Dolomite 2.85 CaMg(CO3)2  

Ankerite 3.05 Ca(Fe,Mg,Mn)(CO3)2  

Siderite-Magnesite 3.96 Fe2+(CO3)  

Magnesite 3.00 Mg(CO3)  

Bastnasite-(Ce) 4.98 Ce(CO3)F  

Synchisite-Parisite-(Ce) 3.88 Ca(Ce,La)(CO3)2F - Ca(Ce,La)2(CO3)3F2  

Synchisite-Parisite-Zircon 4.27 Ca(Ce,La)(CO3)2F - Ca(Ce,La)2(CO3)3F2 - 

ZrSiO4 

 

Monazite-(Ce) 5.15 La0.5Ce0.25Nd0.2Th0.05(PO4)  

Xenotime-(Y) 4.75 Y(PO4)  

Allanite-(Ce) 4.11 Ca(La,Y,Ce)(Al2Fe2+)Si3O12  

Zircon 4.65 ZrSiO4  

Quartz-Zircon 3.64 SiO2 - ZrSiO4  

Fergusonite-(Y) 5.65 YNbO4  

Columbite 5.43 (Fe,Mn)Nb2O6  

Fluorapatite 3.15 Ca5(PO4)3F  

Fluorite 3.13 CaF2  

Halite 2.17 NaCl  

Uraninite 8.73 UO2  

Pyrite 5.01 Fe2+S2  

Sphalerite 4.00 ZnS  

Galena 7.40 PbS  

Molybdenite 5.50 MoS2  

Chalcopyrite 4.20 CuFe2+S2  

Al oxide     

Alloy/Steel (No oxygen)     

Unknown     

Low_Counts     

No_XRay     

Table 3.2 Mineral reference library for MLA 
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UZLG UZAG BZMP BZAG 

Mineral Wt% Area% Wt% Area% Wt% Area% Wt% Area% 

Albite 31.88 32.35 21.85 22.79 21.88 23.08 23.22 24.26 

Plagioclase 0.09 0.09 0.85 0.87 0.27 0.28 0.29 0.29 

Potassium Feldspar 31.81 33.04 28.51 30.43 28.40 30.66 30.01 32.09 

Quartz 12.23 12.36 16.83 17.49 16.99 17.85 16.26 16.92 

Fe-Oxide (Magnetite +/- Hematite) 1.91 0.98 4.00 2.12 5.16 2.77 5.15 2.74 

Quartz-Fe Oxide 0.33 0.22 0.39 0.27 0.58 0.41 0.50 0.35 

Biotite 15.46 13.26 19.57 17.25 19.05 16.98 17.38 15.35 

Muscovite 1.29 1.21 1.65 1.59 1.23 1.21 1.33 1.28 

Chlorite 2.32 2.09 1.95 1.81 1.30 1.22 1.31 1.21 

Calcite 0.19 0.18 0.36 0.36 0.71 0.72 0.44 0.45 

Dolomite 0.02 0.02 0.02 0.02 0.05 0.05 0.05 0.05 

Ankerite 0.56 0.49 0.78 0.70 0.93 0.84 0.77 0.69 

Siderite-Magnesite 0.25 0.17 0.27 0.18 0.20 0.14 0.13 0.09 

Magnesite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Bastnasite-(Ce) 0.05 0.03 0.17 0.09 0.13 0.07 0.16 0.09 

Synchisite-Parisite-(Ce) 0.18 0.12 0.23 0.16 0.19 0.14 0.19 0.13 

Synchisite-Parisite-Zircon 0.01 0.01 0.03 0.02 0.05 0.03 0.06 0.04 

Monazite-(Ce) 0.05 0.03 0.21 0.11 0.05 0.03 0.06 0.03 

Xenotime-(Y) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Allanite-(Ce) 0.15 0.10 0.33 0.22 0.13 0.09 0.07 0.05 

Zircon 0.53 0.30 0.97 0.57 1.39 0.83 1.40 0.82 

Quartz-Zircon 0.08 0.06 0.18 0.13 0.61 0.47 0.34 0.25 

Fergusonite-(Y) 0.04 0.02 0.06 0.03 0.16 0.08 0.09 0.04 

Columbite 0.17 0.08 0.14 0.07 0.11 0.05 0.16 0.08 

Fluorapatite 0.03 0.03 0.11 0.10 0.03 0.03 0.09 0.08 

Fluorite 0.07 0.06 0.30 0.26 0.24 0.21 0.25 0.22 

Halite 0.12 0.15 0.06 0.07 0.06 0.08 0.04 0.05 

Uraninite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Pyrite 0.01 0.00 0.02 0.01 0.00 0.00 0.01 0.01 

Sphalerite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Galena 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Molybdenite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Chalcopyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al oxide 0.18 0.49 0.15 0.41 0.05 0.13 0.22 0.61 

Alloy/Steel (No oxygen) 0.01 0.02 0.01 0.02 0.03 0.08 0.02 0.07 

Unknown 0.00 1.05 0.00 1.16 0.00 1.12 0.00 1.24 

Low_Counts 0.00 0.76 0.00 0.41 0.00 0.27 0.00 0.26 

No_XRay 0.00 0.25 0.00 0.26 0.00 0.09 0.00 0.16 

Table 3.3Modal mineralogy from MLA in weight % and area % for the four tailings types. 
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Element DL UZLG UZAG BZMP BZAG 

 

[ppm] [ppm] [ppm] [ppm] [ppm] 

Y 0.0005 13.5368 136.6737 458.8896 322.6974 

La 0.005 58.548 469.333 606.362 349.630 

Ce 0.005 145.245 1168.233 1409.071 865.311 

Pr 0.002 19.623 121.987 155.679 91.030 

Nd 0.01 81.31 488.64 590.99 385.90 

Sm 0.005 15.269 92.400 127.797 87.596 

Eu 0.005 1.731 10.444 15.960 11.045 

Gd 0.01 10.65 69.77 122.97 87.93 

Tb 0.002 1.155 7.924 18.043 13.731 

Dy 0.02 5.37 36.19 100.32 79.43 

Ho 0.0005 0.8075 5.0816 16.8702 13.5879 

Er 0.0005 1.8986 11.0530 41.7076 34.5536 

Tm 0.005 0.250 1.287 5.380 4.584 

Yb 0.005 1.677 7.567 32.477 28.423 

Lu 0.0005 0.2325 1.0054 4.3896 3.8972 

Table 3.4 Concentration of Y and REEs in tailings as measured by ICP-MS. 

 

3.3  Results 

The four tailing types have a roughly similar mineralogy with >90% being composed of 

albite, potassium feldspar, quartz, biotite and iron oxides (magnetite ± hematite) (Table 3.5). The 

distribution of ore minerals in the tailings can be loosely correlated to their modal mineralogy in 

the ore. UZLG, the low grade ore, has the least amount of ore minerals. UZAG has the highest 

wt. % of bastnasite, synchisite-parisite, monazite and allanite of the 4 ore types, which can be 

attributed to these four minerals being the primary hosts for LREE in the deposit and the LREE 

being more concentrated in the upper zone ore. The two tailings from the basal zone ore, BZMP 

and BZAG, have very similar distributions of all minerals, including ore minerals. This was 

expected since BZMP and BZAG are not based on mineralogy, but arbitrarily on REE content. 

BZMP and BZAG have a higher wt. % of the primary HREE minerals zircon and fergusonite 

than the two upper zone tailings types. Zircon is the most abundant ore mineral, and is also the 

most abundant in all of the tailing types. 
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 Figure 3.2 shows the YREE distribution in the ore minerals for each tailing type 

highlighting the differences in elemental composition of each of the ore minerals.  Bastnäsite and 

synchisite-parisite are the primary hosts of LREE in the tailings while fergusonite and zircon host 

nearly all of the HREE. Monazite and allanite host a significant portion of the LREE and MREE, 

notably in the two upper zone tailings.  

 

 

 Bastnäsite-(Ce)  Zircon  Synchisite-Parisite-(Ce) 

 Fergusonite-(Y)  Monazite-(Ce)  Synchisite-Parisite-Zircon 

 Columbite  Allanite -(Ce)  Xenotime-(Y) 

Figure 3.2 Mineral hosts for YREE distribution in A) UZLG, B) UZAG, C) BZMP and D) 

BZAG. Mineral compositions are taken from Sheard (2010). 
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3.3.1  Acid Base Accounting 

 The carbonate minerals in the tailings used to calculate NP include calcite, dolomite, 

ankerite and siderite-magnesite (Table 3.5). The ore minerals bastnäsite and synchisite-parisite 

are fluorocarbonates with possible neutralization potential; however they were not included in the 

calculation. Calcite is present at 0.19 wt. % to 0.77 wt. % providing only around half of the NP 

and dolomite is negligible at ≤ 0.05 wt. % (Table 3.5). Interestingly, ankerite, which comprises 

0.55% to 0.93% of the tailings (Table 3.5), provides over half of the NP between equations 1 and 

2. Although the NP for these tailings is fairly low (Table 3.6), it is offset by the near total absence 

of sulphides. Mineral grains of each of the sulphides listed in Table 3.3 have been documented in 

the tailings or ore (Pinckston & Smith 1995, Sheard et al. 2012), however only pyrite occurs in 

abundance (≤0.02 wt. %) worth considering (Table 3.5). Using the MLA method the AP was 

calculated to be 0.017 to 0.33 resulting in an neutralization potential ratio (NPR) of 41 in the 

worst case scenario (Table 3.6). Using the total sulphur calculated by ICP-MS (Table 3.4), which 

results in a slightly higher %S, the lowest NPR is 8. Tailings that are considered to be potentially 

acid generating (PAG) have an NPR of <1.0 and tailings that are non-PAG have an NPR <2.0 

(Price 2009). This compares well with the static AP and NP tests conducted by SGS for tailings 

from Avalon’s September 2010 pilot plant study (Table 3.7). The AP of 0.31 calculated by SGS 

is a result of the total %S being below detection, and the detection limit of 0.01% was used for 

the test – a value that is higher than what was measured in this study resulting in some of the 

discrepancy between values. 
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CaCO3-NP  FeCO3-NP Total NP MLA-AP MLA-AP 

ICPMS-

AP NPR NPR NPR 

    

%S (py) %S (Total) %S (Total) %S (py) %S (Total) %S (Total) 

UZLG 6.8 2.9 10 0.17 0.093 1.21625 58 105 8 

UZAG 10 3.4 14 0.33 0.325 0.43969 41 42 31 

BZMP 15 3.0 18 0.017 0.0183 0.24219 1103 1006 76 

BZAG 11 2.2 14 0.17 0.164 0.18438 81 83 74 

Table 3.5 ABA calculations based on data collected by MLA. AP was calculated using 3 different 

values for %S: 1) %S calculated from the modal wt. % in pyrite, 2) the %S calculated in the 

sample by MLA and 3) %S determined through ICP-MS analysis (Table 5). NPR = NP/AP. 

 

 

NP AP Net NP NP/AP CO3 NP CO3 Net NP 

 

t CaCO3/1000 t t CaCO3/1000 t t CaCO3/1000 t ratio t CaCO3/1000 t t CaCO3/1000 t 

F25 19.2 0.31 18.9 61.9 10.1 9.8 

F28 20.0 0.31 19.7 64.5 9.9 9.6 

F29 22.8 0.31 22.5 73.5 11.6 11.3 

F33 20.3 0.31 20.0 65.5 10.0 9.7 

F36 25.8 0.31 25.5 83.2 15.0 14.7 

F37 21.3 0.31 21.0 68.7 10.3 10.0 

Master 22.4 0.31 22.1 72.3 13.4 13.1 

XPS PP 1 18.3 0.31 18.0 59.0 8.5 8.2 

XPS PP 2 16.7 0.31 16.4 53.9 7.8 7.5 

Table 3.6 ABA calculations on tailings from previous September 2010 pilot plant study (Avalon 

2011) 

 

 Grain size is an important variable in mineral-solution interaction: finer grain sizes 

increase the surface area of minerals which in turn increases the rate of reaction for the mineral. 

The grain size of the tailings calculated by MLA is consistent with the targeted grind size of 80% 

passing at 38 µm and also comparable to the values obtained by SGS who used sieving for the ≥ 

75 µm size fractions and a hydrometer method for the finer fractions (Figure 3). There is a 

difference in the curvature of the size fractions on the log scale between the two methods. Figure 

3 also shows that the ore minerals are a finer grain size then the rest of the tailings, which is 
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actually very logical considering that these are the minerals that are targeted and recovered by the 

flotation process. Furthermore in most cases, > 60% of these minerals are < 8µm, which again is 

intuitive, since the slimes (< 8 µm) were removed from the feed to the tailings after grinding and 

before flotation in this pilot plant study. Zircon and synchisite-parisite are typically the coarsest 

of the ore minerals while bastnäsite, fergusonite and monazite are finer, except for in UZAG 

where monazite is the coarsest ore mineral. Steps seen in the grain size analysis occur at the 

coarser end of the curves, as for zircon and synchisite-parisite (Figure 3.3A). These steps are the 

result of few grains being present in these coarser size fractions, but these few grains are a large 

portion of the mineral wt. % in the sample. 

  

3.3.2 Liberation of Ore Minerals 

MLA was originally designed to determine how well ore minerals are liberated, so the 

processing plant can be optimized to achieve the best recovery for the lowest cost (e.g. grinding). 

Liberation also has importance in mine waste chemistry. Particles that are more liberated, having 

a greater % of their surface exposed, will react more with fluids and microbes, and have a greater 

impact on mine waste effluent. For the same reasons, tailings with more liberated minerals are 

also more bioavailable as it will allow more metals to dissolve into solution (Ruby et al. 1999). 
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 Bastnäsite-(Ce)  Zircon  Synchisite-

Parisite-(Ce) 

 Feb. 2012 Pilot Plant 

 Fergusonite-(Y)  Monazite-(Ce)   Sep. 2010 Pilot Plant 

 

Figure 3.3 Grain size comparison of ore minerals and the total grain size of the sample calculated 

by MLA for A) UZLG, B) UZAG, C) BZMP and D) BZAG. The ore minerals are consistently a 

smaller grain size than the gangue minerals. This is a result of recovery of the larger ore mineral 

particles during flotation. 
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Figure 3.4 The % free surface of ore minerals as determined by MLA. Free surface is the area of 

a mineral grain that is exposed at the perimeter of the particle. 

 

 

Figure 3.5 A comparison of the % of (A) free bastnäsite and (B) free zircon in each particle the 

minerals are hosted in as determined by MLA. 
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Figure 3.4 shows the % free surface exposed for each of the ore minerals in each tailings 

type. The upper zone tailings UZAG and UZLG have the most liberated ore minerals, while 

BZMP has the worst liberation (or best in terms of environmental impact). There is no obvious 

trend as to which minerals are more liberated, although fergusonite is the least liberated for in all 

samples but UZLG (Figure3. 4). Over 35% of both bastnäsite and zircon occur as free particles 

(90%-100% free) (Figure 3.5) and as much as 67% in the case of bastnäsite for UZAG (Figure 

3.5A). Up to 35% of the two minerals remain unexposed in the particle (0-10%). 

 

3.4 Discussion 

3.4.1 Comments on MLA 

 MLA is a powerful tool that can provide quantification with statistical meaning to tailings 

characterization, which may otherwise be merely descriptive, as in the case of petrographic 

analysis, or not representative, as in the case of synchrotron µXRF and µXRD or EMPA which 

may be subject to bias in target selection. MLA is best applied in combination with these other 

techniques (e.g. using EMPA to refine spectra and mineral compositions for each project) to 

enhance the strengths of each technique and minimize their weaknesses. 

 The difficulties with using MLA with this project stem largely from the complex 

mineralogy of silicate minerals with variable compositions and fine grain size the Nechalacho 

tailings. The Nechalacho ore is a hydrothermal alteration of a eudialyte cumulate which resulted 

in complex pseudomorphs (Sheard 2012). These pseudomorphs are often fine intergrowths of ore 

and gangue minerals resulting in MLA producing many mixed spectra – the majority of the 

unknowns (Table 3.5) are result of mixed spectra and can be difficult to classify accurately. 

Additionally, these complex pseudomorphs of fine-grain minerals require extensive grinding 

(80% passing at 37 µm) adding to the difficulties of using MLA on these samples (Avalon 2011). 

For samples < 38 µm size, FEI recommends using a 15 kV accelerating voltage rather than the 
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more standard 25 kV. Running at lower accelerating voltage reduces the amount of counts that 

can be returned to the detector in a given period of time, which either decreases the quality of the 

EDS spectra collected or increases the count time required for each spectra, increasing the 

amount of time require for MLA. However, by operating at a lower accelerating voltage the 

interaction volume of the beam is decreased resulting in better spatial resolution (Gauvin et al. 

2012). Gauvin et al. evaluated the interaction volume using Monte Carlo software CASINO 

(Drouin et al. 2007) when reducing the accelerating voltage from 20 kV to 4 kV and found that 

the interaction volume changed from a 2 µm depth and 3 µm width to 150 nm depth and 200 nm 

width when analyzing quartz. Examining the zircon grains in the BZMP tailings that were 

analyzed at 15 kV, there is a difference in BSE between fine grain and coarse grain zircon (Figure 

3.6). This was achieved by dividing the zircon between a BSE grey level of <90 and >90 during a 

classification of the BZMP sample. The BSE grey level of 90 is selected as it is the approximate 

lower BSE value of zircon. This is likely due to a decrease in the Z-value in the fine-grain zircon 

as a result of dilution from epoxy when the beam interacts with more than just the zircon grain. 

This could occur if the interaction volume depth is greater than the particle thickness, if the 

interaction volume width is wider than the grain or if the particle is just below the surface of the 

epoxy. Removing the smallest size fraction by sieving could perhaps enable better use of BSE 

during the classification process for MLA by eliminating the discrepancy in BSE grey-level 

values between grain sizes. As it was for these MLA runs, setting a lower BSE limit for minerals 

such as zircon resulted in MLA would classify the low BSE zircon as an unknown therefore 

underestimating the amount of zircon in the sample.  

  The BSE for the MLA runs for the Nechalacho tailings was calibrated using the Au 

standard. However the highest grey level for BSE was approximately 160, so around 90 grey 

levels were unused. In retrospect, it would have likely been better to calibrate to a standard with 

lower Z-value so that it would be possible to better distinguish between different gangue minerals 
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(e.g. Fe-oxides).  This is especially true since high Z-value minerals such as monazite, bastnäsite 

and uraninite have distinct EDS spectra. 

 

Figure 3.6 Comparison of grain size between zircon with low BSE values and zircon with high 

BSE values as determined by MLA. 

 

   

3.4.2  Solubilities of ore minerals 

Bastnäsite and synchisite-parisite are the most soluble of the ore minerals and likely the only ones 

of these minerals that will dissolve in the low-temperature (<25°C) and near neutral waters 

expected to interact with the Nechalacho tailings. Pradip et al. (2013) found the solubility product 

(log Kso) of bastnäsite to be -16.1 

 CeFCO3 = Ce
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Donnay and Donnay (1956) showed that bastnäsite, synchisite and parisite to be 

isostructural with varying ratios of CeFCO3 and CaCO3 so we assume here that the latter two 

have a similar solubility. In comparison to these fluorocarbonates, the REE phosphates monazite-
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(Ce) and xenotime-(Y) have a logKso of -26.2 and -25.0 respectively (Liu and Byrne 1997, 

Poitrasson et al. 2000). Many authors have shown that zircon is essentially insoluble at low 

temperatures where actually calculating the Kso is not possible experimentally (Tole 1985, 

Tromans 2006). Metamictization dramatically decreases zircon’s resistance to long term 

dissolution (Tole 1985, Tromans 2006). Smith et al. (1991) documented the occurrence of locally 

metamict zircon in the Nechalacho deposit. 

 The lower % free surface of bastnäsite and synchisite-parisite may be misleading in terms 

of availability to the environment as the minerals are chemically very similar (variable amounts 

of Ca) and often occur intergrown. MLA will interpret them as having a lower free surface even 

though both will react with the environment similarly (Pradip et al. 2013). Bastnäsite and 

synchisite-parisite have between 3% and 8% shared boundaries with the exception of UZAG 

where the minerals have less than 1% shared surfaces, but bastnäsite and synchisite-parisite have 

the highest % free surface in UZAG of all tailings types (Figure 3. 4).  In conclusion, the 

liberation of bastnäsite and synchisite-parisite may be considered higher than indicated by MLA. 

 

3.4.3 Other potential sources of REEs in tailings 

There is a considerable amount of biotite in the Nechalacho tailings, 15-20% (Table 3.4). 

The REEs have been shown to sorb to biotite. The sorption mechanism is interpreted to be cation 

exchange in the interlayer as indicated by expansion of “cracks” in the biotite and a negative 

correlation between REEs and K after sorption (Fukushi et al. 2013). If there are REEs sorbed to 

the biotite present in the Nechalacho tailings as it may have a large impact on REE mobility from 

the tailings. There is potential that REEs released from minerals in the flotation plant may sorb to 

biotite and be released to the environment after disposal of the tailings. 

3.4.4  Relevance to bioaccessibility 
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 Ruby et al. (1999) showed that lead and arsenic bioaccessibility is dependent on 

mineralogical hosts, particle size and mineral liberation. Figure 3.7 shows these parameters in the 

context of the Nechalacho tailings. Mineral form is of most importance for these samples since 

only the REE fluorocarbonate minerals have solubilities that may allow them to interact with the 

expected environment. The grain size of the bastnäsite and the other ore minerals is very fine 

(Figure 3.3) increasing their bioaccessibility. The fluorocarbonates are also well liberated with 

over 50% free surface (Figure 3.4). The bioaccessibility of REEs from these tailings is controlled 

by the liberation and modal abundance of the fluorocarbonates, which host a majority of the 

LREEs (over 50%) in the tailings. 

 

3.5 Conclusion 

 MLA proved to be an excellent tool to characterize these mineralogically complex 

tailings from Nechalacho. Through MLA it was possible to determine that the LREE in the 

tailings are mainly hosted by the fluorocarbonates bastnäsite and synchisite-parisite and to a 

lesser degree monazite and allanite. The HREE were found to be equally distributed between 

zircon and fergusonite despite the former being far more abundant in the tailings. Grain size 

analysis shows that the ore minerals in the tailings are very fine (60% passing at 8 µm) and well 

liberated (over 50% free surface). Looking at these parameters in conjunction with the solubility 

products of the ore minerals it appears that the fluorocarbonates will control REE bioaccessibility. 

MLA calculated ABA agreed with the results of static ABA tests previously conducted on similar 

tailing samples. Although sulphides are almost non-existent in the ore body, the low NP of the 

tailings and low carbonate content of the ore means that sulphide content in future tailings should 

be monitored. 
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Figure 3.7 Mineralogical and physical controls on the bioaccessibility of REE from the 

Nechalacho tailings, modified from Ruby et al. (1999). 

 

 The study also led to improved understanding of preparation of fine-grained samples for 

MLA. The addition of graphite drastically improved the particle density in the sample and 

combined with the ultrasonic bath, decreased the amount of agglomeration that occurred. Further 

work can be done to reduce this affect as it can have large impacts on the effectiveness of MLA. 

The study also confirmed the usefulness of reducing the accelerating voltage to 15 kV for smaller 

particle sizes to improve image quality and reduce the amount of mixed spectra. Further 

optimization of grain size and accelerating voltage should be considered to improve the analysis 

of <10 µm grains. 
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Chapter 4 

Rare earth element mobility from mine tailings at Nechalacho, NWT 

4.1 Introduction 

 The geochemistry of rare earth elements (REE) in waters has been well studied for use as 

geochemical tracers in groundwater, rivers, lakes and seawater (e.g. Bau 1999, Johannesson & 

Zhou 1999, Tang & Johannesson 2003, 2010 ), and hydrothermal fluids (e.g. Wood & Williams-

Jones 1993, Williams-Jones et al. 2000), and as an analogy to the actinides in nuclear waste 

disposal (e.g. Wood 1990). REEs have also been studied in watersheds draining abandoned mine 

lands to fingerprint sources of contamination (e.g. Gammons et al. 2005, Fernandez-Caliani et al. 

2009, Medas et al. 2013, Verplanck et al. 2004, Verplanck et al. 1999) however, to date few 

studies have examined REE behaviour in waters that have interacted with tailings from a REE 

mine and most previous studies have focussed on acid mine drainage. 

The Nechalacho REE deposit, owned by Avalon Rare Metal Inc., is located 

approximately 100 km east of Yellowknife. The deposit is hosted within a hydrothermally altered 

layered nepheline-sodalite syenite in the peralkaline Blatchford Lake complex (Sheard et al. 

2012). The main REE ore minerals are listed in Table 4.1. At the time of writing the deposit is 

still in a developmental phase. 

This study investigates the mechanism of REE mobility in waters that have interacted 

with pilot plant tailings from the Nechalacho deposit, Northwest Territories. In aqueous 

environments, REEs are known to complex with inorganic and organic ligands (Johannesson & 

Zhou, 1999, Klungness & Byrne, 2000, Luo & Byrne, 2004, Schijf & Byrne, 2004, Tang & 

Johannesson, 2010, Wood, 1990, 1993), sorb to colloids or suspended particles (Bau, 1999; 

Quinn et al. 2004, 2006a, 2006b, 2007, Sholkovitz, 1995), may occur as colloids of REE minerals 

due to the fine grinding of the ore. Metal toxicity is thought to be greater in aqueous 
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environments when metals occur as free ions rather than complexes (Di Toro et al. 2001). The 

speciation can also impact the treatment technologies utilized to reduce metal concentrations in 

water released to the aquatic environment. 

 

4.2 Materials and Methods 

The experiments in this study focus on the interactions of two tailings types with three 

different waters. A series of shake flask tests were designed to simulate the interaction of tailings 

with leach water to identify soluble phases, mobile elements and capture colloids. 

   BZ-MP BZ-AG 

Mineral Formula Wt % 

REE 

Modal 

Wt. % 

Grain Size 

(µm) 80% 

passing 

Modal 

Wt. % 

Grain Size 

(µm) 80% 

passing 

Zircon ZrSiO4 6 1.39 9.6 1.40 13.5 

Bastnäsite (Ce,La,Y)FCO3 74 0.13 6.8 0.16 8.1 

Allanite Ca(Ce,La,Y)Al2FeSi3O12 26 0.13  0.07  

Synchiste-

parisite 

Ca(Ce,La)(CO3)2F – 

Ca(Ce,La)2(CO3)3F2 

43 - 52 0.19 9.6 0.19 13.5 

Monazite (Ce,La,Th)PO4 56 0.05 6.8 0.06 6.8 

Fergusonite (Ce,La,Nd,Y)NbO4 47 0.16 11.4 0.09 5.7 

Table 4.1 Ore mineral distribution in tailings from MLA 

4.2.1 Tailings 

There were two different tailings used in the shake flask tests. BZ-MP are tailings from 

the lower half of the basal zone (See Chapter 1 for detailed description of the deposit) and have 

higher total REE concentrations, while BZ-AG came from the upper half of the basal zone and 

have slightly lower total REE concentrations. Both tailing types underwent the same processing 

in the flotation pilot plant, which included grinding to less than 80 µm (95% passing size). There 

is little difference between the two tailing types when comparing the mineralogy, geochemistry 

and grain size (See Chapter 3). 
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Element DL BZMP BZAG 

 

[ppm] [ppm] [ppm] 

Y 0.0005 458.8896 322.6974 

La 0.005 606.362 349.630 

Ce 0.005 1409.071 865.311 

Pr 0.002 155.679 91.030 

Nd 0.01 590.99 385.90 

Sm 0.005 127.797 87.596 

Eu 0.005 15.960 11.045 

Gd 0.01 122.97 87.93 

Tb 0.002 18.043 13.731 

Dy 0.02 100.32 79.43 

Ho 0.0005 16.8702 13.5879 

Er 0.0005 41.7076 34.5536 

Tm 0.005 5.380 4.584 

Yb 0.005 32.477 28.423 

Lu 0.0005 4.3896 3.8972 

 

Table 4.2 Concentrations of REEs by ICP-MS analyses of the tailings used in the shake flask 

tests. BZMP is from higher grade ore than BZAG but of similar mineralogy and texture. 

 

4.2.2 Waters 

Three different leach waters (Table 4.3) were used in the shake flask tests: distilled 

deionized (DI) water, water from Ring Lake, and untreated water decanted from the tailings after 

processing in the flotation pilot plant at SGS labs, Lakefield, ON. DI water is the recommended 

leach water for shake flask tests when appropriate site drainage is not available (Price 2009), but 

also most closely simulates precipitation in the environment out of the three water types used 

(Table 4.3). It is characterized by having no dissolved metals, low ionic strength, pH at 

equilibrium with the atmosphere, and no buffering capacity (i.e. 0 alkalinity). Ring Lake is 

located in the proposed tailings management facility (TMF) and was used in this study to 

simulate interaction with natural waters around the Nechalacho deposit and the tailings pond 

early in the mine’s life. Water samples of Ring Lake that were collected for use during the shake 

flask tests were sampled during these laboratory test to ensure that maturation of the waters did 
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not impact the studies; the Ring Lake water used for the shake flask tests showed little difference 

when compared with previous sampling by Avalon Rare Metals Inc. (Avalon 2011).  The water 

from Ring Lake is characterized by near-neutral pH, low ionic strength, low metal content, and 

high dissolved organic carbon (DOC). Water from the pilot plant was used to simulate the waters 

at the discharge point into the TMF as well as the mid- to late-life tailings pond. The pilot plant 

water is slightly alkaline, with a high ionic strength, high sulfate, and has a higher metal content 

in comparison with the other two water types. 

 

Figure 4.1 Piper plot showing classification of waters. Circles represent shake flask tests using DI 

water; triangles represent shake flask tests using Ring Lake water; Squares represent shake flask 

tests using pilot plant water. Solid shapes are the waters prior to interaction with the tailings in the 

shake flask test. DI water and rain water do not plot on this diagram. 
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Rain Ring Lake Plant Water 

Symbol Units TCP020-RN TCP142 TCP143 

pH  5.14 8.14 7.87 

pe  12 10 10 

Ionic strength  1.694e-004   

Alkalinity mg/L 0 191 157 

Cl mg/L 21.1 1.3 67 

F mg/L 9.7 1.0 7.0 

NO2 mg/L <0.20 <0.10 <0.05 

NO3 mg/L <0.20 0.35 <0.05 

SO4 mg/L <0.5 1.1 1800 

PO4 mg/L 0.23 <0.20 <5.0 

DOC mg/L <1.0 39.2 26.6 

Al µg/L 6.4 0.58   140      

As µg/L <0.2 3.2    <2.0 

Ba µg/L 4.8 45      45      

Be µg/L <0.02 <0.02 1.6    

Ca µg/L 1800 33000      600000      

Ce µg/L <0.05 <0.05 35      

Co µg/L <0.005 0.017  14      

Dy µg/L <0.01 <0.01 1.4    

Er µg/L <0.01 <0.01 0.60   

Eu µg/L <0.003 <0.003 0.21   

Gd µg/L <0.01 <0.01 2.8    

Ho µg/L <0.005 <0.005 0.30   

Fe µg/L <5.0 8.0    8100      

La µg/L <0.04 <0.04 34      

Li µg/L <0.2 3.1    46      

Lu µg/L <0.005 <0.005 <0.05 

Mg µg/L <3.0 17000      36000      

Mn µg/L <0.03 0.91   83000      

Mo µg/L <1.0 1.4    25      

Nd µg/L <0.01 <0.01 12      

Ni µg/L <0.1 <0.1 260      

K µg/L <20 2700      78000      

Pr µg/L <0.01 <0.01 3.3    

Rb µg/L <0.1 4.5    240      
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Sm µg/L <0.01 <0.01 1.7    

Se µg/L <0.1 0.11   <1.0 

Na µg/L <20 2700      61000      

Sr µg/L <0.1 47      1500      

Tb µg/L <0.005 <0.005 0.18   

Th µg/L <0.004 0.020  <0.04 

Tm µg/L <0.005 <0.005 <0.05 

U µg/L <0.002 0.070  13      

Yb µg/L <0.02 <0.02 <0.2 

Y µg/L <0.1 <0.1 12      

Zn µg/L <1.0 2.3    <10 

Zr µg/L <0.01 0.025  0.47   

Table 4.3 ICP-MS analyses of water used in shake flask tests (initial composition). 

 

4.2.3 Shake Flask Tests 

These experiments followed the recommended procedure outlined in MEND (Price 1999) 

for shake flask tests. In a 2 L Erlenmeyer flask, 500 g of Nechalacho pilot plant tailings were 

mixed with 1500 g of 3 different waters: distilled deionized water lake water and water from the 

pilot plant processing. The flasks were gently agitated on an orbital shaker at 150 rpm for 24 h at 

both 25°C and 4°C. The flasks were allowed to settle for approximately 20 hours before 

decanting. Decants from the shake flask tests were first filtered at 0.45 µm using an inline filter 

and peristaltic pump; this 0.45 µm filtrate is what is usually considered operationally dissolved. 

In addition to the standard shake flask tests procedure, thirty ml of the 0.45 µm filtrate was then 

further filtered at 10 nm using an ultrafiltration cell. The filtrate is forced through a polycarbonate 

membrane with 10 nm pore sizes using N2 gas at 25 psi. Colloids are left on the filter as the 

sample is pushed through and were analyzed using SEM and synchrotron based µXRF and 

µXRD. Although colloids may be smaller than 10 nm (Langmuir 1997), in this study we consider 

the 0.01 µm filtrate as dissolved since no filter with smaller pore sizes is available for these 

ultrafiltration cells. 
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4.2.4 Analysis 

Both the 0.45 µm filtrates and the 0.01 µm filtrates were analyzed by Analytical Services 

Unit at Queen’s University. Analysis of anions (F, Cl, NO2, NO3, SO4, PO4) were done by ion 

chromatography, DOC was analyzed using gas chromatography-mass spectrometry, and 60 

metals (Al, Sb, As, Ba, Be, Cd, Ca, Ce, Cs, Cr, Co, Cu, Dy, Er, Eu, Gd, Ga, Ge, Hf, Ho, Ir, Fe, 

La, Pb, Li, Lu, Mg, Mn, Mo, Nd, Ni, Nb, Pd, Pt, K, Pr, Re, Rh, Rb, Ru, Sm, Se, Ag, Na, Sr, Ta, 

Tb, Te, Tl, Th, Tm, Sn, Ti, W, U, V, Yb, Y, Zn, Zr) were analyzed by inductively coupled plasma 

mass spectrometry. Samples for metal analysis were first acidified to 1% nitric acid. 

Filters from the ultrafiltration cell were mounted on stubs and examined using an 

environmental scanning electron microscope (ESEM). The stubs were left uncoated and examine 

under low vacuum conditions at 15 keV in the hopes of being able to image organic colloids and 

also carbon coated and imaged under high vacuum at 25 keV to provide better images for 

inorganic colloids. 

Synchrotron analyses were performed at three hard X-ray microprobe synchrotron 

beamlines as part of this study: the X11B beamline at the National Synchrotron Light 

Source (NSLS) at Brookhaven National Laboratories, in Long Island, NY, as well as the Sector 

13-IDE and Sector 20-ID beamlines at the Advanced Photon Source (APS) in Chicago, Illinois. 

 Bulk Fe XANES and EXAFS were collected on precipitates from the pilot plant water at 

the X11B beamline, which uses an unfocused beam optimized for this work. XANES and EXAFS 

can be used to determine mineralogy of unknown samples by comparing the spectra with known 

standards collected under the same conditions and performing principle component analysis 

(PCA). While XANES can be used to determine if Fe-oxyhydroxides are present, it is of little use 

in determine the relative proportions of different Fe-oxyhydroxide minerals. EXAFS provides 

more differences between the Fe-oxyhydroxide minerals and can be used to determine the relative 
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proportions of Fe-oxyhydroxide minerals, however with the drawback of being more difficult to 

collect and analyze (O’Day et al. 2004, Gault et al. 2011). 

At APS, methods used included μXRD, for the identification of microcrystalline 

compounds, μXRF, for element mapping and metal ratio quantifications (Jamieson et al., 2011), 

as well as Ce XANES at Sector 20 to determine the oxidation state of Ce tailings samples. The 

micro-focused beam had a spot size of 1x1 µm at Sector 13 and a spot size of 5x5 µm at Sector 

20. XRF mapping at both beamlines was conducted at 19 keV so that the Zr Ka line could be seen 

to allow for the identification of zircon grains. 

 

4.2.5 Speciation Modelling 

Speciation modelling of the 0.01 µm filtrates (dissolved fraction) was done using 

PHREEQC 3, the latest release of the ion-association aqueous model written by Parkhurst and 

Appelo (2013). A modified version of the Lawrence Livermore National Laboratory database 

(llnl.dat) was used as it is most comprehensive database with respect to the REEs and REE-

bearing minerals. 

Modelling of the REE sorption to DOC in was done using a coupling of PHREEQC and 

the Humic Ion Binding Model VI (Model VI) based of the work of Marsac et al. (2011, 2012, 

2013). Model VI is a cation-humic acid binding model (Tipping 1998) that is found in the 

WHAM 6 aqueous modelling program. Model VI uses linear free energy relationships (LFER) to 

determine the metal-humic acid binding parameters. Marsac et al. (2011) found the PHREEQC-

Model VI coupling to be more flexible and more realistic then WHAM 6-Model VI with the 

removal of the log KMA-log KMB linear relationship between the strong (MA) and weak (MB) 

binding sites on the humic acid, allowing the surface complexation constants for the strong and 

weak sites to be optimized separately. For the Ring Lake shake flask tests where ionic strength is 

around 10
-3 

M, a surface area of 40,000 m²/g HA was used as recommended by Marsac et al. 
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(2011). The concentration of humic acid used for modeling of sorption was 10% of the DOC in 

the colloidal phase – for one shake flask test (BZAG tailings with Ring Lake water at 21°C), the 

DOC in the 0.01 µm filtrate was higher than in the 0.045 µm filtrate, so 10% of the detection 

limit was used for the humic acid concentration (this is using the assumption that the DOC in the 

colloidal phase is equal to the detection limit). 

Sorption to both Fe-oxides and Mn-oxides was modelled following methods of Dzombak 

& Morel (1990). Dzombak and Morel use a diffuse double layer surface complexation model 

defining complexation reactions for a strong and a weak site and it uses the Gouy-Chapman 

double layer fpr defining the surface potential as a function of surface charge and ionic strength. 

The model uses linear free energy relationships (LFER) between metals based on their first 

hydrolysis constant (KOH) to calculate a surface complexation constant (Ks).  

 logKs = a × logKOH + b  Eq 1 

The first hydrolysis constant for each REE was calculated using values from Klungness 

and Byrne (2000) and corrected for an ionic strength of 10
-2 

M. For sorption to Fe-oxides, strong 

site values for a and b were 1.166 and -4.374, respectively, and 1.299 and -7.893, respectively, for 

weak sites (Dzombak and Morel, 1990). The samples for the pilot plant water shake flask tests 

required a ten times dilution before ICPMS, so the concentration of Fe was below the detection 

limit. Therefore the concentration of surface sites for Fe-oxides was calculated using the detection 

limit of 50 µg/L with a strong site density of 0.005 mol/mol Fe and weak site density of 0.2 

mol/mol Fe. The surface are of the Fe-oxide was input as 600  m
2
/g.  (Dzombak and Morel, 

1990). Modeling of sorption to Mn-oxides also utilized the model by Dzombak and Morel (1990), 

but substitutes in data from Tonkin et al. (2004) for Mn-oxides. Using the LFER established by 

Tonkin et al. (2004) strong site values for a and b were 0.2732 and -1.3716, respectively, and 

2.1976 and -11.987, respectively, for weak sites. The concentration of Mn in the 0.45 µm filtrates 

and 0.01 µm filtrates pilot plant shake flask tests is orders of magnitude higher than the detection 
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limit and so small differences between the two could not be reported. Because of this, the 

detection limit of 0.3 µg/L was used to determine the concentration of surface sites with a strong 

site density of 1.34 mmol/g Mn and weak site density of 0.76 mmol/g Mn (Tonkin et al. 2004). 

 

4.3 Results 

The results from the ICP-MS analysis show that those shake flask tests that used DI water 

have the highest concentrations of REEs in the 0.45 µm filtrate (12 µg/L), with lower 

concentrations in the tests using water from the pilot plant (5.5 µg/L) and even lower for those 

using Ring Lake water (1 µg/L) (See Figure 4.2A).  However, in the 0.01 µm filtrate we see that 

the tests using pilot plant water have the highest concentrations of REEs (4 µg/L), followed by 

those using Ring Lake water (1 µg/L) and the tests with DI water now with the lowest 

concentrations (0.8 µg/L) (Figure 4.2). Assuming that the difference between the concentrations 

in the 0.45 µm filtrate and the 0.01 µm filtrate is the concentration in the colloidal phase: 

 [REE]colloidal=[REE]0.45µm-[REE]0.01µm Eq. 2 

The tests using DI water have highest concentration of REEs in the colloidal phase, while 

the other tests have similar concentrations (Figure 4.2). In the tests using DI water, 90 to 98% of 

the REEs are present in the colloidal phase, whereas in tests using Ring Lake water and pilot 

plant water the percentage of REEs in the colloidal phase are considerably lower, 50 to 80% and 

25 to 35%, respectively. 

REE diagrams were normalized to the tailings used in the shake flask test  The REE 

profiles are flat to gently sloping, with Ce/Er ratios are below 1 for nearly all of the 0.45 µm 

filtrates and are below 1 for all of the 0.01 µm filtrates, indicating that the HREEs are more 

mobile than LREEs from the tailings. There is a greater total concentration of LREE in the waters 

because there is a greater total concentration of LREE in the tailings, but a higher proportion of 

HREE are leached during the shake flask test. REE patterns with these ratios suggest that the 
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REEs in the 0.01 µm filtrate are complexed by carbonate or fulvic acid ligands (Tang & 

Johannesson 2010). The two 0.45 µm filtrate samples that do have Ce/Er ratios above 1, TCP060 

and TCP077, both used DI water in their shake flask tests. The colloidal phase of the 0.45 µm 

filtrates from the tests using DI water also show enrichment in LREEs compared to the HREEs, 

providing some insight into the ore minerals that might have been more easily mobilized: the 

LREE host minerals bastnäsite, synchisite-parisite, monazite and allanite. Some of the samples 

using pilot plant water and Ring Lake water in the shake flask tests also show a MREE 

enrichment in the colloidal phase suggesting that sorption to Fe oxyhydroxides (Quinn et al. 

2004) or humic acids (Tang & Johannesson 2010) may be the dominant mechanism for these 

sample types. 

  



 

 

 

74 

 

Figure 4.2 A) Total REE concentrations in 0.45 µm filtrates. At lower temperature, REEs have increased 

mobility when pH ~ 8. B) REE concentrations in 0.45 µm filtrates from shake flask tests at 4°C. C) Total 

REE concentrations in 0.01 µm filtrates. D) REE concentrations in 0.01 µm filtrates from shake flask tests 

at 4°C.  E) At lower temperature, there a higher percentage of REEs are mobilized via the colloidal 

fraction. F) REE concentration in colloidal phase from shake flask tests at 4°C. 
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 DI water  Ring Lake water  Pilot Plant water 

 4°C  21°C 

Figure 4.3 REE diagrams for 0.45 µm filtrates (panels A and B), 0.01 µm filtrates (panels C and D) and the 

colloidal fraction (panels E and F). REE diagrams are normalized to tailings used in the shake flask tests 

(BZMP for panels A, C and E; BZAG for panels B, D and F). Note that all of the profiles in C and D have a 

Ce/Er < 1 indicating that the HREEs are more mobile from the tailings in the dissolved fraction. 
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  DI water  Ring Lake water  Pilot Plant water 

 0.01 µm filtrate  0.45 µm filtrate  Colloids  Tailings 

Figure 4.4 Ratio diagrams showing REE fractionation in leachate from shake flask tests for 0.45 

µm filtrates, 0.01 µm filtrates and the colloidal fraction. A) Ce/Er ratio <1 showing the HREE are 

more mobile from the tailings. B) Fractionation of the LREE. C) Fractionation of the HREE. D) 

REE ratio diagram showing Ce anomalies (if no anomaly then Ce/Ce* would be 1). The 0.01 µm 

filtrate show a small negative anomaly suggesting that CeO2 (cerianite) may be precipitating, 

which is supported by PHREEQC modelling where it is super saturated. This is additionally 

supported by the small positive anomaly in the tailings and the presence of Ce
4+

 in EXAFS from 

APS Sector 20. 

 

4.3.1 Speciation 

The ICP-MS analyses for the 0.01 µm filtrates were entered into PHREEQC to determine 

the speciation of the dissolved metals (Figures 4.5, 4.6, 4.7). Results of the speciation model 

suggest that 98% or more of the REEs will be complexed by carbonate ligands for the shake flask 
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tests using DI, with the remaining 2% occurring as fluoride complexes, sulphate complexes, 

hydroxide complexes and as free metal ions (Figure 4.5). The exception being the BZ-MP with 

DI water tests at 4°C where carbonate only accounted for 97% of REE complexes and only 92% 

of La and 95% of Ce complexes. The 0.01 µm filtrate from this shake flask test had the lowest 

alkalinity (72 mg/L) and highest concentrations of La (0.064 µg/L) and Ce (0.15 µg/L) for tests 

using DI. 

In the 0.01 µm filtrates from the tests using Ring Lake (Figure 4.6), speciation model 

estimates indicate that 99.5% of REEs are complexed by carbonate, which is not surprising as the 

Ring Lake water has the highest alkalinity of all three of the initial solutions. The remaining 0.5% 

of dissolved REEs occur as fluoride and hydroxide complexes or as free metal ions. 

For the tests with pilot plant water again carbonate is the dominant ligand (Figure 4.7), 

complexing 95 to 98% of the REEs with the exception of La, where only 80-85% of La is 

complexes with carbonate. Sulphate is the other dominant ligand, complexing 10-17% of the La 

and up to 4% of the other REEs – this is a result of the high concentration of sulphate in the pilot 

plant waters relative to the other available ligands. 

The speciation model shows that carbonate complexes the majority of the REEs in all of 

the leachates which is in agreement with the predictions of Wood (1990) who showed that at pH 

> 6 carbonate is the dominant REE complexing inorganic ligand.  Carbonate (Luo & Byrne 

2004), fluoride (Luo & Byrne 2000) and hydroxide (Klungness & Byrne 2000) ligands all form 

stronger complexes with the HREE than LREE, explaining why the model indicates that the 

LREE have a higher potential to occur as the more bioavailable free metal ion than the HREE in 

these waters. Sulphate is an important ligand in some cases as in contrast to the other ligands, 

sulphate forms stronger complexes with LREE and MREE than with HREE (Schijf & Byrne 

2004), and sulphate is present in much higher concentrations (1800 mg/L) in the pilot plant water 

than any of the other ligands. 
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Figure 4.5 REE speciation for 0.01 µm filtrates from shake flask test using DI water.  
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Figure 4.6 REE speciation for 0.01 µm filtrates from shake flask test using Ring Lake water.  
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Figure 4.7 REE speciation for 0.01 µm filtrates from shake flask test using pilot plant water.  
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4.3.2 Cerium oxidation 

Figure 4.4 shows negative Ce anomalies for water samples, including colloids, as 

indicated by Ce/Ce* < 1, where Ce* is an interpolated value for Ce based upon the normalized 

values of LaN and PrN (Rollinson 1993): 

 Ce* = (LaN × PrN)
1/2 

Eq. 3 

The small negative anomaly suggests that Ce
3+

 is oxidizing to Ce
4+

 and CeO2 (cerianite) 

may be precipitating (DeCarlo et al. 1998), which is supported by PHREEQC modelling where 

CeO2 is supersaturated. This is additionally supported by the small positive anomaly in the 

tailings (Figures 4.4D, 4.8) which may be the precipitated CeO2. Principal component analysis 

(PCA) of XANES spectra from APS Sector 20 shows that up 10% of Ce in the tailings is present 

as Ce
4+

 (Figure 4.9). Takahashi et al. (2005) examined Ce oxidation in soil horizons and found 10 

– 55% of Ce occurred as Ce
4+

, which they attributed to oxidation by MnO2. 

 

Figure 4.8 REE patterns of tailings normalized to chondrite values from Anders & Ebihara 

(1982). They are enriched in LREE compared to HREE and have distinct negative Eu anomaly 

associated with plagioclase. There is a subtle positive Ce anomaly. 
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Figure 4.9 Ce XANES spectra from APS Sector 20 in A) showing standards Ce
3+

F3
 
and Ce

4+
O2

 

for PCA and in B) showing Ce XANES spectra for tailings, which strongly resemble Ce
3+

; 

however PCA does indicate up to 10% Ce
4+

. 

 

4.3.3 Colloids 

Analysis of the water chemistry based on equation 2, shows strong evidence of REEs in 

the colloidal fraction, most notably in the shake flask tests using DI water. To support this data, 

the material on the polycarbonate filters used in the ultrafiltration cell was also examined using 

ESEM (Figure 4.10) and synchrotron-based µXRF and µXRD (Figure 4.11, 4.12). 

The ESEM images show that the colloids from the DI water shake flask tests include 

some of the same minerals as those found in the tailings. The REE in the colloidal phase of these 

samples are chiefly located in the REE-bearing ore minerals. For examples, for the BZMP shake 

flask test with DI water at 4°C there is a total REE concentration in the colloidal phase is 16.1 

µg/L (Figure 4.2). If it is assumed that this 16.1 µg/L is hosted entirely within colloidal zircon, 

which is the most abundant ore mineral in the tailings and also has the lowest REE content of the 

ore minerals at 6 wt. %, then there would need to be around 36 million particles of zircon with a 

diameter of 0.45 µm and spherical shape. While this number seems extraordinarily large, the 

density of these zircons on the 43 mm diameter filter used in the ultrafiltration cell is a much 

more comprehensible 2.5 particles of zircon per 10 µm
2
; this is a number that seems entirely 

plausible when looking at ESEM images (Figures 4.10A, 4.10B). 
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The Ring Lake tests had the lowest concentrations of REEs in the 0.45 µm filtrates (2.0-

3.8 µg/L) and although 60% of the REEs were in the colloidal phase, these samples also had the 

lowest amount of REEs in the colloidal phase (0.5-2.5 µg/L). This is reflected in ESEM images 

(Figures 4.10C) and synchrotron XRF maps where there are few visible particles on the filter – 

those particles present are suspected of being contamination from tweezers or scissors during 

processing (Figure 4.10D). It is likely that the REEs present in the colloidal phase are sorbed to 

organic material, as 10-15 mg/L of DOC is lost between the 0.45 µm and 0.01 µm filtrates in 

these tests. Furthermore organic colloids are not visible in the µXRF maps from APS sector 13, 

where the lowest visible element is S, nor are they visible in BSE images from ESEM as they do 

not stand out from the polycarbonate filter background. Numerous studies (Tang & Johannesson 

2010, Marsac et al. 2010, 2011, 2012, 2013) have shown that humic acids form the strongest 

complexes with REEs in neutral to alkaline waters. Using the PHREEC-Model VI coupling 

developed by Marsac et al. (2011) it was possible to model the sorption of REEs to humic acid in 

the shake flask test experiments using Ring Lake water. Figure 4.13 shows a comparison between 

normalized REE patterns in the 0.01 µm filtrates and the analogous modelled solution after 

sorption to the humic acids. The REE profiles show reasonably similar trends with the exception 

of La which has a modest negative anomaly in the model and the negative Eu anomaly in the 

modeled solution. Furthermore the modeled solution REE profile shows that there are more 

HREE and less LREE solution in comparison to the experimental values in 0.01 µm filtrates. The 

order of magnitude between REE concentrations in the modeled and experimental solutions for 

the BZ-MP shake flask test with Ring Lake water at 21°C seems most likely to due to an error in 

DOC analysis. Despite these few discrepancies, the evidences suggests that it is likely that the 

REEs in the colloidal phase of the shake flask tests with Ring Lake water are sorbed to humic 

acids.  
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For the shake flask tests using pilot plant waters agglomerates of Fe oxide particles were 

found in ESEM images (Figures 4.10E, 4.10F). In the synchrotron µXRF maps, these 

agglomerates are also associated with lower concentrations of Mn, Ni, Cu, Zn and Pb (Figure 

4.12). µXRD of these particle masses proved futile as there was no diffraction, indicating that 

these particles are amorphous. XANES and EXAFS spectra form NSLS Sector 11B are in 

agreement, showing a 90% and 93% fit with ferrihydrite respectively (Figure 4.15). Although Mn 

XANES and EXAFS were not analyzed in these samples, speciation modelling of the 0.45µm and 

the 0.01µm filtrates indicates that both Fe-oxides and Mn-oxides are supersaturated, which in 

addition to the Mn detected by µXRF on the filters, provides evidence that the colloids in the 

pilot plant shake flask tests may be both Fe and Mn oxides. REE profiles from the sorption 

modelling to ferrihydrite and Mn-oxide shows excellent correlation between the modelled 

solution and experimentally measured values from the 0.01 µm filtrates (Figure 4.14).  
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Figure 4.10 ESEM images of polycarbonate filters used in ultrafiltration cell. A) BSE image of 

DI water shake flask test at 4°C.This image demonstrates the large abundance of colloidal 

material in the sample. Bright phases are mostly REE-bearing minerals. B) SEI image of DI water 

shake flask test at 4°C. Two zircon grains are circled C) BSE image of Ring Lake water shake 

flask test at 4°C. Little material on the filter is visible in BSE images. D) SEI image of Ring Lake 

water shake flask test at 4°C. Bright phase in middle is Fe-Cr alloy contamination. Bright circle is 

beam damage. The faint blobs similar in colour to background are possibly humic acids E) BSE 

image of pilot plant water shake flask test at 4°C. Many agglomerations of Fe oxide particles can 

be seen F) SEI image of pilot plant water shake flask test at 4°C. Agglomeration of Fe oxide 

particles suspected of sorbing REEs.  

  



 

 

 

87 

   

 

 

 

 

 

 

Figure 4.11 A) Tri-colour map of filter from BZMP shake flask test with DI water at 4°C. B) 

XRF spectrum of bastnäsite or synchisite-parisite. C) XRF spectrum of fergusonite. D) XRF 

spectrum of zircon. 
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Figure 4.12 A) Tri-colour map of filter from BZMP shake flask test with pilot plant water at 4°C. 

Larger particles metal alloys that contaminated the filter after filtration from a foreign source (e.g. 

tweezers or scissors used in handling filters) B) XRF spectrum of Fe oxide particles that show 

association with other divalent cations Mn, Ni, Cu, Zn and Pb. 
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 Experimental (0.01 µm filtrate)  Modeled solution (post sorption to humic acid) 

Figure 4.13 A comparison of REE profiles normalized to tailings from the Ring Lake water shake 

flask tests between the dissolved experimental solutions (0.01 µm filtrates) and the dissolved 

modeled solutions (solution post-sorption to humic acid) from PHREEQC. A) BZMP at 4°C. B) 

BZAG at 4°C. C) BZMP at 21°C. D) BZAG at 21°C. The modeled profiles are similar to the 

experimental profiles with the exception of the negative La and Eu anomalies. 
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 Experimental (0.01 µm filtrate)  Modeled solution (post sorption to Fe and Mn oxides) 

Figure 4.14 A comparison of REE profiles normalized to tailings from the pilot plant water shake 

flask tests between the dissolved experimental solutions (0.01 µm filtrates) and the dissolved 

modeled solutions (solution post-sorption to Fe and Mn oxides) from PHREEQC. A) BZMP at 

4°C. B) BZAG at 4°C. C) BZMP at 21°C. D) BZAG at 21°C. The modeled profiles have a very 

close match to the experimental profiles. 
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Figure 4.15 XAFS from NSLS Sector X11-B. A) XANES spectrum of precipitate (TCP044) 

collected out of the pilot plant water showing a 90% fit with ferrihydrite. B) EXAFS spectrum of 

same precipitate showing a 93% fit with ferrihydrite. 

 

4.4 Discussion 

4.4.1 Colloid stability 

The differences in REE distribution between the colloidal and dissolved phases for the 

shake flask tests can be best attributed to differences in ionic strength; with increasing ionic 

strength, the percentage of REEs in the in the colloidal phase decreases (Figure 4.16). This is 

explained by equation 4 from Everett (1988): 

 logW = Vmax/ƙT  Eq. 4 

Where W is the stability ratio for colloids, Vmax is the free-energy barrier preventing 

coagulation, ƙ is the Boltzmann constant, and T is the temperature in Kelvins. Colloid instability 

occurs when Vmax = ƙT which may arise if there is a reduction in Vmax by a change in the solution 

chemistry, temperature or pressure (Everett 1988). With very low ionic strength, coagulation for a 

colloid occurs most easily at one pH, the point of zero net proton charge (PZNPC). At this point 

the surface net charge and potential are close to zero for the colloid reducing Vmax. However 

increasing ionic strength results in compression of the diffuse layer reducing particle repulsion 

and causing coagulation over a broader range of pH (Liang and Morgan 1990). 

0.0

0.5

1.0

1.5

7000 7200 7400

n
o

rm
al

iz
e

d
 x

u
(E

) 

Energy (eV) 

TCP044

Ferrihydrite

-10

-5

0

5

10

2 4 6 8 10

x(
k)

*
k3 

k (A-1) 

TCP044

FerrihydriteA B 



 

 

 

92 

The concentration of Individual species may also induce coagulation at a point called the 

critical coagulation concentration (ccc), where Vmax = ƙT. Liang and Morgan (1990) found the 

ccc for divalent ions Mg
2+

 (10
-3

 M), Ca
2+

 (10
-3

 M) and SO4
2-

 (10
-3

 M) and Na
+
 (10

-1.8
 M) for 

suspended hematite at pH 6.5. Increasing the concentration beyond the ccc for these ions had no 

effect on coagulation rates, however Liang and Morgan (1990) found that increasing the 

concentration of humic and fulvic acids beyond their considerably lower ccc of 10
-6.2 

M actually 

increased the stability of the hematite; this is suspected to be the result of adsorption of the humic 

and fulvic acids onto the hematite. Although the ccc changes with pH and also differs for each 

suspended solid (Liang and Morgan 1990), this study provides valuable insight into the results for 

these shake flask tests. The experiments that utilized pilot plant water have concentrations of 

Mg
2+

 (10
-3

 M), Ca
2+ 

(10
-2

 M) and SO4
2- 

(10
-2

 M) higher than the cccs for each of these ions 

whereas the shake flask tests with the other two water types have concentrations below these cccs 

explaining the low REE distribution in the colloidal phase of the pilot plant water shake flask 

tests. 

If the height of the free-energy barrier remains constant, then instability could be caused 

by increasing the temperature, although this has a small effect (Everett 1988). This agrees with 

the effect of temperature on the REE mobility when comparing the experiments at 4°C and 21°C. 

At warmer temperatures, there is a higher concentration of REEs in the 0.01 µm filtrate (truly 

dissolved), however at the cooler temperature there are more REEs in the 0.45 µm filtrate, and a 

greater percentage of REEs in the colloidal fraction. Looking at equation 4, we can see that 

decreasing the temperature makes the colloids more stable in the solution, requiring more energy 

to overcome free-energy barrier. Therefore at lower temperatures, there are more colloids 

suspended in solution providing greater mobility for REEs.  
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Figure 4.16 Ionic strength controls the amount of colloids in solution and the type of colloids in 

solution. At low ionic strength high % of REEs in colloidal phase as ore minerals. Also note the 

subtle difference in temperatures. 
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SiO2 (quartz) 1 to 3 

Na-feldspar 6.8 

K-feldspar 6.1 

Muscovite 6.6 

α-Fe2O3 (hematite) 4.2 to 6.9 

Fe(OH)3 (amorphous) 8.5 to 8.8 

α-FeOOH (goethite) 5.9 to 6.7 

Mn (II) manganite 1.8 

σ-MnO2 (birnessite) 1.5 to 2.8 

α-Al(OH)3 (gibbsite) 10.0 

 

Table 4.4 The pH of PZNPCs for some minerals present in the colloidal phase. Coagulation 

occurs most easily at the PZNPC, however increasing the ionic strength broadens the range of pH 

at which coagulation may occur. 
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northern locality. Johannesson and Zhou (1999) studied a lake in the Canadian high arctic where 

they suspected that reductive dissolution of Fe-Mn oxides controlled REE mobility and 

concentrations in the lake. This may result in seasonal variations where reducing dissolution of 

Fe-Mn oxides increase dissolved REE concentrations during winter months and precipitation of 

Fe-Mn oxides would lower REE concentrations during summer months. Reducing conditions 

might also occur in the pore water of early deposited tailings do to burial resulting in increased 

dissolved REEs from dissolution of Fe-Mn oxides. 

 

4.4.2 Impact on Bioavailability 

 Bioavailability is defined as the portion of a substance that can be absorbed, reach the 

bloodstream and be transported to a site in the body where it can have an active toxicological 

effect (Ruby et al. 1999). Metal toxicity is greater when the metal occurs as a free metal ion (Di 

Toro et al. 2006, Ruby et al. 1999) and lower when it occurs in a stable mineral phase (Ruby et al. 

1999). 

 Considering the results from the shake flask test with these facts in mind, evidence 

suggest that for the majority of REEs there will be low bioavailability under these conditions. For 

example, the DI water shake flask tests have the highest REEs in the 0.45 µm filtrate where they 

occur almost exclusive as colloidal REE minerals. Furthermore several of these ore minerals have 

very low solubility (e.g. zircon and monazite) further reducing the bioavailability of REEs in 

these solutions. REE sorption to humic acid in the Ring lake shake flask tests and to Fe and Mn 

oxides in the pilot plant water shake flasks also suggest a lower bioavailability. Looking at the 

speciation of the REEs in the dissolved fraction (0.01µm filtrates) these experiments, we can see 

that there is low amounts of REEs occurring as free metal ions. Generally no more than 2% of 

any REE occurs as the free metal, however in some cases up to 6% of La may occur as a free 

metal ion. The LREEs are most susceptible to being free metal ions as carbonate is the dominate 
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ligand under these near neutral conditions and forms stronger complexes with the HREEs than 

LREEs in addition to there being a higher total concentration of LREEs. As such toxicological 

studies for REEs in this environment should prioritize research in to the effects of LREEs. 

 

4.5 Conclusions 

 Distribution between REEs in the colloidal and dissolved fractions is well correlated with 

ionic strength, where at low ionic strength there are more colloids in solution and thus the 0.45 

µm filtrates of these samples have the highest REE concentrations. At low ionic strength, ore 

minerals may be in the colloidal fraction having a large impact of REE concentrations in the 0.45 

µm filtrates. REE sorption to humic acids or Fe-Mn oxides is the likely fate of REEs in the 

colloidal phase of the Ring Lake and pilot plant water shake flask tests, respectively. Dissolved 

REEs are highest in the tests using pilot plant water where there is the most ligands available to 

complex the REEs. REEs are complexed largely by carbonate ligands explaining the preferential 

mobilization of the HREE from the tailings. Although little REE occur as free metal ions, LREE 

are more likely to occur in this speciation as carbonate ligands complex the LREE most weakly. 
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Chapter 5 

Conclusions 

The mineralogical and geochemical controls of REE mobility from Nechalacho tailings 

were investigated. A set of shake flask tests was used to determine if and how many of the REEs 

were mobile from the Nechalacho tailings. MLA was used to characterize the mineralogy of the 

tailings to help determine which of the ore minerals (bastnäsite, synchisite-parisite, monazite, 

allanite, fergusonite and zircon) would release REEs into the leachate. 

It was determined that the fluorocarbonates bastnäsite and synchisite-parisite were the 

probable source for REEs in the shake flask test leach waters. This was the obvious candidate 

since the fluorocarbonates are the only REE-bearing minerals in the deposit that are soluble in 

water with pH ~8 at a temperature of <25°C. Additionally, these minerals are very fine grained 

(80% passing at 38 µm) and well liberated making them more likely to react readily with the 

environment. 

REEs in precipitation run-off, lake water downstream of the tailings management facility 

(TMF), and processing plant effluent are expected to occur in both the dissolved and colloidal 

fractions. Ionic strength is the primary control on REE distribution between the colloidal and 

dissolved fractions. Increases in ionic strength decrease the amount of colloids in solution thus 

reducing the amount REEs in the colloidal fraction as there are either a) fewer colloidal REE-

bearing minerals or b) fewer colloids for REE sorption. Conversely, increases in ionic strength 

increase the amount of REEs in the dissolved fraction. In the dissolved fraction, REEs are 

expected to occur predominantly as carbonate complexes, with only a small percentage of the 

REEs occur as the more toxic free metal ions. The LREEs pose the most potential hazard as they 

are the least complexed by carbonate, humic acids and fulvic acids and also occur in the highest 

total dissolved concentrations. Furthermore, the suspected REE source minerals are enriched in 
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the LREE and although data shows that HREE are more preferentially mobilized from the tailings 

than the LREE, the LREE are present in the mine effluent in much higher concentrations than the 

HREE and it is these absolute values, not their relative mobility that will affect toxicity. 

Dissolved Ce may be controlled by the oxidation of Ce
3+

 to Ce
4+

 and the precipitation of CeO2. 

 REEs in the colloidal fraction may occur in REE-bearing ore minerals or be sorbed to 

humic acids and Fe-Mn oxides. The distribution between these three types is directly correlated to 

the waters used in the shake flask tests: DI water had very low ionic strength allowing ore 

minerals to be colloidally stable, Ring Lake water had a high DOC content in comparison to the 

other two waters providing an excellent sorbent for the REEs, and the pilot plant water showed 

evidence of ferrihydrite precipitation, again providing a sorbent for the REEs. It can be expected 

that the REE hosts in the colloidal phase will change as the water in the TMF changes over the 

course of the mine’s life by evolving from Ring Lake like chemistry in the early mine life to more 

like the pilot plant water chemistry as more effluent is released from the processing plant. Even 

dilution by spring melt waters may have an effect on ionic strength allowing more colloids to be 

suspended. 

 

5.1 Future Work 

The conclusions and lessons learned in this study suggest the following research may be 

useful: 

 All of the shake flask tests in this study were done in oxidizing conditions, and the effects 

of reducing conditions on REE mobility from tailings still needs to be investigated. 

Column studies of shake flask tests under reducing conditions (i.e. in a glove box) are 

recommended to determine the effect of redox. Redox is not expected to have a large 

impact on REE speciation as they occur only in the 3+ oxidation state except Ce
4+

 and 

Eu
2+

, the latter which does not occur at Earth’s surface. Under reducing conditions there 
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would be a lower concentration of Ce
4+

 present, however this is a value that is already a 

negligible amount (<0.01%) under oxidizing conditions. It is more likely that redox will 

control the behaviour of sorbents in the colloidal fraction, thus affecting REE mobility. 

Changes in redox are expected to occur seasonally in the TMF and lakes further 

downstream, with anoxic conditions during winter months and oxidizing conditions in 

summer (Avalon 2011). Additionally a permanent change to reduced conditions may 

occur from burial of the tailings over the course of the mine life. With the fine grain 

nature and low porosity of the tailings (15-20% biotite, muscovite and chlorite) it is 

unlikely that oxidized surface waters will penetrate to interact with these reduced tailings, 

and likely that the rate of pore water movement through these tailings will be very low. 

 Introduction of appropriate fulvic acid constants into the PHREEQC model was beyond 

the scope of this thesis however this should be done in the future. Tang and Johannesson 

(2010) showed the affinity of REEs for complexation with fulvic acid is comparable to 

the REEs affinity for carbonate complexation. In this system, carbonate occurs in much 

higher concentrations than fulvic acid (Alkalinity of 150-200 ppm versus DOC of 1-50 

ppm in 0.01 µm filtrates) it will still be a significant ligand, perhaps reducing free metal 

ion concentrations even further.  

 Efforts should be put into determining how much REEs can be sorbed to the biotite 

present in the Nechalacho tailings as it may have a large impact on REE mobility from 

the tailings. There is a considerable amount of biotite in the Nechalacho tailings, 15-20%. 

Fukushi et al. (2013) showed evidence for REE sorption to biotite. Their experiments 

showed a negative correlation between the REEs and K after sorption along with 

expansion of “cracks” in the biotite that was interpreted as cation exchange in the 

interlayer (Fukushi et al. 2013). Additionally, it should be examined how well the REEs 

are sorbed to the biotite and whether remobilization of REE from the biotite is likely. 
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This may in fact be an alternative source of dissolved REEs in the shake flask tests, rather 

than dissolution of fluorocarbonates. 

 In October 2011 field bin tests were set up onsite at the Nechalacho deposit to weather 

tailings in their natural environment. The idea behind these tests was to use suction 

lysimeters to sample leach waters and pore waters to examine REE concentrations 

overtime. However the low precipitation (<200 mm per year) (Avalon 2011), low 

permeability of the tailings and remote sample location resulted in no water being 

collected (even after rainstorms). From this failure, it seems possible that any tailings that 

are stored subaerially will be subject to first flush during the spring thaw. If a comparison 

is drawn between these precipitation events with the DI shake flask tests, then it may be 

shown that these events may have the largest impact on REE mobilization and thus 

should be studied further. 

 Tangential flow filtration (TFF) for the capture of colloids in mine effluent waters should 

be re-evaluated. For this research, initially two different methods were used for the 

collection of colloidal material: ultrafiltration cells and TFF. The former was simple and 

faster to do. The idea behind the latter was to capture a bulk sample of colloidal material 

for analysis by ICPMS and synchrotron based analyses. Losses during TFF exceeded 

50% for many of the metals. Most of the metals with these high losses occur in the 3+ 

oxidation state (Al, Fe, REEs, etc.). Laidlow (2013) had the same problem and attributed 

the losses during TFF to oxidation of the filter which could be visibly seen by a change in 

colour. However in the Nechalacho samples, no colour change was observed, and the 

tailings were already in equilibrium with the atmosphere so it is unlikely that oxidation 

on the filter was the cause. It may be possible that supersaturation of Al or Fe in the 

retentate resulted in the precipitation of Al and Fe hydroxides with which other 3+ 

oxidation state metals co-precipitated. 
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 Sample preparation techniques were tested in this thesis to better optimize MLA for fine 

grain samples, however further improvement would be desirable. Adding graphite to the 

sample reduced agglomeration and improved the particle density in each sample. 

Agglomerations still occurred that reduced the effectiveness of MLA on these samples. 

Removing the clay size (<2 µm) fraction or sieving samples so that there is a fine (<25 

µm) and coarse size fraction (>25 µm), may help to decrease agglomeration further. 

Sieving to this grain size requires the use of water so it may not be suitable for all 

samples (Blaskovich 2013). A study of the effects of wet sieving on tailings should be 

undertaken. 

 Reducing the accelerating voltage to 15 kv helped to improve the spatial resolution for 

MLA and reduce the number of mixed spectra as it reduced the interaction volume of the 

beam. Further studies should try to find the optimal accelerating voltage to particle size 

relationship. 
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Appendix A 

Water Chemistry Data 

 

Analysis:  Analytical Services Unit, Queen’s University 

 Alkalinity, IC and DOC not acidified 

 ICP-MS/ICP-OES, acidified to 1% using HNO3, digestion method is a 

modified version of USEPA Method 200.7 

QA/QC:  Lab Blanks – check for contamination during laboratory analysis 

 Experimental Blanks – check for contamination during experimental process 

 Lab Duplicates – check on precision 

 Experimental Duplicates – check on precision 

 Certified Reference Materials – check on accuracy 

Calculations:  Relative Standard Difference = [(A-B)/((A+B)/2)] x 100, where A is original 

concentration, B is duplicate concentration. Good agreement is ±20%.  
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Shake Flask Test 

  

Detection Limit Rain Ring Lake Plant Water 

 Symbol Units 

 

TCP020 TCP142 TCP143 

Sample Description 

      
Anions 

      
Total Alkalinity (as CaCO3) 

 

mg/L <15 <15 191 157 

Chloride Cl mg/L <0.05 0.15 1.3 67 

Fluoride F mg/L <0.05 0.07 1.0 7.0 

Nitrite NO2 mg/L <0.05 - <0.10 <0.05 

Nitrate NO3 mg/L <0.05 - 0.35 <0.05 

Sulphate SO4 mg/L <0.10 0.83 1.1 1800 

Phosphate PO4 mg/L <0.10 <0.10 <0.20 <5.0 

Dissolved Organic Carbon DOC mg/L <1.0 - 39.2 26.6 

Metals 

      Aluminium Al µg/L <0.5 6.4 0.58 140 

Antimony Sb µg/L <0.2 <0.2 <0.2 <2.0 

Arsenic As µg/L <0.2 <0.2 3.2 <2.0 

Barium Ba µg/L <0.02 4.8 45 45 

Beryllium Be µg/L <0.02 <0.02 <0.02 1.6 

Cadmium Cd µg/L <0.003 0.022 <0.003 <0.03 

Calcium Ca µg/L <30 1800 33000 600000 

Cerium Ce µg/L <0.05 <0.05 <0.05 35 

Cesium ** Cs µg/L <0.1 - - - 

Chromium Cr µg/L <0.5 <0.5 <0.5 <5.0 

Cobalt Co µg/L <0.005 0.025 0.017 14 

Copper Cu µg/L <0.5 <0.5 <0.5 <5.0 

Dysprosium Dy µg/L <0.01 <0.01 <0.01 1.4 

Erbium Er µg/L <0.01 <0.01 <0.01 0.60 
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Europium Eu µg/L <0.003 <0.003 <0.003 0.21 

Gadolinium Gd µg/L <0.01 <0.01 <0.01 2.8 

Gallium Ga µg/L <0.5 - <0.5 <5.0 

Germanium Ge µg/L <0.05 <0.05 <0.1 1.0 

Hafnium ** Hf µg/L <0.01 - - - 

Holmnium Ho µg/L <0.005 <0.005 <0.005 0.30 

Iridium Ir µg/L <0.05 <0.05 <0.05 <0.5 

Iron Fe µg/L <5.0 6.0 8.0 8100 

Lanthanum La µg/L <0.04 <0.04 <0.04 34 

Lead Pb µg/L <0.02 0.090 <0.02 <0.2 

Lithium Li µg/L <0.2 <0.2 3.1 46 

Lutetium Lu µg/L <0.005 <0.005 <0.005 <0.05 

Magnesium Mg µg/L <3.0 85 17000 36000 

Manganese Mn µg/L <0.03 18 0.91 83000 

Molybdenum Mo µg/L <1.0 1.0 1.4 25 

Neodymium Nd µg/L <0.01 <0.01 <0.01 12 

Nickel Ni µg/L <0.1 <0.1 <0.1 260 

Niobium Nb µg/L <0.005 <0.005 <0.005 <0.05 

Palladium ** Pd µg/L <0.01 - - - 

Platinum Pt µg/L <0.005 <0.005 <0.005 <0.05 

Potassium K µg/L <20 180 2700 78000 

Praseodymium Pr µg/L <0.01 <0.01 <0.01 3.3 

Rhenium Re µg/L <0.02 <0.02 <0.02 <0.2 

Rhodium Rh µg/L <0.01 <0.01 <0.01 <0.1 

Rubidium Rb µg/L <0.1 0.29 4.5 240 

Ruthenium Ru µg/L <0.01 <0.01 <0.01 <0.1 

Samarium Sm µg/L <0.01 <0.01 <0.01 1.7 

Selenium Se µg/L <0.1 <0.1 0.11 <1.0 
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Silver Ag µg/L <0.01 <0.01 <0.01 <0.1 

Sodium Na µg/L <20 32 2700 61000 

Strontium Sr µg/L <0.1 1.8 47 1500 

Tantalum Ta µg/L <0.005 <0.005 <0.005 <0.05 

Terbium Tb µg/L <0.005 <0.005 <0.005 0.18 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L <0.01 <0.01 <0.01 <0.1 

Thorium Th µg/L <0.004 <0.004 0.020 <0.04 

Thulium Tm µg/L <0.005 <0.005 <0.005 <0.05 

Tin Sn µg/L <0.03 <0.03 <0.03 <0.3 

Titanium Ti µg/L <0.3 <0.3 <0.3 <3.0 

Tungsten W µg/L <0.05 <0.05 <0.05 <0.5 

Uranium U µg/L <0.002 0.0071 0.070 13 

Vanadium V µg/L <0.03 0.071 0.031 <3.0 

Ytterbium Yb µg/L <0.02 <0.02 <0.02 <0.2 

Yttrium Y µg/L <0.1 <0.1 <0.1 12 

Zinc Zn µg/L <1.0 12 2.3 <10 

Zirconium Zr µg/L <0.01 <0.01 0.025 0.47 
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Shake Flask Test 

  

BZ-MP + DI @ 21 C BZ-AG + DI @ 21 C 

 Symbol Units TCP055 TCP056 TCP057 TCP058 

TCP060 

* TCP061 TCP062 TCP063 

Sample Description 

  

initial permeate rententate UF initial permeate retentate UF 

Anions 

          
Total Alkalinity (as CaCO3) 

 

mg/L 89 90 

  

82 93 

  Chloride Cl mg/L 0.65 1.4 

  

2.4 2.6 

  Fluoride F mg/L 1.0 1.9 

  

2.4 2.1 

  
Nitrite NO2 mg/L <0.05 <0.05 

  

<0.05 <0.10 

  
Nitrate NO3 mg/L <0.05 <0.05 

  

<0.05 <0.10 

  
Sulphate SO4 mg/L 1.5 2.4 

  

3.7 3.2 

  
Phosphate PO4 mg/L <0.10 <0.10 

  

<0.10 <0.20 

  
Dissolved Organic Carbon DOC mg/L 15.9 22.0   22.6 30.2   

Metals 

          Aluminium Al µg/L 160 57 1000 53 180 57 470 56 

Antimony Sb µg/L 1.9 1.8 2.0 2.0 1.7 1.7 2.1 1.8 

Arsenic As µg/L 1.5 1.4 2.1 1.7 2.2 2.0 2.9 2.3 

Barium Ba µg/L 8.8 7.9 13 7.8 7.0 6.5 9.3 6.4 

Beryllium Be µg/L <0.02 <0.02 0.064 <0.02 <0.02 <0.02 0.022 <0.02 

Cadmium Cd µg/L 0.086 0.074 0.10 0.15 0.075 0.072 0.13 0.12 

Calcium Ca µg/L 15000 15000 17000 15000 14000 13000 16000 14000 

Cerium Ce µg/L 1.8 0.33 15 0.12 2.0 0.13 5.7 0.14 

Cesium ** Cs µg/L - - - - - - - - 

Chromium Cr µg/L <0.5 <0.5 1.5 <0.5 <0.5 <0.5 8.0 <0.5 

Cobalt Co µg/L 0.059 0.053 0.12 0.053 0.029 0.025 0.34 0.024 

Copper Cu µg/L 1.9 1.9 3.9 2.2 2.6 2.1 4.9 1.9 

Dysprosium Dy µg/L 0.22 0.069 1.2 0.072 0.17 0.046 0.47 0.049 

Erbium Er µg/L 0.098 0.037 0.52 0.038 0.066 0.020 0.18 0.023 
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Europium Eu µg/L 0.031 0.0059 0.21 0.010 0.028 0.0055 0.084 0.0068 

Gadolinium Gd µg/L 0.27 0.063 1.8 0.061 0.25 0.045 0.73 0.055 

Gallium Ga µg/L 2.1 2.0 4.4 1.9 2.2 1.9 3.3 2.0 

Germanium Ge µg/L 0.24 0.13 0.77 0.14 0.22 0.18 0.44 0.17 

Hafnium ** Hf µg/L - - - - - - - - 

Holmnium Ho µg/L 0.040 0.014 0.21 0.014 0.032 0.0081 0.074 0.0087 

Iridium Ir µg/L 0.79 <0.05 0.82 0.19 0.19 <0.05 0.45 0.086 

Iron Fe µg/L 83 <5.0 670 5.0 130 <5.0 370 <5.0 

Lanthanum La µg/L 0.78 <0.04 6.5 <0.04 0.85 <0.04 2.4 <0.04 

Lead Pb µg/L 0.11 <0.02 0.42 0.083 0.062 <0.02 0.39 0.044 

Lithium Li µg/L 3.6 3.4 4.2 3.5 3.5 3.4 3.8 3.4 

Lutetium Lu µg/L 0.0066 <0.005 0.033 <0.005 <0.005 <0.005 0.010 <0.005 

Magnesium Mg µg/L 2600 2500 2800 2600 2800 2800 3200 2900 

Manganese Mn µg/L 24 22 33 25 20 19 26 21 

Molybdenum Mo µg/L 71 70 100 74 80 75 130 81 

Neodymium Nd µg/L 1.0 0.11 7.6 0.12 1.1 0.13 3.0 0.13 

Nickel Ni µg/L <0.1 0.68 1.7 0.38 <0.1 0.32 5.1 <0.1 

Niobium Nb µg/L 0.45 0.052 2.3 0.085 0.52 0.072 1.1 0.075 

Palladium ** Pd µg/L - - - - - - - - 

Platinum Pt µg/L 0.039 0.037 0.075 0.050 0.027 0.026 0.049 0.030 

Potassium K µg/L 13000 13000 16000 13000 16000 16000 20000 17000 

Praseodymium Pr µg/L 0.24 0.020 1.9 0.023 0.26 0.024 0.74 0.025 

Rhenium Re µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Rhodium Rh µg/L <0.01 <0.01 0.011 <0.01 <0.01 <0.01 <0.01 <0.01 

Rubidium Rb µg/L 25 23 34 24 28 26 35 26 

Ruthenium Ru µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Samarium Sm µg/L 0.25 0.042 1.7 0.048 0.24 0.040 0.66 0.048 

Selenium Se µg/L 0.19 0.13 0.49 0.16 0.28 0.26 0.31 0.21 
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Silver Ag µg/L <0.01 <0.01 0.17 0.021 <0.01 <0.01 0.032 <0.01 

Sodium Na µg/L 11000 11000 12000 11000 13000 13000 15000 14000 

Strontium Sr µg/L 54 53 58 54 49 49 57 52 

Tantalum Ta µg/L 0.039 <0.005 0.26 <0.005 0.042 <0.005 0.13 <0.005 

Terbium Tb µg/L 0.040 0.011 0.25 0.011 0.036 0.0080 0.094 0.0077 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L 0.019 0.017 0.034 0.019 0.014 0.011 0.021 0.013 

Thorium Th µg/L 0.056 0.023 0.071 0.016 0.046 0.0076 0.081 0.0048 

Thulium Tm µg/L 0.011 <0.005 0.058 <0.005 0.0072 <0.005 0.018 <0.005 

Tin Sn µg/L <0.03 <0.03 0.16 <0.03 0.031 <0.03 0.12 <0.03 

Titanium Ti µg/L <0.3 <0.3 1.3 <0.3 0.38 <0.3 0.80 <0.3 

Tungsten W µg/L 1.7 1.6 2.4 1.8 1.9 1.8 3.0 1.9 

Uranium U µg/L 5.3 5.2 6.4 5.3 8.9 8.6 11 8.7 

Vanadium V µg/L 0.24 0.21 0.32 0.23 0.24 0.23 0.38 0.28 

Ytterbium Yb µg/L 0.056 0.026 0.30 0.026 0.040 <0.02 0.10 <0.02 

Yttrium Y µg/L 0.92 0.36 4.8 0.36 0.75 0.24 1.9 0.26 

Zinc Zn µg/L 3.9 <1.0 4.7 58 <1.0 1.6 6.2 32 

Zirconium Zr µg/L 0.19 0.029 1.4 0.044 0.27 0.056 1.3 0.062 
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Shake Flask Test 

  

BZ-MP + DI @ 4 C BZ-AG + DI @ 4 C 

 Symbol Units TCP072 TCP073 TCP074 TCP075 TCP077 TCP078 TCP079 TCP080 

Sample Description 

  

initial permeate retentate UF initial permeate retentate UF 

Anions 

          
Total Alkalinity (as CaCO3) 

 

mg/L 72 85 

  

72 83 

  Chloride Cl mg/L 3.6 3.8 

  

2.3 2.5 

  Fluoride F mg/L 1.1 1.1 

  

1.3 1.3 

  
Nitrite NO2 mg/L <0.05 <0.05 

  

<0.05 <0.05 

  
Nitrate NO3 mg/L <0.05 <0.05 

  

<0.05 <0.05 

  
Sulphate SO4 mg/L 2.4 2.2 

  

2.7 2.4 

  
Phosphate PO4 mg/L <0.10 <0.10 

  

<0.10 <0.10 

  
Dissolved Organic Carbon DOC mg/L 14.9 12.9   13.6 11.9   

Metals 

          Aluminium Al µg/L 130 26 570 29 150 24 630 28 

Antimony Sb µg/L 0.79 0.73 0.87 0.81 0.62 0.64 0.78 0.62 

Arsenic As µg/L 1.1 0.92 1.8 1.2 1.1 0.94 1.8 1.4 

Barium Ba µg/L 5.1 4.5 7.7 5.0 4.5 4.0 7.9 4.0 

Beryllium Be µg/L <0.02 <0.02 0.049 <0.02 <0.02 <0.02 0.058 <0.02 

Cadmium Cd µg/L 0.072 0.060 0.12 0.18 0.051 0.049 0.095 0.12 

Calcium Ca µg/L 13000 12000 15000 12000 12000 12000 15000 12000 

Cerium Ce µg/L 6.0 0.088 20 0.15 3.4 0.092 14 0.089 

Cesium ** Cs µg/L - - - - - - - - 

Chromium Cr µg/L <0.5 <0.5 1.6 <0.5 <0.5 <0.5 2.2 <0.5 

Cobalt Co µg/L 0.032 0.035 0.096 0.048 0.023 0.013 0.092 0.016 

Copper Cu µg/L 1.4 1.3 3.3 4.8 0.98 0.85 3.1 1.0 

Dysprosium Dy µg/L 0.46 0.033 1.3 0.036 0.24 0.016 0.89 0.019 

Erbium Er µg/L 0.20 0.019 0.57 0.017 0.086 <0.01 0.32 <0.01 
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Europium Eu µg/L 0.081 0.0046 0.28 0.0043 0.046 0.0047 0.18 <0.003 

Gadolinium Gd µg/L 0.72 0.040 2.2 0.039 0.40 0.026 1.6 0.028 

Gallium Ga µg/L 1.8 1.1 3.7 1.1 1.3 0.85 3.1 0.88 

Germanium Ge µg/L 0.42 0.10 1.0 <0.1 0.27 <0.1 0.70 0.11 

Hafnium ** Hf µg/L - - - - - - - - 

Holmnium Ho µg/L 0.080 0.0066 0.22 0.0064 0.036 <0.005 0.14 <0.005 

Iridium Ir µg/L 0.12 <0.05 0.27 0.090 0.085 <0.05 0.20 0.064 

Iron Fe µg/L 130 <5.0 390 <5.0 200 <5.0 830 <5.0 

Lanthanum La µg/L 2.6 <0.04 8.7 0.062 1.4 <0.04 6.1 <0.04 

Lead Pb µg/L 0.070 <0.02 0.27 0.17 0.080 <0.02 0.99 0.060 

Lithium Li µg/L 1.6 1.4 1.9 1.6 1.6 1.4 2.1 1.4 

Lutetium Lu µg/L 0.017 <0.005 0.044 <0.005 0.0050 <0.005 0.020 <0.005 

Magnesium Mg µg/L 1600 1500 1800 1500 1700 1700 2100 1600 

Manganese Mn µg/L 90 83 96 79 63 63 81 60 

Molybdenum Mo µg/L 65 62 110 66 52 49 87 52 

Neodymium Nd µg/L 3.0 0.094 10 0.10 1.7 0.080 7.2 0.073 

Nickel Ni µg/L <0.1 0.45 1.4 0.54 <0.1 <0.1 0.94 <0.1 

Niobium Nb µg/L 1.2 0.040 3.6 0.039 0.77 0.049 2.2 0.053 

Palladium ** Pd µg/L - - - - - - - - 

Platinum Pt µg/L 0.027 0.024 0.079 0.022 0.027 0.027 0.068 0.033 

Potassium K µg/L 8600 7800 11000 8100 8900 9100 12000 9000 

Praseodymium Pr µg/L 0.74 0.016 2.5 0.023 0.42 0.015 1.8 0.016 

Rhenium Re µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Rhodium Rh µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Rubidium Rb µg/L 12 11 18 12 13 12 20 12 

Ruthenium Ru µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Samarium Sm µg/L 0.69 0.029 2.3 0.031 0.37 0.021 1.6 0.021 

Selenium Se µg/L 0.30 0.17 0.50 0.12 0.12 0.11 0.29 0.11 
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Silver Ag µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Sodium Na µg/L 10000 9800 12000 9800 7800 9100 10000 7600 

Strontium Sr µg/L 38 35 40 34 32 34 39 32 

Tantalum Ta µg/L 0.15 <0.005 0.61 <0.005 0.055 <0.005 0.26 <0.005 

Terbium Tb µg/L 0.088 0.0062 0.28 0.0058 0.049 <0.005 0.20 <0.005 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L <0.01 <0.01 0.017 0.011 <0.01 <0.01 0.012 <0.01 

Thorium Th µg/L 0.052 <0.004 0.16 0.0067 0.095 0.041 0.22 0.014 

Thulium Tm µg/L 0.026 <0.005 0.065 <0.005 0.0082 <0.005 0.032 <0.005 

Tin Sn µg/L <0.03 <0.03 0.064 <0.03 <0.03 <0.03 0.25 <0.03 

Titanium Ti µg/L 0.67 <0.3 1.8 <0.3 0.37 <0.3 2.5 <0.3 

Tungsten W µg/L 0.86 0.80 1.4 0.85 0.74 0.71 1.3 0.76 

Uranium U µg/L 3.7 3.5 4.7 3.6 5.6 5.3 7.2 5.3 

Vanadium V µg/L 0.11 0.086 0.13 0.073 0.080 0.063 0.13 0.071 

Ytterbium Yb µg/L 0.14 <0.02 0.38 <0.02 0.046 <0.02 0.16 <0.02 

Yttrium Y µg/L 2.0 0.19 5.7 0.19 0.94 <0.1 3.5 0.10 

Zinc Zn µg/L 1.2 <1.0 2.7 88 <1.0 <1.0 4.7 56 

Zirconium Zr µg/L 8.9 0.045 22 0.038 1.2 0.055 3.8 0.038 
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Shake Flask Test 

  

BZ-MP + Ring - 4°C BZ-AG + Ring - 4°C 

 Symbol Units TCP090 * TCP091 TCP092 TCP093 TCP095 TCP096 TCP097 TCP098 

Sample Description 

  

initial permeate retentate UF initial permeate retentate UF 

Anions 

          
Total Alkalinity (as CaCO3) 

 

mg/L 215 208 

  

210 207 

  Chloride Cl mg/L 2.4 3.0 

  

4.1 7.7 

  Fluoride F mg/L 1.8 1.8 

  

2.2 3.6 

  
Nitrite NO2 mg/L <0.20 <0.20 

  

<0.20 <0.10 

  
Nitrate NO3 mg/L 0.58 0.65 

  

0.41 0.67 

  
Sulphate SO4 mg/L 2.0 2.6 

  

3.1 4.2 

  
Phosphate PO4 mg/L <0.40 <0.40 

  

<0.40 <0.20 

  
Dissolved Organic Carbon DOC mg/L 44.8 31.6   56.0 43.6   

Metals 

          Aluminium Al µg/L 44 13 320 19 46 8.8 410 14 

Antimony Sb µg/L 0.55 0.59 0.71 0.69 0.62 0.64 0.77 0.69 

Arsenic As µg/L 2.2 2.1 3.7 2.9 2.8 2.9 4.9 3.7 

Barium Ba µg/L 13 13 18 13 13 12 18 13 

Beryllium Be µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.022 <0.02 

Cadmium Cd µg/L 0.042 0.043 0.084 0.14 0.099 0.10 0.14 0.17 

Calcium Ca µg/L 32000 31000 40000 32000 31000 32000 40000 31000 

Cerium Ce µg/L 1.1 0.34 6.8 0.23 0.70 0.25 3.1 0.18 

Cesium ** Cs µg/L - - - - - - - - 

Chromium Cr µg/L <0.5 <0.5 2.5 <0.5 <0.5 <0.5 6.8 <0.5 

Cobalt Co µg/L 0.060 0.086 0.26 0.11 0.052 0.063 0.30 0.060 

Copper Cu µg/L 5.3 4.5 11 2.6 11 4.2 12 3.0 

Dysprosium Dy µg/L 0.13 0.078 0.52 0.062 0.085 0.048 0.31 0.037 

Erbium Er µg/L 0.073 0.046 0.27 0.038 0.045 0.026 0.15 0.023 
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Europium Eu µg/L 0.018 0.0080 0.087 0.0068 0.015 0.0053 0.043 0.0050 

Gadolinium Gd µg/L 0.16 0.093 0.77 0.071 0.12 0.061 0.42 0.047 

Gallium Ga µg/L 0.66 <0.5 1.5 0.56 0.68 <0.5 1.2 0.56 

Germanium Ge µg/L 0.12 <0.1 0.33 <0.1 0.12 <0.1 0.22 0.11 

Hafnium ** Hf µg/L - - - - - - - - 

Holmnium Ho µg/L 0.028 0.019 0.099 0.013 0.017 0.0091 0.054 0.0087 

Iridium Ir µg/L 0.31 0.064 0.50 0.10 0.056 0.087 0.25 <0.05 

Iron Fe µg/L 5.2 <5.0 53 <5.0 <5.0 <5.0 56 <5.0 

Lanthanum La µg/L 0.48 0.16 3.0 0.11 0.30 0.11 1.3 0.077 

Lead Pb µg/L 0.031 <0.02 0.088 0.12 0.33 <0.02 0.15 0.30 

Lithium Li µg/L 3.7 3.9 4.2 4.1 3.6 3.3 3.8 3.6 

Lutetium Lu µg/L 0.0060 <0.005 0.026 <0.005 <0.005 <0.005 0.011 <0.005 

Magnesium Mg µg/L 14000 14000 16000 14000 15000 15000 17000 15000 

Manganese Mn µg/L 42 41 50 39 33 31 40 34 

Molybdenum Mo µg/L 37 37 48 38 77 73 100 79 

Neodymium Nd µg/L 0.62 0.28 3.6 0.18 0.43 0.19 1.7 0.14 

Nickel Ni µg/L 3.9 4.7 10 4.2 3.0 1.6 10 3.0 

Niobium Nb µg/L 0.26 0.13 1.1 0.13 0.27 0.18 0.98 0.18 

Palladium ** Pd µg/L - - - - - - - - 

Platinum Pt µg/L 0.067 0.058 0.14 0.061 0.010 <0.005 0.017 0.0079 

Potassium K µg/L 13000 13000 16000 14000 15000 15000 19000 15000 

Praseodymium Pr µg/L 0.14 0.055 0.85 0.037 0.096 0.038 0.41 0.028 

Rhenium Re µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Rhodium Rh µg/L <0.010 <0.01 0.014 <0.01 <0.01 <0.01 <0.01 <0.01 

Rubidium Rb µg/L 25 24 32 25 24 23 33 24 

Ruthenium Ru µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Samarium Sm µg/L 0.14 0.072 0.75 0.051 0.11 0.050 0.39 0.040 

Selenium Se µg/L 0.22 0.19 0.40 0.24 0.21 0.37 0.45 0.15 



 

 

 

121 

Silver Ag µg/L <0.01 <0.01 0.021 <0.01 <0.01 <0.01 <0.01 <0.01 

Sodium Na µg/L 12000 12000 13000 12000 13000 14000 16000 13000 

Strontium Sr µg/L 96 95 120 98 96 95 120 96 

Tantalum Ta µg/L 0.020 <0.005 0.24 <0.005 0.012 <0.005 0.16 <0.005 

Terbium Tb µg/L 0.026 0.014 0.095 0.010 0.016 <0.005 0.058 0.0069 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L <0.01 <0.01 0.010 0.011 <0.01 <0.01 <0.01 <0.01 

Thorium Th µg/L 0.097 0.050 0.098 0.027 0.082 0.059 0.085 0.048 

Thulium Tm µg/L 0.0098 0.0064 0.035 <0.005 0.0058 <0.005 0.017 <0.005 

Tin Sn µg/L <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Titanium Ti µg/L 0.46 <0.3 0.85 <0.3 <0.3 <0.3 0.58 <0.3 

Tungsten W µg/L 0.45 0.44 0.63 0.46 0.66 0.58 0.98 0.66 

Uranium U µg/L 8.9 8.8 11 9.3 14 13 18 14 

Vanadium V µg/L 0.095 0.095 0.32 0.10 0.10 0.10 0.24 0.11 

Ytterbium Yb µg/L 0.054 0.034 0.21 0.027 0.030 0.020 0.092 <0.02 

Yttrium Y µg/L 0.77 0.49 2.5 0.37 0.52 0.29 1.4 0.25 

Zinc Zn µg/L <1.0 1.1 2.5 69 4.8 <1.0 1.8 42 

Zirconium Zr µg/L 1.8 0.54 11 0.60 1.1 0.62 4.7 0.73 
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Shake Flask Test 

  

BZ-MP + Plant Water - 4°C BZ-AG + Plant Water - 4°C 

 Symbol Units TCP100 * TCP101 TCP102 TCP103 TCP105 TCP106 TCP107 TCP108 

Sample Description 

  

initial permeate retentate UF initial permeate retentate UF 

Anions 

          
Total Alkalinity (as CaCO3) 

 

mg/L 185 177 

  

171 179 

  Chloride Cl mg/L 57.2 57.6 

  

56.8 52.9 

  Fluoride F mg/L 6.5 5.1 

  

3.7 4.7 

  
Nitrite NO2 mg/L <2.5 <2.5 

  

<2.5 <2.5 

  
Nitrate NO3 mg/L <2.5 <2.5 

  

<2.5 <2.5 

  
Sulphate SO4 mg/L 1790 1800 

  

1780 1760 

  
Phosphate PO4 mg/L <5.0 <5.0 

  

<5.0 <5.0 

  
Dissolved Organic Carbon DOC mg/L 27.2 <20.0   24.6 19.4   

Metals 

          Aluminium Al µg/L 8.9 14 8.4 9.7 9.3 6.5 10 8.0 

Antimony Sb µg/L <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 

Arsenic As µg/L <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 

Barium Ba µg/L 200 210 200 200 200 200 200 200 

Beryllium Be µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Cadmium Cd µg/L 0.14 0.22 0.17 0.31 0.095 0.10 0.095 0.24 

Calcium Ca µg/L 590000 600000 620000 600000 610000 600000 590000 600000 

Cerium Ce µg/L 1.8 1.5 1.6 0.93 1.5 1.3 1.5 0.88 

Cesium ** Cs µg/L - - - - - - - - 

Chromium Cr µg/L <5.0 <5.0 190 <5.0 <5.0 <5.0 65 <5.0 

Cobalt Co µg/L 5.4 5.5 11 5.4 5.1 5.0 7.0 5.3 

Copper Cu µg/L <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 

Dysprosium Dy µg/L 0.28 0.23 0.27 0.19 0.21 0.20 0.24 0.16 

Erbium Er µg/L 0.17 0.12 0.15 0.11 0.11 0.11 0.14 0.10 
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Europium Eu µg/L 0.032 0.044 0.047 <0.03 <0.03 <0.03 <0.03 <0.03 

Gadolinium Gd µg/L 0.36 0.30 0.39 0.27 0.26 0.25 0.31 0.19 

Gallium Ga µg/L <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 

Germanium Ge µg/L <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 

Hafnium ** Hf µg/L - - - - - - - - 

Holmnium Ho µg/L 0.060 0.054 0.066 <0.05 <0.05 <0.05 <0.05 <0.05 

Iridium Ir µg/L <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Iron Fe µg/L <50 <50 760 <50 <50 <50 240 <50 

Lanthanum La µg/L 1.0 0.84 0.85 0.42 0.89 0.71 0.86 0.44 

Lead Pb µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Lithium Li µg/L 44 44 42 43 39 39 38 38 

Lutetium Lu µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Magnesium Mg µg/L 42000 44000 42000 42000 44000 44000 43000 44000 

Manganese Mn µg/L 62000 64000 66000 64000 65000 64000 62000 64000 

Molybdenum Mo µg/L 84 79 99 82 51 50 57 50 

Neodymium Nd µg/L 1.2 1.2 1.4 0.84 1.1 0.85 1.1 0.83 

Nickel Ni µg/L 150 150 260 140 140 150 180 140 

Niobium Nb µg/L <0.05 <0.05 0.11 <0.05 <0.05 <0.05 0.058 <0.05 

Palladium ** Pd µg/L - - - - - - - - 

Platinum Pt µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Potassium K µg/L 82000 83000 83000 81000 80000 81000 82000 83000 

Praseodymium Pr µg/L 0.27 0.25 0.25 0.16 0.22 0.18 0.24 0.14 

Rhenium Re µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Rhodium Rh µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Rubidium Rb µg/L 170 170 170 170 160 170 170 170 

Ruthenium Ru µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Samarium Sm µg/L 0.32 0.28 0.29 0.17 0.26 0.25 0.24 0.18 

Selenium Se µg/L 1.6 <1.0 1.0 <1.0 <1.0 1.3 <1.0 1.6 
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Silver Ag µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Sodium Na µg/L 72000 75000 74000 72000 63000 65000 64000 65000 

Strontium Sr µg/L 1500 1600 1500 1500 1500 1600 1600 1600 

Tantalum Ta µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Terbium Tb µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Thorium Th µg/L 0.098 0.048 0.078 0.054 <0.04 0.050 0.058 <0.04 

Thulium Tm µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Tin Sn µg/L <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Titanium Ti µg/L <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 

Tungsten W µg/L <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Uranium U µg/L 20 20 20 20 23 24 24 24 

Vanadium V µg/L <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 

Ytterbium Yb µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Yttrium Y µg/L 1.6 1.6 1.6 1.2 1.3 1.1 1.3 <1.0 

Zinc Zn µg/L <10 <10 <10 76 <10 <10 <10 70 

Zirconium Zr µg/L 0.50 0.38 0.43 0.46 0.47 0.39 0.54 0.49 
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Shake Flask Test 

  

BZ-MP + Ring - 21°C BZ-AG + Ring - 21°C 

 Symbol Units TCP116 TCP117 TCP118 TCP119 TCP121 TCP122 TCP123 TCP124 

Sample Description 

  

initial permeate retentate UF initial permeate retentate UF 

Anions 

          
Total Alkalinity (as CaCO3) 

 

mg/L 221 208 

  

209 204 

  Chloride Cl mg/L 7.7 7.9 

  

4.6 5.0 

  Fluoride F mg/L 2.7 2.4 

  

2.4 2.2 

  
Nitrite NO2 mg/L <0.20 <0.20 

  

<0.20 <0.20 

  
Nitrate NO3 mg/L 0.49 0.94 

  

0.29 0.64 

  
Sulphate SO4 mg/L 7.1 9.2 

  

4.1 4.0 

  
Phosphate PO4 mg/L <0.40 <0.40 

  

<0.40 <0.40 

  
Dissolved Organic Carbon DOC mg/L 57.3 42.4   50.7 71.7   

Metals 

          Aluminium Al µg/L 84 47 370 61 90 41 350 77 

Antimony Sb µg/L 0.89 0.86 1.1 1.0 0.78 0.87 0.97 0.85 

Arsenic As µg/L 2.9 2.6 4.1 3.4 3.4 3.2 4.8 3.5 

Barium Ba µg/L 15 15 20 17 13 12 17 13 

Beryllium Be µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cadmium Cd µg/L 0.11 0.11 0.17 0.28 0.12 0.097 0.15 0.13 

Calcium Ca µg/L 31000 30000 38000 30000 32000 32000 39000 33000 

Cerium Ce µg/L 0.74 0.19 5.1 0.16 0.51 0.16 2.6 0.41 

Cesium ** Cs µg/L - - - - - - - - 

Chromium Cr µg/L <0.5 <0.5 110 <0.5 <0.5 <0.5 160 <0.5 

Cobalt Co µg/L 0.058 0.083 3.8 0.16 2.0 1.9 7.2 1.9 

Copper Cu µg/L 6.6 5.8 15 19 5.9 5.1 16 7.5 

Dysprosium Dy µg/L 0.12 0.059 0.52 0.063 0.075 0.035 0.29 0.069 

Erbium Er µg/L 0.066 0.036 0.29 0.040 0.044 0.022 0.14 0.032 
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Europium Eu µg/L 0.013 0.0074 0.074 0.0055 0.012 0.0050 0.037 0.0072 

Gadolinium Gd µg/L 0.14 0.064 0.64 0.058 0.095 0.046 0.36 0.077 

Gallium Ga µg/L 1.3 1.0 2.0 1.1 1.1 1.0 1.7 1.1 

Germanium Ge µg/L 0.11 <0.1 0.31 0.11 0.14 0.14 0.27 0.15 

Hafnium ** Hf µg/L - - - - - - - - 

Holmnium Ho µg/L 0.024 0.013 0.11 0.013 0.015 0.0076 0.055 0.012 

Iridium Ir µg/L <0.05 <0.05 0.19 0.053 <0.05 <0.05 <0.05 <0.05 

Iron Fe µg/L 5.9 <5.0 510 7.7 13 <5.0 610 7.4 

Lanthanum La µg/L 0.34 0.086 2.2 0.062 0.24 0.072 1.3 0.19 

Lead Pb µg/L 0.030 0.033 0.23 0.82 0.030 0.022 0.26 0.18 

Lithium Li µg/L 4.8 4.8 5.1 5.2 4.7 4.7 5.0 4.7 

Lutetium Lu µg/L 0.0059 <0.005 0.029 <0.005 <0.005 <0.005 0.012 <0.005 

Magnesium Mg µg/L 14000 14000 16000 14000 15000 15000 17000 15000 

Manganese Mn µg/L 24 25 44 29 28 26 53 26 

Molybdenum Mo µg/L 94 94 130 98 88 87 130 88 

Neodymium Nd µg/L 0.47 0.16 2.7 0.14 0.35 0.13 1.5 0.29 

Nickel Ni µg/L 2.4 3.2 77 5.2 1.9 2.6 86 2.4 

Niobium Nb µg/L 0.31 0.20 1.8 0.22 0.35 0.25 1.6 0.34 

Palladium ** Pd µg/L - - - - - - - - 

Platinum Pt µg/L 0.0058 0.0079 0.026 0.028 0.0068 0.0068 0.016 0.0079 

Potassium K µg/L 16000 15000 19000 17000 16000 16000 19000 17000 

Praseodymium Pr µg/L 0.10 0.030 0.64 0.028 0.088 0.025 0.37 0.066 

Rhenium Re µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Rhodium Rh µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Rubidium Rb µg/L 33 32 41 34 32 31 40 31 

Ruthenium Ru µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Samarium Sm µg/L 0.12 0.044 0.62 0.040 0.080 0.031 0.34 0.066 

Selenium Se µg/L 0.36 0.35 0.41 0.39 0.26 0.26 0.40 0.27 
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Silver Ag µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Sodium Na µg/L 19000 18000 21000 20000 14000 14000 16000 15000 

Strontium Sr µg/L 88 86 110 87 91 90 110 93 

Tantalum Ta µg/L 0.032 <0.005 0.28 0.0060 0.031 <0.005 0.21 0.023 

Terbium Tb µg/L 0.022 0.010 0.091 0.0089 0.013 0.0060 0.054 0.011 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L 0.021 0.021 0.022 0.020 0.011 <0.01 0.013 0.011 

Thorium Th µg/L 0.041 0.021 0.088 0.021 0.041 0.040 0.067 0.049 

Thulium Tm µg/L 0.0094 <0.005 0.040 <0.005 <0.005 <0.005 0.015 <0.005 

Tin Sn µg/L <0.03 <0.03 <0.03 0.36 <0.03 <0.03 <0.03 <0.03 

Titanium Ti µg/L <0.3 <0.3 1.2 0.58 <0.3 <0.3 0.77 0.31 

Tungsten W µg/L 0.84 0.80 1.2 0.99 0.86 0.81 1.3 0.87 

Uranium U µg/L 8.2 7.9 10 8.3 11 10 13 10 

Vanadium V µg/L 0.23 0.20 1.1 0.26 0.21 0.19 1.5 0.25 

Ytterbium Yb µg/L 0.048 0.024 0.25 0.027 0.029 <0.02 0.092 0.025 

Yttrium Y µg/L 0.68 0.38 2.5 0.36 0.48 0.27 1.3 0.46 

Zinc Zn µg/L <1.0 1.2 2.7 49 1.5 <1.0 2.9 7.1 

Zirconium Zr µg/L 2.0 0.49 17 0.58 1.2 0.51 6.4 1.0 
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Shake Flask Test 

  

BZ-MP + Plant Water - 21°C BZ-AG + Plant Water - 21°C 

 Symbol Units TCP126 TCP127 TCP128 TCP129 TCP131 TCP132 TCP133 TCP134 

Sample Description 

  

initial permeate retentate UF initial permeate retentate UF 

Anions 

          
Total Alkalinity (as CaCO3) 

 

mg/L 165 164 

  

165 162 

  Chloride Cl mg/L 59.4 57.7 

  

59.1 58.3 

  Fluoride F mg/L 3.8 4.6 

  

2.3 3.9 

  
Nitrite NO2 mg/L <2.5 <2.5 

  

<2.5 <2.5 

  
Nitrate NO3 mg/L <2.5 <2.5 

  

<2.5 <2.5 

  
Sulphate SO4 mg/L 1800 1780 

  

1760 1790 

  
Phosphate PO4 mg/L <5.0 <5.0 

  

<5.0 <5.0 

  
Dissolved Organic Carbon DOC mg/L 26.7 23.2   24.6 23.6   

Metals 

          Aluminium Al µg/L 12 11 19 19 14 8.5 12 14 

Antimony Sb µg/L <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 

Arsenic As µg/L <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 

Barium Ba µg/L 170 170 180 160 160 170 170 160 

Beryllium Be µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Cadmium Cd µg/L 0.15 0.14 0.18 0.15 0.11 0.13 0.12 0.12 

Calcium Ca µg/L 600000 620000 620000 570000 590000 590000 590000 590000 

Cerium Ce µg/L 1.1 0.82 1.2 0.95 1.3 0.98 1.2 1.2 

Cesium ** Cs µg/L - - - - - - - - 

Chromium Cr µg/L <5.0 <5.0 380 <5.0 <5.0 <5.0 68 <5.0 

Cobalt Co µg/L 3.7 3.5 15 3.7 4.6 4.5 6.4 4.5 

Copper Cu µg/L <5.0 <5.0 6.6 <5.0 <5.0 <5.0 <5.0 <5.0 

Dysprosium Dy µg/L 0.24 0.20 0.24 0.16 0.20 0.15 0.20 0.16 

Erbium Er µg/L 0.11 0.12 0.14 0.10 <0.1 0.10 0.12 <0.1 
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Europium Eu µg/L <0.03 <0.03 <0.03 <0.03 0.031 <0.03 <0.03 <0.03 

Gadolinium Gd µg/L 0.24 0.20 0.27 0.23 0.23 0.21 0.25 0.26 

Gallium Ga µg/L <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 

Germanium Ge µg/L <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 

Hafnium ** Hf µg/L - - - - - - - - 

Holmnium Ho µg/L <0.05 <0.05 0.054 <0.05 <0.05 <0.05 <0.05 <0.05 

Iridium Ir µg/L <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Iron Fe µg/L <50 <50 1500 <50 <50 <50 280 <50 

Lanthanum La µg/L 0.60 0.41 0.59 0.49 0.65 0.52 0.63 0.61 

Lead Pb µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Lithium Li µg/L 44 43 45 41 42 44 45 43 

Lutetium Lu µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Magnesium Mg µg/L 43000 41000 42000 41000 42000 40000 43000 41000 

Manganese Mn µg/L 59000 62000 62000 57000 61000 62000 62000 62000 

Molybdenum Mo µg/L 93 91 140 91 74 74 80 71 

Neodymium Nd µg/L 0.83 0.65 1.1 0.78 0.93 0.81 1.0 0.91 

Nickel Ni µg/L 110 100 340 95 130 130 160 120 

Niobium Nb µg/L <0.05 <0.05 0.41 <0.05 <0.05 <0.05 0.14 <0.05 

Palladium ** Pd µg/L - - - - - - - - 

Platinum Pt µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Potassium K µg/L 91000 86000 89000 86000 86000 85000 89000 86000 

Praseodymium Pr µg/L 0.16 0.13 0.18 0.14 0.20 0.15 0.18 0.19 

Rhenium Re µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Rhodium Rh µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Rubidium Rb µg/L 200 200 210 190 200 210 210 200 

Ruthenium Ru µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Samarium Sm µg/L 0.20 0.16 0.18 0.16 0.21 0.15 0.18 0.18 

Selenium Se µg/L 1.6 <1.0 2.1 <1.0 1.1 1.1 2.1 <1.0 
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Silver Ag µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Sodium Na µg/L 78000 75000 78000 73000 70000 68000 73000 70000 

Strontium Sr µg/L 1600 1600 1600 1500 1500 1500 1600 1500 

Tantalum Ta µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Terbium Tb µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.053 

Thallium Tl µg/L <0.1 <0.1 0.11 <0.1 <0.1 <0.1 <0.1 <0.1 

Thorium Th µg/L 0.12 <0.04 <0.04 0.053 <0.04 0.084 <0.04 <0.04 

Thulium Tm µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Tin Sn µg/L <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Titanium Ti µg/L <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 

Tungsten W µg/L <0.5 <0.5 0.71 <0.5 <0.5 <0.5 <0.5 <0.5 

Uranium U µg/L 19 19 21 18 22 22 22 21 

Vanadium V µg/L <3.0 <3.0 3.7 <3.0 <3.0 <3.0 <3.0 <3.0 

Ytterbium Yb µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Yttrium Y µg/L 1.3 1.1 1.5 1.1 1.2 <1.0 1.1 1.1 

Zinc Zn µg/L <10 <10 <10 10 <10 <10 <10 <10 

Zirconium Zr µg/L 0.29 0.32 0.39 0.26 0.23 0.24 0.27 0.21 
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Shake Flask Test 

  

Blank DI @ 21 °C Blank DI @ 4 °C 

 

Symbo

l Units TCP065 TCP066 TCP067 TCP068 TCP082 TCP083 TCP084 TCP085 

Sample Description 

  

initial permeate retentate UF initial permeate retentate UF 

Anions 

          Total Alkalinity (as 

CaCO3) 

 

mg/L <15 62 

  

<15 <15 

  Chloride Cl mg/L <0.05 <0.05 

  

0.1 <0.05 

  Fluoride F mg/L <0.05 0.34 

  

<0.05 0.79 

  Nitrite NO2 mg/L <0.05 <0.05 

  

<0.05 <0.05 

  Nitrate NO3 mg/L <0.05 <0.05 

  

<0.05 <0.05 

  Sulphate SO4 mg/L <0.10 <0.10 

  

<0.10 <0.10 

  Phosphate PO4 mg/L <0.10 <0.10 

  

<0.10 <0.10 

  Dissolved Organic Carbon DOC mg/L 2.0 1.0   <1.0 <1.0   

Metals 

          Aluminium Al µg/L <0.5 0.94 <0.5 <0.5 <0.5 <0.5 6.5 <0.5 

Antimony Sb µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Arsenic As µg/L <0.2 <0.2 <0.2 0.33 <0.2 <0.2 <0.2 <0.2 

Barium Ba µg/L <0.02 0.13 0.17 0.32 <0.02 <0.02 0.99 0.099 

Beryllium Be µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cadmium Cd µg/L <0.003 <0.003 0.0050 0.050 <0.003 <0.003 0.0065 0.028 

Calcium Ca µg/L <30 <30 <30 220 <30 <30 64 80 

Cerium Ce µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Cesium ** Cs µg/L - - - - - - - - 

Chromium Cr µg/L <0.5 <0.5 1.8 <0.5 <0.5 <0.5 6.2 <0.5 

Cobalt Co µg/L <0.005 0.0087 0.12 <0.005 <0.005 <0.005 0.40 <0.005 

Copper Cu µg/L <0.5 1.3 0.97 1.8 <0.5 <0.5 <0.5 <0.5 

Dysprosium Dy µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Erbium Er µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
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Europium Eu µg/L <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 

Gadolinium Gd µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Gallium Ga µg/L <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Germanium Ge µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Hafnium ** Hf µg/L - - - - - - - - 

Holmnium Ho µg/L <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Iridium Ir µg/L <0.05 <0.05 0.080 <0.05 <0.05 <0.05 <0.05 <0.05 

Iron Fe µg/L <5.0 <5.0 27 <5.0 <5.0 <5.0 38 <5.0 

Lanthanum La µg/L <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 

Lead Pb µg/L <0.02 0.042 0.52 0.25 <0.02 <0.02 0.051 0.16 

Lithium Li µg/L <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Lutetium Lu µg/L <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Magnesium Mg µg/L <3.0 <3.0 <3.0 16 <3.0 <3.0 11 4.5 

Manganese Mn µg/L <0.03 0.065 0.52 1.7 <0.03 <0.03 2.1 1.4 

Molybdenum Mo µg/L 1.5 <1.0 1.1 <1.0 <1.0 <1.0 1.2 <1.0 

Neodymium Nd µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.013 <0.01 

Nickel Ni µg/L <0.1 <0.1 2.1 <0.1 <0.1 <0.1 7.3 <0.1 

Niobium Nb µg/L <0.005 <0.005 0.0067 <0.005 <0.005 <0.005 0.016 <0.005 

Palladium ** Pd µg/L - - - - - - - - 

Platinum Pt µg/L 0.099 0.056 0.26 0.078 <0.005 <0.005 0.013 <0.005 

Potassium K µg/L <20 <20 61 160 <20 <20 61 22 

Praseodymium Pr µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Rhenium Re µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Rhodium Rh µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Rubidium Rb µg/L <0.1 <0.1 <0.1 0.15 <0.1 <0.1 0.13 <0.1 

Ruthenium Ru µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Samarium Sm µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Selenium Se µg/L <0.1 <0.1 0.13 <0.1 <0.1 <0.1 <0.1 <0.1 
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Silver Ag µg/L <0.01 <0.01 0.014 <0.01 <0.01 <0.01 <0.01 <0.01 

Sodium Na µg/L 40 150 460 160 23 740 2100 26 

Strontium Sr µg/L <0.1 0.11 <0.1 0.62 <0.1 <0.1 0.99 0.19 

Tantalum Ta µg/L <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Terbium Tb µg/L <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Thorium Th µg/L <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 

Thulium Tm µg/L <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Tin Sn µg/L <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Titanium Ti µg/L <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Tungsten W µg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Uranium U µg/L 0.0033 0.0021 0.0022 0.0032 <0.002 <0.002 0.0031 <0.002 

Vanadium V µg/L <0.03 <0.03 <0.03 0.043 <0.03 <0.03 0.083 <0.03 

Ytterbium Yb µg/L <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Yttrium Y µg/L <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Zinc Zn µg/L <1.0 2.0 2.8 63 <1.0 <1.0 18 35 

Zirconium Zr µg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.033 <0.01 
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Shake Flask Test 
  

Blank Blank Blank Blank 

 
Symbol Units TCP087 TCP115 TCP141 TCP144 

Sample Description 
  

DI DI DI DI 

Anions 
      Total Alkalinity (as CaCO3) 
 

mg/L 
 

172 <15 <15 

Chloride Cl mg/L 
 

0.22 0.08 <0.05 

Fluoride F mg/L 
 

<0.05 <0.05 <0.05 

Nitrite NO2 mg/L 
 

<0.05 <0.05 <0.05 

Nitrate NO3 mg/L 
 

<0.05 <0.05 <0.05 

Sulphate SO4 mg/L 
 

5.6 3.5 0.15 

Phosphate PO4 mg/L 
 

<0.10 <0.10 <0.10 

Dissolved Organic Carbon DOC mg/L  <5.0 <1.0 <1.0 

Metals 
      Aluminium Al µg/L <0.5 <0.5 <0.5 <0.5 

Antimony Sb µg/L <0.2 <0.2 <0.2 <0.2 

Arsenic As µg/L <0.2 <0.2 <0.2 <0.2 

Barium Ba µg/L <0.02 <0.02 <0.02 <0.02 

Beryllium Be µg/L <0.02 <0.02 <0.02 <0.02 

Cadmium Cd µg/L <0.003 <0.003 <0.003 <0.003 

Calcium Ca µg/L <30 <30 <30 <30 

Cerium Ce µg/L <0.05 <0.05 <0.05 <0.05 

Cesium ** Cs µg/L - - - - 

Chromium Cr µg/L <0.5 <0.5 <0.5 <0.5 

Cobalt Co µg/L <0.005 <0.005 <0.005 <0.005 

Copper Cu µg/L 0.57 <0.5 <0.5 <0.5 

Dysprosium Dy µg/L <0.01 <0.01 <0.01 <0.01 

Erbium Er µg/L <0.01 <0.01 <0.01 <0.01 
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Europium Eu µg/L <0.003 <0.003 <0.003 <0.003 

Gadolinium Gd µg/L <0.01 <0.01 <0.01 <0.01 

Gallium Ga µg/L <0.5 <0.5 <0.5 <0.5 

Germanium Ge µg/L <0.1 <0.1 <0.1 <0.1 

Hafnium ** Hf µg/L - - - - 

Holmnium Ho µg/L <0.005 <0.005 <0.005 <0.005 

Iridium Ir µg/L <0.05 <0.05 <0.05 <0.05 

Iron Fe µg/L <5.0 <5.0 <5.0 <5.0 

Lanthanum La µg/L <0.04 <0.04 <0.04 <0.04 

Lead Pb µg/L 0.028 <0.02 <0.02 <0.02 

Lithium Li µg/L <0.2 <0.2 <0.2 <0.2 

Lutetium Lu µg/L <0.005 <0.005 <0.005 <0.005 

Magnesium Mg µg/L <3.0 <3.0 <3.0 <3.0 

Manganese Mn µg/L <0.03 <0.03 <0.03 <0.03 

Molybdenum Mo µg/L <1.0 1.2 1.4 <1.0 

Neodymium Nd µg/L <0.01 <0.01 <0.01 <0.01 

Nickel Ni µg/L <0.1 <0.1 <0.1 <0.1 

Niobium Nb µg/L <0.005 <0.005 <0.005 <0.005 

Palladium ** Pd µg/L - - - - 

Platinum Pt µg/L <0.005 <0.005 <0.005 <0.005 

Potassium K µg/L 21 <20 20 <20 

Praseodymium Pr µg/L <0.01 <0.01 <0.01 <0.01 

Rhenium Re µg/L <0.02 <0.02 <0.02 <0.02 

Rhodium Rh µg/L <0.01 <0.01 <0.01 <0.01 

Rubidium Rb µg/L <0.1 <0.1 <0.1 <0.1 

Ruthenium Ru µg/L <0.01 <0.01 <0.01 <0.01 

Samarium Sm µg/L <0.01 <0.01 <0.01 <0.01 

Selenium Se µg/L <0.1 <0.1 <0.1 <0.1 
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Silver Ag µg/L <0.01 <0.01 <0.01 <0.01 

Sodium Na µg/L <20 <20 <20 <20 

Strontium Sr µg/L <0.1 <0.1 <0.1 <0.1 

Tantalum Ta µg/L <0.005 <0.005 <0.005 <0.005 

Terbium Tb µg/L <0.005 <0.005 <0.005 <0.005 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L <0.01 <0.01 <0.01 <0.01 

Thorium Th µg/L <0.004 <0.004 0.030 0.0052 

Thulium Tm µg/L <0.005 <0.005 <0.005 <0.005 

Tin Sn µg/L <0.03 <0.03 <0.03 <0.03 

Titanium Ti µg/L <0.3 <0.3 <0.3 <0.3 

Tungsten W µg/L <0.05 <0.05 <0.05 <0.05 

Uranium U µg/L <0.002 0.0081 0.0055 <0.002 

Vanadium V µg/L <0.03 <0.03 <0.03 <0.03 

Ytterbium Yb µg/L <0.02 <0.02 <0.02 <0.02 

Yttrium Y µg/L <0.1 <0.1 <0.1 <0.1 

Zinc Zn µg/L <1.0 <1.0 <1.0 <1.0 

Zirconium Zr µg/L <0.01 <0.01 <0.01 <0.01 
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Shake Flask Test 
  

Duplicate 
 

Duplicate 
 

 
Symbol Units TCP106 TCP114 % Diff. TCP117 TCP140 % Diff. 

Sample Description 
  

permeate 
  

permeate 
  Anions 

        Total Alkalinity (as CaCO3) 
 

mg/L 179 172 4.0 208 217 -4.2 

Chloride Cl mg/L 52.9 53.4 -0.9 7.9 6.7 16.4 

Fluoride F mg/L 4.7 6.1 -25.9 2.4 2.4 0.0 

Nitrite NO2 mg/L <2.5 <2.5 
 

<0.20 <0.05 
 Nitrate NO3 mg/L <2.5 <2.5 

 
0.94 0.36 89.2 

Sulphate SO4 mg/L 1760 1780 -1.1 9.2 4.7 64.7 

Phosphate PO4 mg/L <5.0 <5.0 
 

<0.40 <0.40 
 

Dissolved Organic Carbon DOC mg/L 19.4 21.9 -3.0 42.4 38.6 2.3 

Metals 
        Aluminium Al µg/L 6.5 6.3 3.1 47 48 -2.1 

Antimony Sb µg/L <2.0 <2.0 

 
0.86 0.90 -4.5 

Arsenic As µg/L <2.0 <2.0 

 
2.6 2.8 -7.4 

Barium Ba µg/L 200 200 0.0 15 15 0.0 

Beryllium Be µg/L <0.2 <0.2 

 
<0.02 <0.02 

 Cadmium Cd µg/L 0.10 0.11 -9.5 0.11 0.11 0.0 

Calcium Ca µg/L 600000 550000 8.7 30000 31000 -3.3 

Cerium Ce µg/L 1.3 1.2 8.0 0.19 0.19 0.0 

Cesium ** Cs µg/L - - 

 
- - 

 Chromium Cr µg/L <5.0 <5.0 

 
<0.5 <0.5 

 Cobalt Co µg/L 5.0 5.2 -3.9 0.083 0.086 -3.6 

Copper Cu µg/L <5.0 <5.0 

 
5.8 5.8 0.0 

Dysprosium Dy µg/L 0.20 0.18 10.5 0.059 0.062 -5.0 

Erbium Er µg/L 0.11 0.11 0.0 0.036 0.037 -2.7 
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Europium Eu µg/L <0.03 <0.03 

 
0.0074 0.0062 17.6 

Gadolinium Gd µg/L 0.25 0.27 -7.7 0.064 0.060 6.5 

Gallium Ga µg/L <5.0 <5.0 

 
1.0 1.1 -9.5 

Germanium Ge µg/L <1.0 <1.0 

 
<0.1 0.10 

 Hafnium ** Hf µg/L - - 

 
- - 

 Holmnium Ho µg/L <0.05 <0.05 

 
0.013 0.012 8.0 

Iridium Ir µg/L <0.5 <0.5 

 
<0.05 0.056 

 Iron Fe µg/L <50 <50 

 
<5.0 <5.0 

 Lanthanum La µg/L 0.71 0.70 1.4 0.086 0.083 3.6 

Lead Pb µg/L <0.2 <0.2 

 
0.033 0.028 16.4 

Lithium Li µg/L 39 38 2.6 4.8 4.8 0.0 

Lutetium Lu µg/L <0.05 <0.05 

 
<0.005 <0.005 

 Magnesium Mg µg/L 44000 43000 2.3 14000 14000 0.0 

Manganese Mn µg/L 64000 60000 6.5 25 25 0.0 

Molybdenum Mo µg/L 50 50 0.0 94 94 0.0 

Neodymium Nd µg/L 0.85 0.90 -5.7 0.16 0.16 0.0 

Nickel Ni µg/L 150 140 6.9 3.2 3.2 0.0 

Niobium Nb µg/L <0.05 <0.05 

 
0.20 0.20 0.0 

Palladium ** Pd µg/L - - 

 
- - 

 Platinum Pt µg/L <0.05 <0.05 

 
0.0079 0.0080 -1.3 

Potassium K µg/L 81000 80000 1.2 15000 16000 -6.5 

Praseodymium Pr µg/L 0.18 0.18 0.0 0.030 0.030 0.0 

Rhenium Re µg/L <0.2 <0.2 

 
<0.02 <0.02 

 Rhodium Rh µg/L <0.1 <0.1 

 
<0.01 <0.01 

 Rubidium Rb µg/L 170 170 0.0 32 33 -3.1 

Ruthenium Ru µg/L <0.1 <0.1 

 
<0.01 <0.01 

 Samarium Sm µg/L 0.25 0.19 27.3 0.044 0.042 4.7 

Selenium Se µg/L 1.3 <1.0 

 
0.35 0.31 12.1 
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Silver Ag µg/L <0.1 <0.1 

 
<0.01 0.010 

 Sodium Na µg/L 65000 64000 1.6 18000 19000 -5.4 

Strontium Sr µg/L 1600 1600 0.0 86 88 -2.3 

Tantalum Ta µg/L <0.05 <0.05 

 
<0.005 <0.005 

 Terbium Tb µg/L <0.05 <0.05 

 
0.010 0.0098 2.0 

Tellurium Te µg/L <0.05 <0.05 

 
<0.05 <0.05 

 Thallium Tl µg/L <0.1 <0.1 

 
0.021 0.019 10.0 

Thorium Th µg/L 0.050 <0.04 

 
0.021 0.083 -119.2 

Thulium Tm µg/L <0.05 <0.05 

 
<0.005 <0.005 

 Tin Sn µg/L <0.3 <0.3 

 
<0.03 <0.03 

 Titanium Ti µg/L <3.0 <3.0 

 
<0.3 <0.3 

 Tungsten W µg/L <0.5 <0.5 

 
0.80 0.82 -2.5 

Uranium U µg/L 24 24 0.0 7.9 8.1 -2.5 

Vanadium V µg/L <3.0 <3.0 

 
0.20 0.20 0.0 

Ytterbium Yb µg/L <0.2 <0.2 

 
0.024 0.025 -4.1 

Yttrium Y µg/L 1.1 1.1 0.0 0.38 0.36 5.4 

Zinc Zn µg/L <10 <10 

 
1.2 1.2 0.0 

Zirconium Zr µg/L 0.39 0.39 0.0 0.49 0.48 2.1 
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Laboratory QA/QC – Alkalinity Blanks 

 
Units Blank Blank Blank Blank Blank Blank 

Alkalinity mg/L <15 <15 <15 <15 <15 <15 

 

 

Laboratory QA/QC - IC Blanks 

 
Units Blank Blank Blank Blank 

Fluoride mg/L <0.05 <0.05 <0.05 <0.05 

Chloride mg/L <0.05 <0.05 <0.05 <0.05 

Nitrite mg/L - <0.05 <0.05 <0.05 

Nitrate mg/L - <0.05 <0.05 <0.05 

Sulphate mg/L <0.10 <0.10 <0.10 <0.10 

Phosphate mg/L <0.10 <0.10 <0.10 <0.10 

 

 

Laboratory QA/QC – DOC Blanks 

 
Units Blank Blank 

Dissolved Organic Carbon mg/L <1.0 <1.0 
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Laboratory QA/QC – ICP-MS/ICP-OES Blanks 

Element Symbol Units Blank Blank Blank Blank Blank 

Aluminium Al µg/L <5.0 <5.0 <0.5 <0.5 <0.5 

Antimony Sb µg/L <2.0 <2.0 <0.2 <0.2 <0.2 

Arsenic As µg/L <2.0 <2.0 <0.2 <0.2 <0.2 

Barium Ba µg/L <0.2 <0.2 <0.02 <0.02 <0.02 

Beryllium Be µg/L <0.2 <0.2 <0.02 <0.02 <0.02 

Cadmium Cd µg/L <0.03 <0.03 <0.003 <0.003 <0.003 

Calcium Ca µg/L <300 <300 <30 <30 <30 

Cerium Ce µg/L <0.5 <0.5 <0.05 <0.05 <0.05 

Cesium ** Cs µg/L - - - - - 

Chromium Cr µg/L <5.0 <5.0 <0.5 <0.5 <0.5 

Cobalt Co µg/L <0.05 <0.05 <0.005 <0.005 <0.005 

Copper Cu µg/L <5.0 <5.0 <0.5 <0.5 <0.5 

Dysprosium Dy µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Erbium Er µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Europium Eu µg/L <0.03 <0.03 <0.003 <0.003 <0.003 

Gadolinium Gd µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Gallium Ga µg/L <5.0 <5.0 <0.5 <0.5 <0.5 

Germanium Ge µg/L <1.0 <1.0 <0.1 <0.1 <0.05 

Hafnium ** Hf µg/L - - - - - 

Holonium Ho µg/L <0.05 <0.05 <0.005 <0.005 <0.005 

Iridium Ir µg/L <0.5 <0.5 <0.05 <0.05 <0.05 

Iron Fe µg/L <50 <50 <5.0 <5.0 <5.0 

Lanthanum La µg/L <0.4 <0.4 <0.04 <0.04 <0.04 

Lead Pb µg/L <0.2 <0.2 <0.02 <0.02 <0.02 

Lithium Li µg/L <2.0 <2.0 <0.2 <0.2 <0.2 

Lutetium Lu µg/L <0.05 <0.05 <0.005 <0.005 <0.005 
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Magnesium Mg µg/L <30 <30 <3.0 <3.0 <3.0 

Manganese Mn µg/L <0.3 0.73 <0.03 <0.03 <0.03 

Molybdenum Mo µg/L <10 <10 <1.0 1.1 <1.0 

Neodymium Nd µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Nickel Ni µg/L <1.0 <1.0 <0.1 <0.1 <0.1 

Niobium Nb µg/L <0.05 <0.05 <0.005 <0.005 <0.005 

Palladium ** Pd µg/L - - - - - 

Platinum Pt µg/L <0.05 <0.05 <0.005 <0.005 <0.005 

Potassium K µg/L <200 <200 <20 <20 <20 

Praseodymium Pr µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Rhenium Re µg/L <0.2 <0.2 <0.02 <0.02 <0.02 

Rhodium Rh µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Rubidium Rb µg/L <1.0 <1.0 <0.1 <0.1 <0.1 

Ruthenium Ru µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Samarium Sm µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Selenium Se µg/L <1.0 <1.0 <0.1 <0.1 <0.1 

Silver Ag µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Sodium Na µg/L <200 <200 <20 <20 <20 

Strontium Sr µg/L <1.0 <1.0 <0.1 <0.1 <0.1 

Tantalum Ta µg/L <0.05 <0.05 <0.005 <0.005 <0.005 

Terbium Tb µg/L <0.05 <0.05 <0.005 <0.005 <0.005 

Tellurium Te µg/L <0.05 <0.05 <0.05 <0.05 <0.05 

Thallium Tl µg/L <0.1 <0.1 <0.01 <0.01 <0.01 

Thorium Th µg/L 0.09 <0.04 0.008 <0.004 <0.004 

Thulium Tm µg/L <0.05 <0.05 <0.005 <0.005 <0.005 

Tin Sn µg/L <0.3 <0.3 <0.03 <0.03 <0.03 

Titanium Ti µg/L <3.0 <3.0 <0.3 <0.3 <0.3 

Tungsten W µg/L <0.5 <0.5 <0.05 <0.05 <0.05 
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Uranium U µg/L <0.02 <0.02 <0.002 0.003 <0.002 

Vanadium V µg/L <3.0 <3.0 <0.03 <0.03 <0.03 

Ytterbium Yb µg/L <0.2 <0.2 <0.02 <0.02 <0.02 

Yttrium Y µg/L <1.0 <1.0 <0.1 <0.1 <0.1 

Zinc Zn µg/L <10 <10 <1.0 <1.0 <1.0 

Zirconium Zr µg/L <0.1 <0.1 <0.01 <0.01 <0.01 
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Laboratory QA/QC - Alkalinity Standards 

 
Units Control Control Target % Diff Control Control Target % Diff 

Alkalinity mg/L 355 377 -6.0 352 377 -6.9 

        

    

 

  

 

 

  

Laboratory QA/QC - Alkalinity Standards 

 
Units Control Control Target % Diff Control Control Target % Diff 

Alkalinity mg/L 422 378 11.0 425 378 11.7 

        

   

 

  

 

 

   

Laboratory QA/QC – Alkalinity Standards 

 
Units Control Control Target % Diff Control Control Target % Diff 

Alkalinity mg/L 419 378 10.3 429 378 12.6 
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Laboratory QA/QC – IC Standards 

 

Units QC QC Target % Diff QC QC Target % Diff QC QC Target % Diff 

Fluoride mg/L 2.5 2.5 0.3 2.6 2.5 3.1 2.5 2.5 1.3 

Chloride mg/L 5.0 5.0 1.0 5.0 5.0 -1.0 5.2 5.0 3.8 

Nitrite mg/L 2.4 2.5 -2.7 2.4 2.5 -5.8 2.4 2.5 -2.3 

Nitrate mg/L 2.5 2.5 1.1 2.5 2.5 -0.1 2.6 2.5 2.5 

Sulphate mg/L 5.0 5.0 -0.7 5.1 5.0 1.8 5.1 5.0 2.0 

Phosphate mg/L 2.6 2.5 3.5 2.5 2.5 0.0 2.5 2.5 0.8 

 

 

Laboratory QA/QC – IC Standards 

 

Units QC QC Target % Diff QC QC Target % Diff 

Fluoride mg/L 2.6 2.5 3.9 2.5 2.5 0.0 

Chloride mg/L 5.2 5.0 3.9 5.2 5.0 3.9 

Nitrite mg/L - - - 2.6 2.5 4.7 

Nitrate mg/L - - - 2.5 2.5 0.4 

Sulphate mg/L 5.1 5.0 2.0 5.0 5.0 -0.8 

Phosphate mg/L 2.5 2.5 -0.8 2.7 2.5 7.7 

 

 

Laboratory QA/QC – DOC Standards 

 

Units QC QC Target % Diff QC QC Target % Diff QC QC Target % Diff 

Dissolved Organic Carbon mg/L 3.1 3.6 -14.9 3.4 3.6 -5.7 3.4 3.6 -5.7 
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Laboratory QA/QC – ICP-MS/ICP-OES Standards 

Element Symbol Units Control 1 
Control 1 

Target 
% Diff Control 2 

Control 2 

Target 
% Diff 

1643e 

CRM 

1643e 

Target 
% Diff 

Aluminium Al µg/L 27 25 8.5 - - 

 

140 140 0.0 

Antimony Sb µg/L - - 

 

23 25 -6.8 53 58 -9.0 

Arsenic As µg/L 26 25 3.7 - - 

 

57 60 -5.1 

Barium Ba µg/L 26 25 2.6 - - 

 

520 540 -3.8 

Beryllium Be µg/L 24 25 -3.1 - - 

 

12 14 -15.4 

Cadmium Cd µg/L 24 25 -3.0 - - 

 

6.0 6.6 -9.5 

Calcium Ca µg/L - - 

 

- - 

 

35000 32000 9.0 

Cerium Ce µg/L 25 25 -0.7 - - 

 

- - 

 Cesium ** Cs µg/L - - 

 

- - 

 

- - 

 Chromium Cr µg/L 24 25 -4.6 - - 

 

20 20 0.0 

Cobalt Co µg/L 23 25 -6.9 - - 

 

24 26 -8.0 

Copper Cu µg/L 24 25 -4.3 - - 

 

20 22 -9.5 

Dysprosium Dy µg/L 25 25 -0.4 - - 

 

- - 

 Erbium Er µg/L 25 25 -1.3 - - 

 

- - 

 Europium Eu µg/L 24 25 -3.5 - - 

 

- - 

 Gadolinium Gd µg/L 25 25 1.0 - - 

 

- - 

 Gallium Ga µg/L 27 25 9.3 - - 

 

- - 

 Germanium Ge µg/L - - 

 

24 25 -4.6 - - 

 Hafnium ** Hf µg/L - - 

 

- - 

 

- - 

 Holonium Ho µg/L 24 25 -2.4 - - 

 

- - 

 Iridium Ir µg/L - - 

 

- - 

 

- - 

 Iron Fe µg/L 27 25 7.9 - - 

 

100 96 4.1 

Lanthanum La µg/L 25 25 -0.8 - - 

 

- - 

 Lead Pb µg/L 25 25 -0.3 - - 

 

19 20 -5.1 

Lithium Li µg/L - - 

 

- - 

 

16 17 -6.1 

Lutetium Lu µg/L 24 25 -3.0 - - 

 

- - 

 Magnesium Mg µg/L 26 25 5.6 - - 

 

8300 7800 6.2 

Manganese Mn µg/L 24 25 -2.1 - - 

 

37 38 -2.7 
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Molybdenum Mo µg/L - - 

 

25 25 -0.7 120 120 0.0 

Neodymium Nd µg/L 25 25 -1.1 - - 

 

- - 

 Nickel Ni µg/L 23 25 -9.0 - - 

 

55 61 -10.3 

Niobium Nb µg/L - - 

 

24 25 -5.5 - - 

 Palladium ** Pd µg/L - - 

 

- - 

 

- - 

 Platinum Pt µg/L - - 

 

- - 

 

- - 

 Potassium K µg/L - - 

 

- - 

 

2000 2000 0.0 

Praseodymium Pr µg/L 25 25 0.9 - - 

 

- - 

 Rhenium Re µg/L - - 

 

- - 

 

- - 

 Rhodium Rh µg/L - - 

 

- - 

 

- - 

 Rubidium Rb µg/L 25 25 -1.0 - - 

 

14 14 0.0 

Ruthenium Ru µg/L - - 

 

- - 

 

- - 

 Samarium Sm µg/L 25 25 -1.3 - - 

 

- - 

 Selenium Se µg/L 24 25 -3.1 - - 

 

11 12 -8.7 

Silver Ag µg/L 24 25 -4.8 - - 

 

0.82 1.1 -29.2 

Sodium Na µg/L - - 

 

- - 

 

21000 20000 4.9 

Strontium Sr µg/L 27 25 7.9 - - 

 

320 320 0.0 

Tantalum Ta µg/L - - 

 

23 25 -6.5 - - 

 Terbium Tb µg/L - - 

 

- - 

 

- - 

 Tellurium Te µg/L - - 

 

22 25 -13.2 0.83 1.1 -28.0 

Thallium Tl µg/L 24 25 -4.1 - - 

 

6.4 7.4 -14.5 

Thorium Th µg/L 23 25 -8.4 - - 

 

- - 

 Thulium Tm µg/L 25 25 -1.4 - - 

 

- - 

 Tin Sn µg/L - - 

 

24 25 -5.3 - - 

 Titanium Ti µg/L - - 

 

24 25 -5.9 - - 

 Tungsten W µg/L - - 

 

23 25 -6.7 - - 

 Uranium U µg/L 24 25 -2.1 - - 

 

- - 

 Vanadium V µg/L 24 25 -2.8 - - 

 

37 37 0.0 

Ytterbium Yb µg/L 25 25 -0.9 - - 

 

- - 

 Yttrium Y µg/L - - 

 

- - 

 

- - 

 Zinc Zn µg/L 27 25 6.0 - - 

 

76 76 0.0 

Zirconium Zr µg/L - - 

 

24 25 -4.8 - - 
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Laboratory QA/QC – ICP-MS/ICP-OES Standards 

Element 
Symbol Units 

Control 1 Control 1 

Target 

% Diff Control 2 Control 2 

Target 

% Diff 1643e 

CRM 

1643e 

Target 

% Diff 

Aluminium Al µg/L 25 25 1.7 - - 

 

140 140 0.0 

Antimony Sb µg/L - - 

 

25 25 -0.6 53 58 -9.0 

Arsenic As µg/L 27 25 6.5 - - 

 

56 60 -6.9 

Barium Ba µg/L 26 25 2.1 - - 

 

520 540 -3.8 

Beryllium Be µg/L 23 25 -7.8 - - 

 

12 14 -15.4 

Cadmium Cd µg/L 25 25 -0.4 - - 

 

6.3 6.6 -4.7 

Calcium Ca µg/L - - 

 

- - 

 

34000 32000 6.1 

Cerium Ce µg/L 24 25 -2.1 - - 

 

- - 

 Cesium ** Cs µg/L - - 

 

- - 

 

- - 

 Chromium Cr µg/L 24 25 -2.7 - - 

 

20 20 0.0 

Cobalt Co µg/L 25 25 -1.1 - - 

 

26 26 0.0 

Copper Cu µg/L 25 25 -1.7 - - 

 

21 22 -4.7 

Dysprosium Dy µg/L 25 25 -1.6 - - 

 

- - 

 Erbium Er µg/L 25 25 0.3 - - 

 

- - 

 Europium Eu µg/L 26 25 2.2 - - 

 

- - 

 Gadolinium Gd µg/L 26 25 2.4 - - 

 

- - 

 Gallium Ga µg/L 27 25 7.8 - - 

 

- - 

 Germanium Ge µg/L - - 

 

25 25 -0.7 - - 

 Hafnium ** Hf µg/L - - 

 

- - 

 

- - 

 Holonium Ho µg/L 25 25 -0.6 - - 

 

- - 

 Iridium Ir µg/L - - 

 

- - 

 

- - 

 Iron Fe µg/L 25 25 -1.4 - - 

 

95 96 -1.0 

Lanthanum La µg/L 24 25 -2.1 - - 

 

- - 

 Lead Pb µg/L 26 25 4.4 - - 

 

20 20 0.0 

Lithium Li µg/L - - 

 

- - 

 

16 17 -6.1 

Lutetium Lu µg/L 25 25 -1.5 - - 

 

- - 

 Magnesium Mg µg/L 29 25 14.3 - - 

 

8200 7800 5.0 

Manganese Mn µg/L 24 25 -3.8 - - 

 

37 38 -2.7 

Molybdenum Mo µg/L - - 

 

25 25 0.9 120 120 0.0 

Neodymium Nd µg/L 25 25 0.0 - - 

 

- - 
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Nickel Ni µg/L 24 25 -3.0 - - 

 

58 61 -5.0 

Niobium Nb µg/L - - 

 

25 25 -0.9 - - 

 Palladium ** Pd µg/L - - 

 

- - 

 

- - 

 Platinum Pt µg/L - - 

 

- - 

 

- - 

 Potassium K µg/L - - 

 

- - 

 

2000 2000 0.0 

Praseodymium Pr µg/L 25 25 -1.0 - - 

 

- - 

 Rhenium Re µg/L - - 

 

- - 

 

- - 

 Rhodium Rh µg/L - - 

 

- - 

 

- - 

 Rubidium Rb µg/L 24 25 -2.3 - - 

 

14 14 0.0 

Ruthenium Ru µg/L - - 

 

- - 

 

- - 

 Samarium Sm µg/L 25 25 -0.3 - - 

 

- - 

 Selenium Se µg/L 25 25 -1.8 - - 

 

11 12 -8.7 

Silver Ag µg/L 25 25 1.9 - - 

 

0.88 1.1 -22.2 

Sodium Na µg/L - - 

 

- - 

 

21000 20000 4.9 

Strontium Sr µg/L 26 25 2.1 - - 

 

300 320 -6.5 

Tantalum Ta µg/L - - 

 

25 25 -1.2 - - 

 Terbium Tb µg/L - - 

 

- - 

 

- - 

 Tellurium Te µg/L - - 

 

23 25 -8.2 0.85 1.1 -25.6 

Thallium Tl µg/L 25 25 0.1 - - 

 

7.6 7.4 2.7 

Thorium Th µg/L 23 25 -6.9 - - 

 

- - 

 Thulium Tm µg/L 25 25 0.5 - - 

 

- - 

 Tin Sn µg/L - - 

 

25 25 0.8 - - 

 Titanium Ti µg/L - - 

 

25 25 1.1 - - 

 Tungsten W µg/L - - 

 

24 25 -2.3 - - 

 Uranium U µg/L 24 25 -2.4 - - 

 

- - 

 Vanadium V µg/L 25 25 -0.4 - - 

 

36 37 -2.7 

Ytterbium Yb µg/L 26 25 5.5 - - 

 

- - 

 Yttrium Y µg/L - - 

 

- - 

 

- - 

 Zinc Zn µg/L 25 25 0.7 - - 

 

71 76 -6.8 

Zirconium Zr µg/L - - 

 

25 25 1.6 - - 
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Laboratory QA/QC – ICP-MS/ICP-OES Standards 

Element 
Symbol Units 

Control 1 Control 1 

Target 

% Diff Control 2 Control 2 

Target 

% Diff 1643e 

CRM 

1643e 

Target 

% Diff 

Aluminium Al µg/L 25 25 1.2 - - 

 

140 140 0.0 

Antimony Sb µg/L - - 

 

24 25 -4.5 53 58 -9.0 

Arsenic As µg/L 25 25 -0.4 - - 

 

58 60 -3.4 

Barium Ba µg/L 24 25 -5.3 - - 

 

670 540 21.5 

Beryllium Be µg/L 24 25 -3.7 - - 

 

13 14 -7.4 

Cadmium Cd µg/L 24 25 -4.9 - - 

 

6.2 6.6 -6.3 

Calcium Ca µg/L - - 

 

- - 

 

34000 32000 6.1 

Cerium Ce µg/L 23 25 -8.3 - - 

 

- - 

 Cesium ** Cs µg/L - - 

 

- - 

 

- - 

 Chromium Cr µg/L 24 25 -4.1 - - 

 

19 20 -5.1 

Cobalt Co µg/L 24 25 -6.2 - - 

 

25 26 -3.9 

Copper Cu µg/L 24 25 -4.9 - - 

 

20 22 -9.5 

Dysprosium Dy µg/L 22 25 -11.4 - - 

 

- - 

 Erbium Er µg/L 24 25 -4.9 - - 

 

- - 

 Europium Eu µg/L 23 25 -6.6 - - 

 

- - 

 Gadolinium Gd µg/L 23 25 -9.6 - - 

 

- - 

 Gallium Ga µg/L 24 25 -5.3 - - 

 

- - 

 Germanium Ge µg/L - - 

 

24 25 -4.1 - - 

 Hafnium ** Hf µg/L - - 

 

- - 

 

- - 

 Holonium Ho µg/L 24 25 -6.2 - - 

 

- - 

 Iridium Ir µg/L - - 

 

- - 

 

- - 

 Iron Fe µg/L 24 25 -2.8 - - 

 

95 96 -1.0 

Lanthanum La µg/L 23 25 -7.5 - - 

 

- - 

 Lead Pb µg/L 24 25 -4.1 - - 

 

19 20 -5.1 

Lithium Li µg/L - - 

 

- - 

 

18 17 5.7 

Lutetium Lu µg/L 23 25 -6.6 - - 

 

- - 

 Magnesium Mg µg/L 27 25 5.8 - - 

 

8000 7800 2.5 

Manganese Mn µg/L 24 25 -2.4 - - 

 

37 38 -2.7 

Molybdenum Mo µg/L - - 

 

25 25 -2.0 120 120 0.0 

Neodymium Nd µg/L 22 25 -12.3 - - 

 

- - 
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Nickel Ni µg/L 24 25 -3.3 - - 

 

57 61 -6.8 

Niobium Nb µg/L - - 

 

24 25 -4.1 - - 

 Palladium ** Pd µg/L - - 

 

- - 

 

- - 

 Platinum Pt µg/L - - 

 

- - 

 

- - 

 Potassium K µg/L - - 

 

- - 

 

2000 2000 0.0 

Praseodymium Pr µg/L 24 25 -6.2 - - 

 

- - 

 Rhenium Re µg/L - - 

 

- - 

 

- - 

 Rhodium Rh µg/L - - 

 

- - 

 

- - 

 Rubidium Rb µg/L 25 25 -2.0 - - 

 

14 14 0.0 

Ruthenium Ru µg/L - - 

 

- - 

 

- - 

 Samarium Sm µg/L 22 25 -11.4 - - 

 

- - 

 Selenium Se µg/L 24 25 -2.8 - - 

 

11 12 -8.7 

Silver Ag µg/L 23 25 -8.8 - - 

 

0.92 1.1 -17.8 

Sodium Na µg/L 26 25 3.5 - - 

 

20000 20000 0.0 

Strontium Sr µg/L 24 25 -3.3 - - 

 

450 320 33.8 

Tantalum Ta µg/L - - 

 

24 25 -5.8 - - 

 Terbium Tb µg/L - - 

 

- - 

 

- - 

 Tellurium Te µg/L - - 

 

24 25 -2.8 0.74 1.1 -39.1 

Thallium Tl µg/L 24 25 -2.4 - - 

 

5.8 7.4 -24.2 

Thorium Th µg/L 22 25 -12.3 - - 

 

- - 

 Thulium Tm µg/L 24 25 -5.8 - - 

 

- - 

 Tin Sn µg/L - - 

 

24 25 -4.5 - - 

 Titanium Ti µg/L - - 

 

24 25 -2.8 - - 

 Tungsten W µg/L - - 

 

23 25 -10.5 - - 

 Uranium U µg/L 25 25 -1.2 - - 

 

- - 

 Vanadium V µg/L 24 25 -4.5 - - 

 

37 37 0.0 

Ytterbium Yb µg/L 23 25 -7.5 - - 

 

- - 

 Yttrium Y µg/L - - 

 

- - 

 

- - 

 Zinc Zn µg/L 24 25 -4.5 - - 

 

71 76 -6.8 

Zirconium Zr µg/L - - 

 

27 25 8.1 - - 
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Laboratory QA/QC - Alkalinity Duplicates 

 
Units TCP041 TCP041 % Diff TCP050 TCP050 % Diff 

Alkalinity mg/L 437 459 -4.9 459 505 -9.5 

 

Laboratory QA/QC - IC Duplicates 

 

Units TCP025 TCP025 % Diff TCP078 TCP078 % Diff 

Fluoride mg/L 4.6 4.3 6.5 1.2 1.3 -3.6 

Chloride mg/L 71.3 70.0 1.9 2.5 2.5 1.2 

Nitrite mg/L <0.20 <0.20 - <0.05 <0.05 - 

Nitrate mg/L <0.20 <0.20 - <0.05 <0.05 - 

Sulphate mg/L 29.1 30.5 -4.6 2.6 2.3 13.9 

Phosphate mg/L 0.20 0.29 -36.7 <0.10 <0.10 - 

        

        Laboratory QA/QC - IC Duplicates 

 

Units TCP126 TCP126 % Diff TCP142 TCP142 % Diff 

Fluoride mg/L 3.7 4.0 -6.1 1.0 1.0 0.0 

Chloride mg/L 55.8 63.0 -12.2 1.3 1.4 -5.1 

Nitrite mg/L <2.5 <2.5 - <0.10 <0.10 - 

Nitrate mg/L <2.5 <2.5 - 0.34 0.36 -5.4 

Sulphate mg/L 1790 1800 -0.6 1.4 0.8 57.9 

Phosphate mg/L <5.0 <5.0 - <0.20 <0.20 - 

 

Laboratory QA/QC – DOC Duplicates 

 
Units TCP095 TCP095 % Diff TCP100 TCP100 % Diff TCP131 TCP131 % Diff 

Dissolved Organic Carbon mg/L 52.1 59.9 -13.9 27.4 27.0 1.5 24.3 24.9 -2.4 
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Laboratory QA/QC – ICP-MS/ICP-OES Duplicates 

Element Symbol Units TCP100 TCP100 % Diff TCP090 TCP090 % Diff 

Aluminium Al µg/L 9.3 8.5 9.0 49 38 25.3 

Antimony Sb µg/L <2.0 <2.0 

 

0.57 0.53 7.3 

Arsenic As µg/L <2.0 <2.0 

 

2.3 2.1 9.1 

Barium Ba µg/L 200 200 0.0 13 13 0.0 

Beryllium Be µg/L <0.2 <0.2 

 

<0.02 <0.02 

 Cadmium Cd µg/L 0.15 0.12 22.2 0.042 0.042 0.0 

Calcium Ca µg/L 600000 580000 3.4 32000 31000 3.2 

Cerium Ce µg/L 1.8 1.8 0.0 1.2 0.95 23.3 

Cesium ** Cs µg/L - - 

 

- - 

 Chromium Cr µg/L <5.0 <5.0 

 

<0.5 <0.5 

 Cobalt Co µg/L 5.3 5.5 -3.7 0.066 0.055 18.2 

Copper Cu µg/L <5.0 <5.0 

 

5.3 5.3 0.0 

Dysprosium Dy µg/L 0.28 0.27 3.6 0.13 0.13 0.0 

Erbium Er µg/L 0.18 0.16 11.8 0.080 0.066 19.2 

Europium Eu µg/L <0.03 0.036 

 

0.018 0.018 0.0 

Gadolinium Gd µg/L 0.34 0.37 -8.5 0.16 0.17 -6.1 

Gallium Ga µg/L <5.0 <5.0 

 

0.68 0.63 7.6 

Germanium Ge µg/L <1.0 <1.0 

 

0.13 0.11 16.7 

Hafnium ** Hf µg/L - - 

 

- - 

 Holonium Ho µg/L 0.056 0.065 -14.9 0.028 0.027 3.6 

Iridium Ir µg/L <0.5 <0.5 

 

0.39 0.23 51.6 

Iron Fe µg/L <50 <50 

 

5.4 5.0 7.7 

Lanthanum La µg/L 0.99 1.0 -1.0 0.46 0.51 -10.3 

Lead Pb µg/L <0.2 <0.2 

 

0.031 0.031 0.0 

Lithium Li µg/L 44 43 2.3 3.7 3.7 0.0 

Lutetium Lu µg/L <0.05 <0.05 

 

0.0059 0.0061 -3.3 

Magnesium Mg µg/L 42000 42000 0.0 14000 14000 0.0 

Manganese Mn µg/L 63000 61000 3.2 41 42 -2.4 

Molybdenum Mo µg/L 86 82 4.8 37 37 0.0 

Neodymium Nd µg/L 1.3 1.2 8.0 0.66 0.59 11.2 

Nickel Ni µg/L 150 150 0.0 3.9 3.9 0.0 
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Niobium Nb µg/L <0.05 <0.05 

 

0.26 0.27 -3.8 

Palladium ** Pd µg/L - - 

 

- - 

 Platinum Pt µg/L <0.05 <0.05 

 

0.071 0.063 11.9 

Potassium K µg/L 82000 81000 1.2 13000 13000 0.0 

Praseodymium Pr µg/L 0.26 0.28 -7.4 0.15 0.13 14.3 

Rhenium Re µg/L <0.2 <0.2 

 

<0.02 <0.02 

 Rhodium Rh µg/L <0.1 <0.1 

 

0.010 <0.01 

 Rubidium Rb µg/L 170 170 0.0 25 25 0.0 

Ruthenium Ru µg/L <0.1 <0.1 

 

<0.01 <0.01 

 Samarium Sm µg/L 0.32 0.31 3.2 0.15 0.13 14.3 

Selenium Se µg/L 1.8 1.3 32.3 0.21 0.24 -13.3 

Silver Ag µg/L <0.1 <0.1 

 

<0.01 <0.01 

 Sodium Na µg/L 72000 73000 -1.4 11000 12000 -8.7 

Strontium Sr µg/L 1500 1500 0.0 96 97 -1.0 

Tantalum Ta µg/L <0.05 <0.05 

 

0.025 0.014 56.4 

Terbium Tb µg/L <0.05 <0.05 

 

0.025 0.026 -3.9 

Tellurium Te µg/L <0.05 <0.05 

 

<0.05 <0.05 

 Thallium Tl µg/L <0.1 <0.1 

 

<0.01 <0.01 

 Thorium Th µg/L 0.12 0.077 43.7 0.15 0.044 109.3 

Thulium Tm µg/L <0.05 <0.05 

 

0.0095 0.010 -5.1 

Tin Sn µg/L <0.3 <0.3 

 

<0.03 <0.03 

 Titanium Ti µg/L <3.0 <3.0 

 

0.54 0.37 37.4 

Tungsten W µg/L <0.5 <0.5 

 

0.45 0.45 0.0 

Uranium U µg/L 20 20 0.0 9.0 8.8 2.2 

Vanadium V µg/L <3.0 <3.0 

 

0.090 0.10 -10.5 

Ytterbium Yb µg/L <0.2 <0.2 

 

0.053 0.055 -3.7 

Yttrium Y µg/L 1.6 1.5 6.5 0.81 0.73 10.4 

Zinc Zn µg/L <10 <10 

 

<1.0 <1.0 

 Zirconium Zr µg/L 0.50 0.49 2.0 2.2 1.3 51.4 
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Laboratory QA/QC – ICP-MS/ICP-OES Duplicates 

Element Symbol Units TCP140 TCP140 % Diff TCP025 TCP025 % Diff 

Aluminium Al µg/L 48 48 0.0 15 15 0.0 

Antimony Sb µg/L 0.92 0.89 3.3 0.80 0.80 0.0 

Arsenic As µg/L 2.7 2.8 -3.6 2.9 2.7 7.1 

Barium Ba µg/L 15 15 0.0 57 56 1.8 

Beryllium Be µg/L <0.02 <0.02 

 

<0.02 <0.02 

 Cadmium Cd µg/L 0.11 0.11 0.0 0.48 0.48 0.0 

Calcium Ca µg/L 31000 31000 0.0 54000 54000 0.0 

Cerium Ce µg/L 0.19 0.19 0.0 1.1 1.2 -8.7 

Cesium ** Cs µg/L - - 

 

- - 

 Chromium Cr µg/L <0.5 <0.5 

 

<0.5 <0.5 

 Cobalt Co µg/L 0.082 0.090 -9.3 0.80 0.78 2.5 

Copper Cu µg/L 5.8 5.7 1.7 3.8 3.7 2.7 

Dysprosium Dy µg/L 0.061 0.062 -1.6 0.082 0.072 13.0 

Erbium Er µg/L 0.035 0.039 -10.8 0.036 0.032 11.8 

Europium Eu µg/L 0.0063 0.0062 1.6 0.021 0.021 0.0 

Gadolinium Gd µg/L 0.057 0.062 -8.4 0.14 0.14 0.0 

Gallium Ga µg/L 1.1 1.1 0.0 - - 

 Germanium Ge µg/L 0.11 0.10 9.5 0.62 0.67 -7.8 

Hafnium ** Hf µg/L - - 

 

- - 

 Holonium Ho µg/L 0.012 0.012 0.0 0.014 0.013 7.4 

Iridium Ir µg/L <0.05 0.056 

 

<0.05 <0.05 

 Iron Fe µg/L <5.0 <5.0 

 

22 22 0.0 

Lanthanum La µg/L 0.083 0.083 0.0 0.51 0.53 -3.8 

Lead Pb µg/L 0.028 0.029 -3.5 0.086 0.082 4.8 

Lithium Li µg/L 4.9 4.8 2.1 19 19 0.0 

Lutetium Lu µg/L <0.005 <0.005 

 

<0.005 <0.005 

 Magnesium Mg µg/L 14000 14000 0.0 20000 20000 0.0 

Manganese Mn µg/L 25 25 0.0 130 130 0.0 

Molybdenum Mo µg/L 94 94 0.0 420 360 15.4 

Neodymium Nd µg/L 0.17 0.16 6.1 0.62 0.61 1.6 

Nickel Ni µg/L 3.1 3.2 -3.2 5.4 5.5 -1.8 
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Niobium Nb µg/L 0.21 0.20 4.9 0.64 0.62 3.2 

Palladium ** Pd µg/L - - 

 

- - 

 Platinum Pt µg/L 0.0090 0.0070 25.0 <0.005 <0.005 

 Potassium K µg/L 16000 16000 0.0 59000 59000 0.0 

Praseodymium Pr µg/L 0.030 0.031 -3.3 0.15 0.15 0.0 

Rhenium Re µg/L <0.02 <0.02 

 

0.050 0.049 2.0 

Rhodium Rh µg/L <0.01 <0.01 

 

<0.01 <0.01 

 Rubidium Rb µg/L 33 33 0.0 110 110 0.0 

Ruthenium Ru µg/L <0.01 <0.01 

 

<0.01 <0.01 

 Samarium Sm µg/L 0.042 0.041 2.4 0.13 0.13 0.0 

Selenium Se µg/L 0.36 0.26 32.3 0.71 0.66 7.3 

Silver Ag µg/L 0.013 <0.01 

 

<0.01 <0.01 

 Sodium Na µg/L 19000 19000 0.0 160000 140000 13.3 

Strontium Sr µg/L 87 88 -1.1 340 280 19.4 

Tantalum Ta µg/L <0.005 <0.005 

 

0.0087 0.012 -31.9 

Terbium Tb µg/L 0.0096 0.010 -4.1 0.015 0.017 -12.5 

Tellurium Te µg/L <0.05 <0.05 

 

<0.05 0.099 

 Thallium Tl µg/L 0.018 0.020 -10.5 0.061 0.060 1.7 

Thorium Th µg/L 0.11 0.056 65.1 0.019 0.020 -5.1 

Thulium Tm µg/L <0.005 0.0051 

 

<0.005 <0.005 

 Tin Sn µg/L <0.03 <0.03 

 

0.058 0.050 14.8 

Titanium Ti µg/L <0.3 <0.3 

 

0.52 0.81 -43.6 

Tungsten W µg/L 0.81 0.84 -3.6 1.4 1.3 7.4 

Uranium U µg/L 8.0 8.2 -2.5 56 56 0.0 

Vanadium V µg/L 0.21 0.20 4.9 0.15 0.14 6.9 

Ytterbium Yb µg/L 0.028 0.022 24.0 <0.02 0.020 

 Yttrium Y µg/L 0.35 0.38 -8.2 0.50 0.49 2.0 

Zinc Zn µg/L 1.2 1.2 0.0 2200 1900 14.6 

Zirconium Zr µg/L 0.49 0.47 4.2 2.8 2.9 -3.5 
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Appendix B 

PHREEQC Input 

The following was used to model REE sorption to iron and manganese oxides in the pilot plant water shake flask tests following the work 

of Dzombak and Morel (1990) for the for mer and Tonkin et al. (2004), and Pourret and Davaranche (2013) for the latter.  Copy and paste 

into Notepad + + for REE sorption to iron and manganese oxides:  

DATABASE c:\phreeqc\database\llnl_modified.dat 

 

SOLUTION 1 BZMP + Plant Water @ 4°C TCP100 

 temp 4 

 pH 7.84 

 pe 10 

 units mg/L 

  

Alkalinity 185 mg/L as CaCO3 

 Cl 57.2 

 F 6.5 

 S(+6) 1790 



 

 

 

158 

 Al 0.0089 

 Ba 0.2 

 Cd 0.00014 

 Ca 590 

 Ce 0.0018 

 Co 0.0054 

 Dy 0.00028 

 Er 0.00017 

 Eu 0.000032 

 Gd 0.00036 

 Ho 0.00006 

 La 0.001 

 Li 0.044 

 Mg 42 

 Mn 62 

 Mo 0.084 

 Nd 0.0012 
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 Ni 0.15 

 K 82 

 Pr 0.00027 

 Rb 0.17 

 Sm 0.00032 

 Se 0.0016 

 Na 72 

 Sr 1.5 

 Th 0.000098 

 U 0.02 

 Y 0.0016 

 Zr 0.0005 

END 

SURFACE 2 #sorption to hydrous Fe oxide (ferrihydrite) 

 Hfo_w   1.78E-7     600    0.000079 

#1.78E-7 mol is the amount of weak sites - 0.2 mol/mol Fe * 0.00089 mmol/kg /1000 = 1.78E-7 

#0.2 is weak site density in mol/mol Fe from Dzombak & Morel 1990 
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  #600 is the surface site area in m2/g from Dzombak & Morel 1990 

  #0.050 mg/L / 56 g/mol Fe (amount in colloidal fraction) = 0.00089 mmol/kg * 89 g/mol FeOOH / 1000 = 0.000079g FeOOH/kg 

 Hfo_s   4.45E-9   600    0.000079 

  #4.45E-9 mol is the amount of strong sites - 0.005 mol/mol Fe * 0.00089 mmol/kg /1000 = 4.45E-9 

#0.005 is strong site density in mol/mol Fe from Dzombak & Morel 1990 

  #600 is the surface site area in m2/g from Dzombak & Morel 1990 

  #0.050 mg/L / 56 g/mol Fe (amount in colloidal fraction) = 0.00089 mmol/kg * 89 g/mol FeOOH / 1000 = 0.000079g FeOOH/kg 

END 

SURFACE 3 #sorption to hydrous Mn oxide (birnessite) 

 Hmo_w   3.6E-10    746    4.7E-7  

  #0.0000066 mol is the amount of weak sites - 0.76 mmol/g * 4.7E-7 MnO2 g/kg / 1000 = 3.6E-10  

#0.76 is weak site density in mmol/g from Tonkin et al. 2004 

  #746 is the surface site area in m2/g from Tonkin et al. 2004 

  #0.0003 mg/L / 55 g/mol Mn (amount in colloidal fraction) = 0.0000055 mmol/kg * 87 g/mol MnO2 / 1000 = 4.7E-7g MnO2/kg 

 Hmo_s   6.3E-10    746    4.7E-7 

  #06.3E-10 mol is the amount of strong sites - 1.34 mmol/g * 4.7E-7 MnO2 g/kg / 1000 = 6.3E-10 

# 1.34 is strong site density in mmol/g from Tonkin et al. 2004 
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  #746 is the surface site area in m2/g from Tonkin et al. 2004 

  #0.0003 mg/L / 55 g/mol Mn (amount in colloidal fraction) = 0.0000055 mmol/kg * 87 g/mol MnO2 / 1000 = 4.7E-7g MnO2/kg 

END 

USE SOLUTION 1 

USE SURFACE 2 

SAVE SOLUTION 2 

END 

 

USE SOLUTION 2 

USE SURFACE 3 

 

END 

  



 

 

 

162 

The following was used to model REE sorption to humic acid the Ring Lake water shake flask tests following the work of Marsac et al. 

(2011, 2012, 2013).  Copy and paste into Notepad + + for REE sorption to humic acid:  

DATABASE c:\phreeqc\database\llnl_modified.dat 

SOLUTION 1 BZMP + Ring @ 4°C TCP090 

 temp 4 

 pH 8.17 

 pe 10 

 units mg/L 

 

 Alkalinity 215 mg/L as CaCO3 

 Cl 2.4 

 F 1.8 

 N(+5) 0.58 

 S(+6) 2.0 

 Al 0.044 

 Sb 0.00055 

 As 0.0022 
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 Ba 0.013 

 Cd 0.000042 

 Ca 32 

 Ce 0.0011 

 Co 0.00006 

 Cu 0.0053 

 Dy 0.00013 

 Er 0.000073 

 Eu 0.000018 

 Gd 0.00016 

 Ga 0.00066 

 Ho 0.000028 

 Fe 0.0052 

 La 0.00048 

 Pb 0.000031 

 Li 0.0037 

 Lu 0.000006 
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 Mg 14 

 Mn 0.042 

 Mo 0.037 

 Nd 0.00062 

 Ni 0.0039 

 K 13 

 Pr 0.00014 

 Rb 0.025 

 Sm 0.00014 

 Se 0.00022 

 Na 12 

 Sr 0.096 

 Tb 0.000026 

 Th 0.000097 

 Tm 0.0000098 

 Ti 0.00046 

 W 0.00045 
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 U 0.009 

 V 0.000095 

 Yb 0.000054 

 Y 0.00077 

 Zr 0.0018 

END 

EQUILIBRIUM_PHASES 1 #defining the amount of humic acid in the solution and making it at equilibrium with the solution 

 Ha    0     0.00132      #Saturation Index = 0; ~1.32 ppm of HA (10% of DOC) 

END 

 

SURFACE 1 #sorption to humic acid 

 Ha_aH Ha eq 3.59E-04    40000  

# site name (Ha_aH) ; amount related to the equilibrium phase HA (3.59E-04 mol / gHA) 

#surface area (40000 m²/gHA) - use 40000 for I = 0.001 use 19000 for I = 0.01 use 13000 for I = 0.1 

 #DO NOT MODIFY the block below 
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 Ha_bH Ha eq 3.59E-04 ; Ha_cH Ha eq 3.59E-04 ; Ha_dH Ha eq 3.59E-04 ; Ha_eH Ha

 eq 1.79E-04 ; Ha_fH Ha eq 1.79E-04 ; Ha_gH Ha eq 1.79E-04 ; Ha_hH Ha eq 1.79E-

04 

 Ha_abH2 Ha eq 2.48E-04 ; Ha_cdH2 Ha eq 2.48E-04 ; Ha_aeH2 Ha eq 1.24E-04 ; Ha_bfH2

 Ha eq 1.24E-04 ; Ha_cgH2 Ha eq 1.24E-04 ; Ha_dhH2 Ha eq 1.24E-04 ; Ha_efH2 Ha eq

 6.19E-05 ; Ha_ghH2 Ha eq 6.19E-05 

 Ha_abxH2 Ha eq 2.48E-05 ; Ha_cdxH2 Ha eq 2.48E-05 ; Ha_aexH2 Ha eq 1.24E-05 ; Ha_bfxH2

 Ha eq 1.24E-05 ; Ha_cgxH2 Ha eq 1.24E-05 ; Ha_dhxH2 Ha eq 1.24E-05 ; Ha_efxH2 Ha eq

 6.19E-06 ; Ha_ghxH2 Ha eq 6.19E-06 

 Ha_abxxH2 Ha eq 2.48E-06 ; Ha_cdxxH2 Ha eq 2.48E-06 ; Ha_aexxH2 Ha eq 1.24E-06 ; Ha_bfxxH2

 Ha eq 1.24E-06 ; Ha_cgxxH2 Ha eq 1.24E-06 ; Ha_dhxxH2 Ha eq 1.24E-06 ; Ha_efxxH2 Ha eq

 6.19E-07 ; Ha_ghxxH2 Ha eq 6.19E-07 

 Ha_abcH3 Ha eq 7.16E-06 ; Ha_abdH3 Ha eq 7.16E-06 ; Ha_acdH3 Ha eq 7.16E-06 ; Ha_bcdH3

 Ha eq 7.16E-06 ; Ha_abeH3 Ha eq 1.07E-05 ; Ha_cdfH3 Ha eq 1.07E-05 ; Ha_acgH3 Ha eq

 1.07E-05 ; Ha_bdhH3 Ha eq 1.07E-05 ; Ha_aefH3 Ha eq 5.37E-06 ; Ha_bghH3 Ha eq 5.37E-06 ; 

Ha_cegH3 Ha eq 5.37E-06 ; Ha_dfhH3 Ha eq 5.37E-06 ; Ha_efgH3 Ha eq 8.95E-07 ; Ha_efhH3 Ha

 eq 8.95E-07 ; Ha_eghH3 Ha eq 8.95E-07 ; Ha_fghH3 Ha eq 8.95E-07 
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 Ha_abcyH3 Ha eq 7.15E-07 ; Ha_abdyH3 Ha eq 7.15E-07 ; Ha_acdyH3 Ha eq 7.15E-07 ; Ha_bcdyH3

 Ha eq 7.15E-07 ; Ha_abeyH3 Ha eq 1.07E-06 ; Ha_cdfyH3 Ha eq 1.07E-06 ; Ha_acgyH3 Ha eq

 1.07E-06 ; Ha_bdhyH3 Ha eq 1.07E-06 ; Ha_aefyH3 Ha eq 5.36E-07 ; Ha_bghyH3 Ha eq 5.36E-07 ; 

Ha_cegyH3 Ha eq 5.36E-07 ; Ha_dfhyH3 Ha eq 5.36E-07 ; Ha_efgyH3 Ha eq 8.94E-08 ; Ha_efhyH3 Ha

 eq 8.94E-08 ; Ha_eghyH3 Ha eq 8.94E-08 ; Ha_fghyH3 Ha eq 8.94E-08 

 Ha_abcyyH3 Ha eq 7.15E-08 ; Ha_abdyyH3 Ha eq 7.15E-08 ; Ha_acdyyH3 Ha eq 7.15E-08 ; Ha_bcdyyH3

 Ha eq 7.15E-08 ; Ha_abeyyH3 Ha eq 1.07E-07 ; Ha_cdfyyH3 Ha eq 1.07E-07 ; Ha_acgyyH3 Ha eq

 1.07E-07 ; Ha_bdhyyH3 Ha eq 1.07E-07 ; Ha_aefyyH3 Ha eq 5.36E-08 ; Ha_bghyyH3 Ha eq

 5.36E-08 ; Ha_cegyyH3 Ha eq 5.36E-08 ; Ha_dfhyyH3 Ha eq 5.36E-08 ; Ha_efgyyH3 Ha eq 8.94E-09 ; 

Ha_efhyyH3 Ha eq 8.94E-09 ; Ha_eghyyH3 Ha eq 8.94E-09 ; Ha_fghyyH3 Ha eq 8.94E-09 

 

END 

 

USE SOLUTION 1 

USE SURFACE 1 

END 


