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Abstract 7 

Granites and pegmatites in the Strange Lake pluton experienced extreme enrichment in high field 8 

strength elements (HFSE), including the rare earth elements (REE). Much of this enrichment 9 

took place in the most altered rocks, and is expressed as secondary minerals, showing that 10 

hydrothermal fluids played an important role in HFSE concentration. Vasyukova et al. (2016) 11 

reconstructed a P-T-X path for the evolution of these fluids and provided evidence that 12 

hydrothermal activity was initiated by exsolution of fluid during crystallisation of border zone 13 

pegmatites (at ~450-500 
o
C and 1.1 kbar). This early fluid comprised a high salinity (25 wt.% 14 

NaCl) aqueous phase and a CH4+H2 gas. During cooling, the gas was gradually oxidised, first to 15 

higher hydrocarbons (e.g., C2H6, C3H8), and then to CO2, and the salinity decreased to 4 wt.% 16 

(~250-300 
o
C), before increasing to 19 wt.%, due to fluid-rock interaction (~150 

o
C). Here we 17 

present crush-leach fluid inclusion data on the concentrations of the REE and major ligands at 18 

different stages of the evolution of the fluid.  19 

The chondrite-normalised REE profile of the fluid evolved from light REE (La-Nd)-enriched at 20 

high temperature (~400 
o
C, Stages 1-2a) to middle REE (Sm-Er)-enriched at 360 to 250 

o
C 21 

(Stages 2b-3) and strongly heavy REE (Tm-Lu)-enriched at low temperature (150 
o
C, Stage 5). 22 

These changes in the REE distribution were accompanied by changes in the concentrations of 23 

major ligands, i.e., Cl
- 

was the dominant ligand in Stages 1, 2, 4 and 5, whereas HCO3
- 

was 24 

dominant in Stage 3. The fluorine content decreased from 0.6 wt.% in Stage 2a to 0.1-0.4 wt.% 25 

in Stages 2b and 3 and to 0.05 wt.% in Stages 4-5.  26 

Alteration of arfvedsonite to aegirine and/or hematite contributed strongly to the mobilisation of 27 

the REE. This alteration released middle REE (MREE) and heavy REE (HREE), which either 28 

partitioned into the fluid or precipitated directly as bastnäsite-(Ce), ferri-allanite-(Ce) or 29 
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gadolinite-(Y). Replacement of primary fluorbritholite-(Ce) that crystallised from an immiscible 30 

fluoride melt, which altered to bastnäsite-(Ce), was also important in mobilising the REE 31 

(MREE). This is shown by the fact that the REE content of the bastnäsite-(Ce) is less than half of 32 

that of the fluorbritholite-(Ce).  33 

This paper presents the first report of the distribution of the REE in an evolving hydrothermal 34 

fluid. Using this distribution, in conjunction with information on the changing physicochemical 35 

conditions, the study identifies the sources of REE enrichment, reconstructs the path of REE 36 

concentration, and evaluates the REE mineralising capacity of the fluid. Finally, this information 37 

is integrated into a predictive model for REE mobilisation applicable not only to Strange Lake 38 

but any REE ore-forming system, in which hydrothermal processes were important.  39 

Introduction 40 

Fluid inclusions have been intensively studied for almost half a century and used to characterise 41 

the major properties of natural fluids, especially those involved in metallic mineral ore formation 42 

(Roedder, 1977; Roedder, 1984; Craig and Vaughan, 1994; Wilkinson, 2001). Indeed, many and 43 

perhaps a preponderance of papers dealing with the genesis of hydrothermal ore deposits contain 44 

a section reporting results of microthermometric measurements of fluid inclusions that are used 45 

to make inferences about the physicochemical conditions of mineralisation. These measurements 46 

have provided important information on the pressure-temperature conditions and the 47 

concentrations of the major cations and ligands in the fluid (Roedder, 1984; Roedder, 1997). In 48 

turn, they have been used to infer mechanisms of ore mineral deposition, such as boiling (or 49 

effervescence, i.e., exsolution of a gas like CO2), fluid-rock interaction and fluid mixing (Skinner 50 

and Barton, 1973; Skinner, 1979; Wilkinson, 2001; Heinrich, 2007). Information on the 51 

concentrations of the ore metals and other trace elements, however, had to await the development 52 

of micro-analytical techniques, notably Laser Ablation Inductively Coupled Plasma Mass 53 

Spectrometry (LA-ICP-MS) of individual fluid inclusions (Shepherd and Chenery, 1995; 54 

Audetat et al., 1998; Longerich, 2008; Pettke, 2008) and Inductively Coupled Plasma Mass 55 

Spectrometry (ICP-MS) or Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-56 

AES) of extracted fluids (Bottrell et al., 1988; Banks and Yardley, 1992; Ghazi et al., 1993; 57 

Banks et al., 1994).  58 

Here, we report results of the application of ICP-MS to fluids extracted from fluid inclusions 59 

using the crush-leach method, in which a small sample of the mineral hosting the fluid inclusions 60 

(quartz) is crushed and the fluid released into a matrix or leach solution that is subsequently 61 
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analysed for its trace element content by ICP-MS. Ion Chromatography (IC) complements 62 

analyses of the extracted fluid by providing a rare opportunity to analyse anionic species such as 63 

fluoride (F-), chloride (Cl
-
), bromide (Br

-
), nitrate (NO3

-
), phosphate (PO4

3-
) and sulphate (SO4

2-
64 

), something that is not possible using methods applicable to the analysis of individual 65 

inclusions. Another advantage of the crush-leach method is that it can be used to analyse 66 

elements, such as the REE and other HFSE, which are typically present in hydrothermal fluids in 67 

concentrations below those that can be detected in single inclusions using LA-ICP-MS. There are 68 

two important limitations to the application of the crush leach method. Firstly, the quartz grains 69 

separated for analysis must be of high purity and not contain crystals of other minerals (attached 70 

to the surface or as inclusions) and secondly the fluid inclusions should be dominated by 71 

inclusions of a single population, which is generally not the case. Nonetheless, provided great 72 

care is taken to avoid contamination during sample preparation, especially during sample 73 

crushing (e.g., by using a clean room), it is possible to obtain high quality data for some ore-74 

forming systems. 75 

Despite the obvious advantages of the crush-leach method, and the fact that it provides the only 76 

means for reliably analysing the REE and other HFSE, there have been relatively few 77 

applications of this method. In the case of the REE, the studies have been restricted to Norman et 78 

al. (1989), Ghazi et al. (1993), Banks et al. (1994), Bühn and Rankin (1999) and Bühn et al. 79 

(2002). Of these studies, however, only that of Banks et al. (1994) dealt with REE 80 

mineralisation. This is particularly surprising given the sharp increase in the number of studies 81 

that have been devoted to hydrothermal REE deposits during the past five years.  82 

In this paper, we report the results of crush-leach experiments applied to samples from 83 

pegmatites, which host the potentially economic REE mineralisation of the Strange Lake pluton 84 

(Gysi and Williams-Jones, 2013). Building on a previous study of the physicochemical evolution 85 

of fluids in granites and pegmatites of Strange Lake (Vasyukova et al., 2016), we present the first 86 

comprehensive analyis of REE fluid chemistry in an evolving REE ore-forming hydrothermal 87 

system. In so doing, we evaluate the REE and related ligand concentrations at different stages in 88 

the evolution of the fluids in the context of their mineralising capacity, identify the sources of 89 

REE enrichment of the fluid and develop a predictive model for REE mobilisation in the system.  90 
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Geological setting 91 

The Mid-Proterozoic (1240 ± 2 Ma; (Miller et al., 1997) Strange Lake pluton comprises three 92 

main intrusive phases, namely hypersolvus granite, transsolvus granite and pegmatite (Fig. 1), 93 

with the granitic phases being distinguished mainly on the basis of feldspar mineralogy (Nassif, 94 

1993) and arfvedsonite morphology (Siegel et al., 2017). The earliest and the least evolved phase 95 

is the hypersolvus granite, which occupies the central part of the intrusion, and is characterised 96 

by the presence of perthite as the only feldspar and interstitial arfvedsonite. Perthite is also 97 

present in the transsolvus granite, which is more evolved, volumetrically much more abundant, 98 

and occupies the outer part of the pluton. In addition, however, the transsolvus granite contains 99 

primary microcline and albite, and the arfvedsonite, instead of being an interstitial phase, occurs 100 

as phenocrysts.  101 

The pegmatites occur near the top of the pluton as sub-horizontal sheets and lenses ranging from 102 

a few cm to 10 m in thickness. They are concentrated in two fields, one adjacent to its northwest 103 

margin, the B-Zone, and the other near its geographic centre, the Main-Zone (Fig. 1). These 104 

fields host REE-Zr-Nb mineralisation that has been considered for economic exploitation. 105 

Indeed, recent exploration of the B-Zone has identified an indicated resource of 278 Mt of ore, 106 

grading 0.94 wt. % REE2O3 (38% heavy rare-earth oxides), 1.92 wt. % ZrO2 and 0.18 wt. % 107 

Nb2O5. This includes a high grade spine containing 20 Mt of ore grading 1.44 wt.% REE2O3 108 

(50% heavy rare-earth oxides), 2.59 wt. % ZrO2 and 0.34 wt. % Nb2O5 109 

(www.questrareminerals.com). Many of the pegmatites are mineralogically zoned from a border 110 

containing coarse-grained euhedral alkali feldspar, quartz, arfvedsonite and titano- and zircono-111 

silicate minerals to a core dominated by quartz and fluorite with variable proportions of REE 112 

minerals. The contacts between the pegmatites and granite vary from diffuse to sharp, and locally 113 

an aplite layer marks the contact.  114 

Evidence of hydrothermal alteration is widespread in the transsolvus granite and increases in 115 

intensity towards the pegmatite fields. Perthite and K-feldspar in the transsolvus granite were 116 

albitised, as was K-feldspar in the pegmatites, whereas albite in the latter was transformed to 117 

microcline. Arfvedsonite in both units was altered to aegirine and/or hematite. Calcium 118 

metasomatism was pervasive in the pegmatites and locally pervasive in the adjacent transsolvus 119 

granite, leading to the replacement of sodium titanosilicates and zirconosilicates by calcium 120 

minerals such as titanite and gittinsite (CaSi2O7), respectively. Finally, late phyllic alteration, 121 

manifested by the replacement of primary and secondary feldspars with Al- and Fe-rich 122 
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phyllosilicates, was also pervasive and developed locally in the adjacent transsolvus granite 123 

(Gysi and Williams-Jones, 2013; Gysi et al., 2016). 124 

Previous work 125 

In an earlier publication (Vasyukova et al., 2016), we characterised the fluid trapped in 126 

inclusions in quartz from the Strange Lake granites and pegmatites, and interpreted the evolution 127 

of this fluid based on fluid inclusion microthermometry, bulk gas analyses and thermodynamic 128 

calculations. This evolution is illustrated in summary form in Figure 2 and reflects a system in 129 

which the pegmatites “stewed in their own juices”.  130 

A fluid containing immiscible aqueous (25 wt.% NaCl eq.) and gas-rich carbonic (CH4 + up to 131 

20 mol.% H2) phases (Group 1 in Fig. 2) exsolved from a magma at ~450-500 °C and an oxygen 132 

fugacity 7.3 units below the quartz-fayalite-magnetite (QFM) buffer. Cooling to ~ 425 °C 133 

induced oxidation, which resulted in an increase in ƒO2 to ~ 6.2 log units below the QFM buffer, 134 

causing the fluid to become CH4-dominant; the proportion of H2 decreased to ~3 mol.% (Group 135 

2a in Fig. 2). The evolution described above is recorded by Group 1 and 2a inclusions and 136 

constitutes Stage 1-2a of the fluid evolution, which is characterised by an absence of 137 

hydrothermal alteration.  138 

Stage 2b-3 commenced at ~325-360 °C when further oxidation (~2.8 log units below the QFM 139 

buffer) triggered alteration of arfvedsonite to aegirine. The alteration buffered ƒO2 and prevented 140 

formation of CO2 from CH4; instead, it facilitated oxidative coupling of methane, which 141 

produced higher order hydrocarbons (e.g., C2H6 and C3H8). As a result of the fluid-rock 142 

interaction, the salinity of the fluid decreased progressively from ~25 to ~14 wt.% NaCl eq. 143 

(Group 2b in Fig. 2) and eventually, alteration ceased because the fluid salinity was insufficient 144 

for the reaction (see Vasyukova et al., 2016; Reaction 3) to proceed further. During subsequent 145 

cooling to ~300 
o
C, the system was unbuffered and oxygen fugacity consequently increased to 146 

1.2 log units below the QFM buffer causing the fluid to become CO2-dominated (Group 3 in Fig. 147 

2). The newly formed CO2 reacted with H2O in the fluid to produce HCO3
-
, which, in turn, 148 

reacted with the Na
+
 ions, precipitating nahcolite. This, together with further dilution, due to 149 

fluid-rock interaction, lead to an additional decrease in salinity from ~14 to ~4 wt.% NaCl eq. 150 

(late Group 3 in Fig. 2). The production of HCO3
-
 was accompanied by production of H

+
, which 151 

sharply lowered the pH of the fluid, causing it to attack Na-rich minerals, such as elpidite, 152 
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narsarsukite and arfvedsonite. Elpidite and narsarsukite were replaced, leaving behind 153 

pseudomorphs filled by quartz, hematite and gittinsite or titanite, respectively; the arfvedsonite 154 

was replaced by aegirine and/or hematite. 155 

Stage 4-5 began when the carbonic component was removed at ~225 °C due to fluid-rock 156 

interaction and migration of CO2 out of the pegmatites. Oxidation continued (2.8 log units above 157 

the QFM buffer at 225 °C) as did fluid-rock interaction (intense hematisation and formation of 158 

phyllosilicates), which caused an increase in salinity to almost the initial level, ~19 wt.% NaCl 159 

eq. at ~150°C (Group 5 in Fig. 2).  160 

Samples 161 

Samples for this study (see Fig. 1 for locations) were chosen in such a way as to represent the 162 

different stages in the evolution of the fluid. Stage 1-2a is represented by Sample 16, which is 163 

from the border zone of an unaltered pegmatite, and is dominated by Group 2a fluid inclusions 164 

(Figs. 2, 3a). This stage was followed by Stage 2b, which is represented by Sample 13 (Fig. 3b) 165 

from the massive quartz core of a weakly altered pegmatite (arfvedsonite crystals were altered to 166 

aegirine along their rims), and only contains Group 2b fluid inclusions.  167 

Sample 11, representing Stage 3, consists of massive quartz from the core of a strongly altered 168 

pegmatite, in which arfvedsonite was pervasively altered to aegirine (±hematite), and 169 

pseudomorphs after elpidite and narsarsukite are common (Fig. 3c). The sample mainly contains 170 

Group 3 fluid inclusions, although a small proportion of earlier Group 2 fluid inclusions are 171 

observed. Sample 2 also contains Group 3 fluid inclusions, but represents late Stage 3. This 172 

sample is from a quartz vein that crosscut the host hypersolvus granite (Fig. 3d). Within the 173 

adjacent granite, arfvedsonite was altered to aegirine. Four zones were observed from the vein 174 

outwards: 1) aegirine with no arfvedsonite remnants (identified as ‘Aeg(E)’ in Fig. 3d); 2) 175 

aegirine with fluorite and rare arfvedsonite remnants (identified as ‘Aeg(E)+Fl’ in Fig. 3d); 3) 176 

aegirine with arfvedsonite remnants (identified as ‘Aeg(E)+Arf’ in Fig. 3d); and 4) weakly 177 

altered arfvedsonite (marked as ‘Arf’ in Fig. 3d).  178 

Sample 7 represents Stages 4 and 5, and is from the core of a strongly altered pegmatite, in 179 

which pervasive hematisation was observed; even within the massive quartz of the core, hematite 180 

precipitated along fractures (Fig. 3e). The sample is dominated by roughly equal proportions of 181 
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two groups of fluid inclusions, namely Groups 4 and 5. Group 4 inclusions are primary and 182 

aqueous (liquid-vapour) and Group 5 inclusions are secondary and also aqueous (liquid-vapour). 183 

Although a single inclusion population is usually a prerequisite for bulk analyses, we included 184 

Sample 7 in our study because this sample is the only one that represents hematisation. Even if 185 

we could not distinguish between Group 4 and 5 fluids, a mixture of these fluids provides 186 

important information about Stages 4 and 5.  187 

Three samples (see Fig. 1 for locations) were chosen to characterise the fluid responsible for the 188 

alteration of arfvedsonite to aegirine or to hematite and aegirine. Sample 204705 contains 189 

pegmatite-sized (up to 5 cm) crystals of arfvedsonite with rims replaced by aegirine and cores 190 

partly replaced by hematite. Sample BZ10076-11 contains crystals displaying the same type of 191 

alteration but at a more advanced stage, i.e., there is no visible arfvedsonite, only aegirine rims 192 

and hematite cores. Sample 2, mentioned above, contains late aegirine that precipitated along 193 

fractures in a quartz vein (identified as ‘Aeg(L)’ in Fig. 3d). 194 

Methodology 195 

Bulk fluid analysis 196 

Crush-leach 197 

The crush-leach procedure employed in this study is a slightly modified version of the procedure 198 

described by Banks et al. (1994). Quartz grains (on average 1.5-2 g per sample) were hand-199 

picked under a binocular microscope making sure that they do not contain crystals of minerals 200 

other than quartz. The grains were then cleaned. This involved three cycles of repeated rinsing of 201 

the samples in nanopure water (15-20 rinses) followed by soaking in hot (~70 
o
C) concentrated 202 

nitric acid for 1.5-2 hours. The samples were dried after each cycle in a drying oven at ~60 °C 203 

overnight.  204 

To suppress adsorption of polyvalent cations on fresh quartz surfaces, we spiked the leaching 205 

solution (3 wt.% HNO3) with uranium (200 ppm). Uranium was chosen as the spike because of 206 

its high valence and high solubility in oxidised aqueous solutions at room temperature. This 207 

makes it a particularly strong candidate to be adsorbed onto the surface of quartz, and to 208 

therefore prevent the adsorption of other highly charged elements. A stock uranium solution 209 

(1,000 ppm of U in 3 wt.% HNO3) was purchased from Fisher Scientific (Catalog No. PU1KN-210 

100). Ultra-pure water and Optima
@

 grade 69 wt.% nitric acid were used to prepare the solutions.  211 
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Each cleaned and dried sample was divided in half to prepare samples for ICP-MS (metals), AA 212 

(Ca) and IC (ligands) analyses. The only difference in preparation of the samples for ICP-MS 213 

(and AA) and IC analyses is that samples for the former were crushed in uranium-doped 3 wt.% 214 

HNO3 leaching solution, whereas samples for IC were crushed in ultrapure water. This and the 215 

subsequent steps in the procedure were conducted in a clean room to prevent contamination. The 216 

cleaned samples were crushed in an agate mortar (samples were submerged in the leaching 217 

solution), and the leachate solution was extracted, filtered (0.45 µm) and analysed. Blank 218 

samples of inclusion-free Brazilian quartz were prepared in exactly the same way, i.e., with 219 

uranium-doped 3 wt.% HNO3 leaching solution for ICP-MS (and AA) and ultrapure water for 220 

IC.  221 

Inductively Coupled Plasma Mass Spectrometry 222 

For the purpose of the analyses, a certified multi-element standard (10 ppm; 40 elements in 3 223 

wt.% HNO3) was purchased from SCP Science (http://www.scpscience.com/). Seven solutions 224 

containing different concentrations of this standard solution (500, 100, 20, 5, 1, 0.5 and 0.2 ppb) 225 

were prepared and a calibration curve constructed. As with the earlier sample preparation, the 226 

standard dilutions were performed in a clean room. The samples, sample blanks, standard 227 

solutions and solution blanks were analysed with ICP-MS at the department of Earth and 228 

Planetary Sciences, McGill University, with a Thermo Finnigan iCapQ ICP-MS coupled to an 229 

auto-sampler for analysis of solutions. The dwell time for analyses was 10 ms and the number of 230 

sweeps was set to 100. The following isotopes were analysed: 
7
Li, 

23
Na, 

39
K, 

45
Sc, 

57
Fe, 

66
Zn, 231 

89
Y, 

90
Zr, 

139
La, 

140
Ce, 

141
Pr, 

142
Nd, 

146
Nd, 

147
Sm, 

153
Eu, 

155
Gd, 

157
Gd,

 159
Tb, 

163
Dy, 

165
Ho, 

166
Er, 232 

169
Tm, 

172
Yb, 

173
Yb, 

175
Lu. All counts per second were converted to concentrations in ppb using 233 

the calibration curve referred to above. Concentrations calculated for each element from the 234 

signal for the blank solution were treated as the detection limit.  235 

Atomic Absorption (AA) 236 

Calcium concentrations were measured by Atomic Absorption Spectroscopy (AA) to avoid 237 

possible interference of the ICP-MS signal for 
44

Ca with those for 
12

C
16

O2, 
14

N2
16

O
+
and 

28
Si

16
O

+
. 238 

The analyses were performed in the Department of Earth and Planetary Sciences at McGill 239 

University with a Perkin Elmer AAnalyst 100 Flame atomic absorption spectrometer. A 240 

calibration curve was prepared using six standards with concentrations ranging from 0.3 to 2.6 241 

ppm.  242 
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Ion exchange Chromatography (IC) 243 

Ligand concentrations were measured by Dr. Dirk Kirste of the Department of Earth Sciences, 244 

Simon Fraser University, using a Dionex ICS-3000 SP Ion Chromatograph equipped with an 245 

AS22 column and a 500 μl sample loading loop. Samples were analysed for fluoride (F
-
), 246 

chloride (Cl
-
) and sulphate (SO4

2-
) ions. Detection limits were 5 ppb for F

-
, 100 ppb for Cl

-
 and 247 

20 ppb for SO4
2-

.  248 

Data treatment (normalisation) 249 

As the concentrations of metals and ligands were determined using separate aliquots of quartz 250 

and different leaching solutions, it was necessary to normalise the two sets of leachate data. This 251 

was done by analysing the K concentrations of both the leaching solutions, and correcting the 252 

ligand concentrations by multiplying their values by the ratio of the K concentration in the metal 253 

solution over that in the ligand solution. The corrected data for the analysed solutions are listed 254 

in Table 1. The absolute concentrations of the metals in the bulk fluids were calculated by 255 

normalising the above data to the apparent average salinity using the Cl concentrations of fluid 256 

inclusions determined microthermometrically by Vasyukova et al. (2016). These concentrations 257 

are reported in Table 2.  258 

Mineral analysis 259 

The major and trace compositions of arfvedsonite, aegirine and hematite were determined using 260 

Electron Microprobe Analysis (EMPA) and Laser Ablation Inductively Coupled Plasma Mass 261 

Spectrometry (LA-ICPMS). The former analyses were performed with a JEOL JXA-8900L 262 

electron microprobe located at McGill University (Department of Earth and Planetary Sciences), 263 

using a beam diameter of 15 μm, a beam current of 20 nA and an acceleration voltage of 20 kV. 264 

The standards employed in the analyses, the counting times and the detection limits for the 265 

different elements are reported in Table 3.  266 

Laser ablation ICP-MS analyses were carried out on the same spots that had been analysed using 267 

the electron microprobe. These analyses were carried out using a NewWave 213 nm Nd-YAG 268 

laser-ablation system and a Thermo Finnigan iCapQ ICP-MS in the Department of Earth and 269 

Planetary Sciences at McGill University. The analyses involved a 10 Hz repetition rate, and 40 270 

μm beam diameter; the NIST 610 glass was used as an internal standard for Si. Data from the 271 
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electron microprobe analyses were used to normalise the LA-ICP-MS data. The results of the 272 

analyses are reported in Table 4. 273 

Thermodynamic calculations 274 

Thermodynamic calculations were performed to estimate the pH of the fluid in equilibrium with 275 

different mineral assemblages at different temperatures, and to model the capacity of the fluid to 276 

transport the rare earth elements. For this, we used the software package HCh (Shvarov, 1999; 277 

Shvarov and Bastrakov, 1999). The sources of the thermodynamic data for the minerals, gases 278 

and aqueous complexes are listed in Table 5.  279 

Results  280 

Pegmatite Core  281 

The composition of the fluid in the pegmatite cores was determined from fluid extracted from 282 

Samples 7, 11 and 13. The three samples consist almost entirely of quartz, and contain fluids 283 

trapped during Stages 4-5, 3 and 2b, respectively. Their measured rare earth element contents, in 284 

each case, were well above the concentrations of the procedural blanks (Table 1).  285 

Sample 7 286 

As was mentioned earlier, Sample 7 contains a mix of aqueous Group 4 and 5 inclusions (Type 287 

IV; see Vasyukova et al., 2016 for descriptions of these fluid inclusion types). Consequently, 288 

there is a significant range in salinity (Vasyukova et al., 2016). In order to establish a 289 

representative salinity, we therefore calculated the median salinity of the Group 4 and 5 fluid 290 

inclusion population from the median salinity for the individual fluid inclusion assemblages 291 

reported in Appendix A of Vasyukova et al. (2016). This salinity is 10 wt.% NaCl eq., the value 292 

to which the composition of the extracted fluid was normalised (Table 2). Based on the results of 293 

the crush-leach experiment, Sample 7 contains 6.0 wt.% Cl, 2.75 wt.% Na, 0.5 wt.% Ca, 0.08 294 

wt.% K and 0.05 wt.% F; the sulphate concentration is 0.2 wt.% (Table 2). A calculation of the 295 

cation-anion charge balance revealed an excess of anions of 8.8 %, which is a very good result 296 

and provides confidence that the analyses are reliable. 297 

Our results show that the Sample 7 fluid has REE concentrations ranging between 0.05 ppm (Eu) 298 

and 24 ppm (Yb), and a total REE (including Y and Sc) concentration of 49 ppm. They also 299 

show that among the even-numbered lanthanides, Er and Yb have the highest concentrations, i.e., 300 
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the fluid is HREE-enriched (Table 2). The yttrium concentration is also high, consistent with the 301 

classification of this element as a HREE. This distribution of REE concentrations is clearly 302 

evident when the data are normalised to chondrite. The profile is flat for the light REE (LREE), 303 

displays a weak positive anomaly for Sm and a strong negative anomaly for Eu, and increases 304 

sharply from Ho to Lu (Fig. 4). 305 

Sample 11 306 

The Group 3 inclusions that dominate Sample 11 comprise roughly equal proportions of Type IV 307 

(aqueous), V (aqueous-CO2), VI-1 (aqueous, trapped nahcolite) and VI-2 (aqueous, nahcolite 308 

crystallised on freezing) inclusions, each of which contributed to the bulk salinity (see 309 

Vasyukova et al., 2016 for more complete definitions of the fluid inclusion types). The median 310 

salinity of the Type IV inclusions is 10 wt.% NaCl. eq., whereas that of the Type V and VI (1 311 

and 2) inclusions is 4.2-4.7 and 4.2 wt.% NaCl eq., respectively (Vasyukova et al. 2016). 312 

Accordingly, the fluid extracted from Sample 11 was estimated to have a salinity of 6 wt.% 313 

NaCl. We therefore normalised the composition of this fluid to the corresponding Cl content (3.6 314 

wt.%). Based on this normalisation, the major element composition of the fluid is 3.7 wt.% Na, 315 

1.7 wt.% Ca, 0.2 wt.% K and 0.4 wt.% F; the sulphate concentration is 0.2 wt.% (Table 2). The 316 

charge balance reveals a significant excess of cations (33.3 %), which we attribute to dissolved 317 

bicarbonate ions (see below). 318 

In contrast to Sample 7, Sample 11 is enriched in the LREE. Thus, for example, the Ce 319 

concentration is 15 ppm versus 2.1 ppm in Sample 7 (Table 2). Like Sample 7, however, the 320 

profile displays a strong negative Eu anomaly but shows a much stronger positive Sm anomaly 321 

(Fig. 4). The MREE (Sm to Er) are also more enriched in Sample 11 than Sample 7 (e.g., 12 vs. 322 

1.3 ppm for Dy), whereas the opposite is true for HREE, particularly for Yb and Lu (Table 2). 323 

The content of Y, an HREE, however, is the highest of all the samples analysed (90 ppm). The 324 

total REE (TREE) concentration is 176 ppm. 325 

Sample 13 326 

Sample 13 only contains Group 2b inclusions, the aqueous component of which is dominated by 327 

Type IV inclusions. As the median salinity of these inclusions is 14 wt.% NaCl eq. (Vasyukova 328 

et al., 2016), the composition of the fluid extracted from Sample 13 was normalised to 8.4 wt.% 329 

Cl, the corresponding chlorinity. The major element composition of the normalised fluid is 5.0 330 

wt.% Na, 0.3 wt.% Ca, 0.3 wt.% K and 0.2 wt.% F; the sulphate concentration is 0.6 wt.%  331 
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(Table 2). A charge balance calculation showed that the sum of the cations is only 4.3 % less 332 

than the sum anions, which is an excellent result that confirms the reliability of the analyses. 333 

The chondrite-normalised REE profile for this sample is relatively flat from La to Nd, and 334 

displays a strong positive Sm anomaly, a strong negative Eu anomaly and a convex upward 335 

distribution in the MREE with a maximum at Dy (Fig. 4). Compared to Sample 11, the fluid 336 

from Sample 13 has considerably lower concentrations of all the REE except for Sc. Indeed, the 337 

Sc concentration is the highest of all the samples analysed (3 ppm, Table 2). The TREE content 338 

is 49 ppm (Table 2). 339 

Pegmatite border 340 

Sample 16 represents the unaltered border zone of the pegmatites, in which the major minerals 341 

are microcline, quartz and arfvedsonite (Fig. 3a), and contains only Group 2a inclusions, with the 342 

aqueous phase restricted to Type IV inclusions (Vasyukova et al., 2016). The analysed 343 

composition of the extracted fluid was normalised to 13.9 wt.% Cl, which corresponds to the 344 

median salinity of this fluid (23 wt.% NaCl eq; Vasyukova et al., 2016). The resulting major 345 

element composition of the fluid is 8.5 wt.% Na, 0.4 wt.% Ca, 0.5 wt.% K and 0.6 wt.% F; the 346 

sulphate concentration is 0.7 wt.% (Table 2). The sum of the cations is 5% less than that for the 347 

anions, and, as is the case for Sample 13, indicates excellent reliability of the analyses (Table 2). 348 

The chondrite-normalised REE profile of the fluid from this sample is characterised by a strong 349 

negative Eu anomaly, a moderate enrichment in the LREE with concentrations very similar to 350 

those of Sample 11 (La to Pr), a modest depletion in the MREE (Gd to Dy) and a weak 351 

enrichment in the HREE (except Lu, Fig. 4). Unlike the preceding samples the behaviour of Sm 352 

is not anomalous. The scandium content is slightly lower than in Sample 13 (2.6 ppm vs. 3 ppm) 353 

but much higher than in the other samples. The TREE content is 64 ppm. 354 

Quartz vein (Sample 2) 355 

Like Sample 11, Sample 2 is dominated by Group 3 inclusions, but unlike Sample 11, the 356 

aqueous phase is restricted to Type V (aqueous-CO2) inclusions (Vasyukova et al., 2016). The 357 

median salinity of these inclusions was determined to be 4 wt.% NaCl eq. (Vasyukova et al., 358 

2016), and accordingly the composition of the fluid extracted from Sample 2 was normalised to 359 

2.4 wt.% Cl, the corresponding chlorinity. The resulting major element composition is 2.5 wt.% 360 

Na, 0.2 wt.% Ca, 0.05 wt.% K and 0.1 wt.% F; the sulphate concentration is 0.1 wt.% (Table 2). 361 

As was the case for Sample 11, the charge balance for this sample revealed a significant excess 362 
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of cations over anions (21.7%), which we also consider to reflect the presence of bicarbonate 363 

ions (see below).  364 

The REE content of Sample 2 is relatively high, i.e., the TREE content is 107 ppm (Table 2). 365 

The chondrite-normalised REE profile of Sample 2 is very similar in shape to that of Sample 13. 366 

However, although the two profiles are almost identical from La to Sm, the MREE convexity 367 

rises to higher concentrations than in Sample 13, and the maximum is at Er rather than Dy (Fig. 368 

4). The yttrium content is the second highest (57 ppm) of the five samples (Table 2). 369 

REE distribution in arfvedsonite, hematite and aegirine 370 

As was mentioned above, arfvedsonite, hematite and aegirine were analysed for their major and 371 

trace element content. The latter two minerals replaced arfvedsonite pervasively over a wide area 372 

and in several stages; two generations of aegirine were recognised, early aegirine, which occurs 373 

as replacive rims on arfvedsonite (Fig. 5a), and late aegirine, which replaced the early aegirine 374 

and locally filled fractures in quartz (Fig. 5b). Three samples, namely Sample 204705, Sample 375 

BZ-10076-11 and Sample 2, were chosen for analysis and were selected to represent different 376 

stages and degrees of alteration (see the description of the samples in ‘Samples’ section above). 377 

The results of the analysis are presented in Table 4.  378 

The chondrite-normalised REE profile for arfvedsonite (Sample 204705) is characterised by a 379 

relatively flat LREE distribution, a marked negative Eu anomaly and a strong HREE enrichment 380 

(Fig. 6). The early aegirine (Samples 204705 and BZ-10076-11) has a chondrite-normalised REE 381 

profile that is almost identical to that for arfvedsonite between La and Gd, but, in contrast to the 382 

arfvedsonite profile, the MREE display a concave distribution; the slope of the HREE 383 

distribution is steeper than that for arfvedsonite, with both profiles converging at Lu (Fig. 6). The 384 

chondrite-normalised REE profile for the late aegirine (Sample 2; Fig. 6) differs from that for the 385 

early aegirine, i.e., it is characterised by a positive LREE slope, a positive Sm anomaly, a strong 386 

negative Eu anomaly, a relatively flat MREE distribution and a modest enrichment in the HREE 387 

(Fig. 6).  388 

Microscopic examination of the core from Samples 204705 and BZ-10076-11 showed that what 389 

appeared to be hematite macroscopically (Fig. 5c) is in fact aegirine containing finely-390 

disseminated hematite (identified from their Fe content by SEM-EDS analyses) and at least one 391 

other mineral (Fig. 5d), which could not be identified due to the very small crystal size. The 392 

presence of small concentrations of fluorine, and concentrations of K and Zn that are elevated 393 
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relative to aegirine but depleted relative to arfvedsonite (Table 4), suggest that the unknown 394 

mineral may be relict arfvedsonite. Significantly, the chondrite-normalised REE profile of the 395 

aegirine containing finely-disseminated hematite is almost identical to that of the arfvedsonite 396 

but very different from the profile of either early or late aegirine (Fig. 6). The reason for this 397 

unusual behaviour of the hematite-associated aegirine is discussed later. 398 

Discussion 399 

The excess cation issue 400 

A matter of some concern was the fact that for two of the samples (Sample 11 and Sample 2), the 401 

crush leach experiments reported analyses in which there was a considerable excess in the sum 402 

of cation charge over that for the anions. This suggests that there was an important anion(s) 403 

present, which was not analysed. We believe that this anion was HCO3
-
 based on the 404 

observations that Samples 2 and 11 contain a high proportion of aqueous-CO2 inclusions, that 405 

nahcolite was present in aqueous inclusions in Sample 11, and thermodynamic calculations of 406 

Vasyukova et al. (2016). The aqueous phase in these inclusions therefore would have been 407 

saturated in CO2 and at the conditions of entrapment would have contained high concentrations 408 

of HCO3
-
.  409 

Fluid Evolution and Progressive Mobilisation of the REE 410 

Stage 1-2a (mobilisation of the LREE) 411 

The Group 2a fluid inclusions (Sample 16) record the earliest hydrothermal activity that affected 412 

the pegmatites (Fig. 2). This fluid was trapped at relatively high temperature (425°C), and had 413 

high salinity (23 wt.% NaCl), with chloride the dominant anion and Na the dominant cation. As 414 

it was in equilibrium with primary magmatic minerals the fluid did not cause any alteration. We 415 

conclude that the pH was high, because of equilibration of the fluid with an assemblage 416 

comprising arfvedsonite, quartz, albite and microcline. Indeed, our calculations show that an 417 

aqueous fluid with a salinity 23 wt.% NaCl in equilibrium with this assemblage at 425 
o
C would 418 

have a pH of 10.1 (Table 6). The fluid has a chondrite-normalised REE profile almost identical 419 

in shape to that of the host granites (Fig. 4).  420 

The concentrations of the REE in a fluid depend on the ability of the fluid to dissolve REE-421 

bearing minerals, which depends, in turn, on its properties (pH, oxidation state, the activity of 422 

major ligands as well as on temperature and pressure conditions) and the availability of the REE 423 
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(the source). The greater enrichment in the LREE over the HREE in Fluid 2a is generally 424 

consistent with the conclusion from the experiments of Migdisov et al. (2009) that LREE 425 

chloride and fluoride complexes are much more stable at high temperature than the 426 

corresponding HREE complexes. It should be cautioned, however, that this conclusion applies 427 

only for low pH. Unfortunately there are no experimental data on REE chloride and fluoride 428 

complexes at high pH, and it has been shown that the theoretical data (Haas et al., 1995) greatly 429 

overestimate the stability of the HREE complexes and underestimate those of the LREE (Wood 430 

et al., 2002; Migdisov et al., 2009) at high temperature, albeit at low pH. From what is known for 431 

low pH, it is reasonable to assume that fluoride complexation will play an important role in REE 432 

solubility at high pH, particularly given the fact that HF is completely dissociated at these 433 

conditions. Indeed, unpublished data from a preliminary synchrotron experiment at 450 
o
C by the 434 

authors in collaboration with colleagues from Australia and France have revealed high 435 

concentrations of Sm (50 ppm) in a fluoride-bearing NaOH solution with a pH of 10; the Sm 436 

concentration of the Stage 1-2a fluid was 1.7 ppm (Table 2). This, and the extremely high 437 

fluoride content of the Stage 1-2a fluid (0.6 wt.%) make a strong case that fluoride ions played 438 

an important role in REE transport in the early evolution of the fluids at Strange Lake. We 439 

speculate, moreover, by analogy with what is known of the behaviour of Zr, Nb and Ta 440 

(Migdisov et al., 2011; Timofeev et al., 2015; Timofeev et al., 2017) that the causative species 441 

was a REE hydroxy-fluoride complex.  442 

A potentially more important reason for the LREE enrichment of the Stage 1-2a fluid was the 443 

availability of a fluoride melt into which the LREE had partitioned preferentially (relative to 444 

silicate melt) and crystallised as primary LREE minerals (fluorbritholite-(Ce) and LREE-rich 445 

fluorite; Vasyukova and Williams-Jones, 2014). The Stage 1-2a fluid would readily have leached 446 

REE from this source, something that is suggested by the fact that the fluid extracted from 447 

Sample 16 has the highest F content of any of the extracted fluids analysed (Table 2). The low 448 

content of the HREE can be explained by the fact that these elements remained in the silicate 449 

melt and partitioned into minerals such as zirconosilicates and arfvedsonite (Siegel et al., 2017). 450 

The failure of these HREE-bearing minerals to decompose (the Stage 1-2a fluid was in 451 

equilibrium with these minerals; see above) and release the HREE therefore ensured that the 452 

Stage 1-2a fluid was not HREE-enriched.  453 
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Stage 2b-3 (mobilisation of the MREE) 454 

As noted earlier, the Group 2b fluid is represented by fluid inclusions trapped in Sample 13 and 455 

records Stage 2b-3 of the hydrothermal system. This fluid was trapped at lower temperature, i.e., 456 

~360°C, and has lower salinity (14 wt.% NaCl equivalent) than the Stage 1-2a fluid. 457 

Nonetheless, the system remained NaCl-dominated. The evolution of the fluid from Stage 1-2a 458 

to Stage 2b-3 was governed by gradual cooling and oxidation. This and the availability of Na
+
 459 

from the Stage 1-2a fluid caused alteration of arfvedsonite to aegirine according to the reaction: 460 

(Arf) Na3Fe5Si8O22(OH)2 + (Qtz) 2SiO2 + O2 + 2Na
+
 = (Aeg) 5NaFeSi2O6 + 2H

+
  (1) 461 

The alteration, in turn, reduced the salinity of the fluid and decreased pH (Vasyukova et al., 462 

2016). Assuming that the fluid had a salinity of 14 wt.% NaCl and was in equilibrium with 463 

arfvedsonite, aegirine, quartz, albite and microcline at 360 
o
C, the pH would have been 9.7, i.e., 464 

it would have remained relatively high (Table 6). 465 

The evolution of the hydrothermal system to Stage 2b-3 was accompanied by a large change in 466 

the distribution of the REE. The major difference was a decrease in the concentration of the 467 

LREE and a significant increase in the content of the MREE (Fig. 4); there was also a decrease 468 

in the concentrations of the HREE. We do not know exactly what affected the fluid at this stage, 469 

and due to a lack of experimental data for high pH fluids, it is not possible to model these 470 

changes. The following conditions changed compared to the previous stage: 1) temperature 471 

decreased; 2) salinity decreased; 3) the oxidation state increased; and 4) there was disequilibrium 472 

between the fluid and the surrounding rocks (alteration of arfvedsonite to aegirine). Based on the 473 

observation that early aegirine is depleted in the MREE relative to arfvedsonite (Fig. 6), we 474 

propose that this alteration released MREE to the fluid, nicely accounting for the convex nature 475 

of the MREE part of the profile of Sample 13 (Fig. 4). This alteration, however, cannot have 476 

been responsible for the depletion in the LREE content of the fluid (Sample 13, Fig. 4) relative to 477 

that of its predecessor (Sample 16, Fig. 4) because the LREE content of the early aegirine is 478 

almost the same as that of the arfvedsonite (Fig. 6a). We propose, instead, that this depletion in 479 

the LREE occurred because the lower temperature of this stage (360 C) lead to the saturation of 480 

the fluid in LREE minerals, which removed LREE from the fluid. Based on the study of Gysi 481 

and Williams-Jones (2013), the most likely candidates for these minerals are fluocerite-(Ce) and 482 

LREE-rich fluorite. This interpretation is supported by the observation that the fluorine content 483 

of the Stage 2b-3 fluid is three times less than that of the Stage 1-2a fluid. 484 
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Further evolution of the fluid is evident from Samples 11 and 2, which represent early (nahcolite-485 

rich) and late Stage 3 (CO2-gas-saturated) fluids, respectively (Fig. 2). The fluid inclusions in 486 

these samples are HCO3
-
-dominant, and contained roughly equal proportions of HCO3

-
 and Cl

-
, 487 

respectively (Table 2). Sample 11 provides evidence for a rapid change of pH during fluid 488 

entrapment (~250-300°C) in the form of: 1) inclusions with accidently trapped nahcolite; 2) 489 

inclusions crystallising nahcolite only upon cooling; and 3) inclusions with a CO2 gas bubble 490 

(nahcolite did not crystallise even after cooling), all in a single inclusion assemblage. In pH-491 

temperature (
o
C) co-ordinates, such a fluid would have been trapped along the red dashed line 492 

(Fig. 7), i.e., from a pH of 9.4 at 300 
o
C to a pH of 3.2 at 250

 o
C. The lowest pH at this stage 493 

(3.2) corresponds to a fluid in equilibrium with quartz and saturated with CO2 gas at 250°C 494 

(Table 6). This low pH, CO2-saturated fluid represents the fluid population trapped in Sample 2. 495 

The most probable reason for the precipitous drop in pH reported above was the termination of 496 

arfvedsonite alteration by Reaction 1, which occurred because the salinity of the fluid was 497 

insufficient for the reaction to proceed (less than 14 wt.% NaCl eq.). As a result of the associated 498 

change in ƒO2 (see Vasyukova et al., 2016), the CH4 was converted abruptly into CO2, thereby 499 

decreasing pH. This CO2-saturated, low pH fluid, was extremely reactive, and lead to further 500 

intense alteration of arfvedsonite via the reactions: 501 

(Arf) Na3Fe5Si8O22(OH)2 + O2 + 3H
+ 

+ 13.5H2O = 2.5(Hem)Fe2O3
 
+ 8H4SiO4

° 
+ 3Na

+
   (2) 502 

2(Arf) Na3Fe5Si8O22(OH)2 + 2O2 + 6H2O = 6(Aeg) NaFeSi2O6 + 2(Hem)Fe2O3 + 4H4SiO4
° (3) 503 

 504 

The result of these reactions is particularly evident in the intense alteration halo surrounding the 505 

quartz vein, from which Sample 2 was taken, and in which arfvedsonite was completely replaced 506 

by aegirine (Fig. 3d). It is notable that although Sample 2 contains a CO2-saturated fluid with 507 

low pH, which points to its later origin than the fluid from Sample 11, the shape of its chondrite-508 

normalised REE profile is much closer to that of Sample 13 (Stage 2b) than to Sample 11 (Fig. 509 

4). The LREE content is very similar to that in Sample 13, and there is convex distribution 510 

centred on the MREE, albeit to much higher concentrations (Fig. 4). As was the case for Sample 511 

13, the REE composition of the fluid trapped in Sample 2 was strongly influenced by the 512 

replacement of arfvedsonite with aegirine (Fig. 3d), which released REE into the fluid. We 513 

propose that the similarity of the profiles (Samples 2 and 13) reflects the fact that the REE source 514 

was the same, i.e., decomposition of arfvedsonite. The difference, i.e., the higher level of the 515 

MREE and HREE enrichment in Sample 2, reflects a more advanced stage of arfvedsonite 516 
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alteration. This is because the more aggressive fluid from Sample 2 (lower pH) was able to alter 517 

more arfvedsonite and therefore promote the release of more REE (especially the MREE and 518 

HREE) into the fluid compared to the fluid extracted from Sample 13, which had a much higher 519 

pH and was not able to cause as much damage to the arfvedsonite.  520 

Another reason for the enrichment of the fluid in the MREE at this stage could have been the 521 

alteration of primary REE minerals to bastnäsite-(Ce) promoted by the high content of CO2. An 522 

example of this alteration was provided by Vasyukova and Williams-Jones (2016), who 523 

described the replacement of primary fluorbritholite-(Ce) by fluocerite-(Ce) and then by 524 

bastnäsite-(Ce) (see Figure 5d of Vasyukova and Williams-Jones, 2016). As the primary 525 

fluorbritholite-(Ce) contains 2.1 wt.% Sm2O3, 2.3 wt.% Gd2O3 and  3.1 wt.% Y2O3, and the 526 

secondary bastnäsite-(Ce) only contains 1.2, 0.6 and 0.2 wt.% Sm2O3, Gd2O3 and Y2O3, 527 

respectively, the replacement would have released appreciable amounts of Sm, Gd and Y.  528 

The REE enrichment of Sample 11 is very similar to that of Sample 2, except that the LREE and 529 

HREE contents are higher (Fig. 4). As was shown earlier, the LREE content during Stage 2b-3 530 

was buffered to a low level by precipitation of LREE-rich fluorite, fluocerite-(Ce) and bastnäsite-531 

(Ce). We, therefore, consider the higher LREE concentrations in this sample to be evidence for 532 

the presence of inclusions other than Group 3 fluid inclusions, i.e., the Group 2a fluid. The 533 

higher HREE content of Sample 11 relative to Sample 2 probably reflects a transition towards 534 

the conditions responsible for Stage 4-5 of the fluid evolution, which was marked by strong 535 

HREE enrichment (see below). 536 

Stage 4-5 (mobilisation of HREE) 537 

Group 4 fluid inclusions, representing Stage 4 in the fluid evolution, were trapped at ~220°C, 538 

have relatively low salinity (~4-10 wt% NaCl eq.) and are CO2-free (Fig. 2). This fluid is 539 

interpreted to have evolved from the Stage 3 fluid by further cooling and loss of CO2-gas 540 

(Vasyukova et al., 2016). We propose that the starting composition for the Stage 4 fluid was the 541 

same as that for the aqueous component of the fluid from the previous stage, i.e., it had a salinity 542 

of 4 wt.% NaCl eq. The calculated pH for this fluid at 220 
o
C is 3.1 (Table 6). Its further 543 

evolution was governed by cooling and fluid-rock interaction, i.e., in the absence of CO2 gas, pH 544 

was unbuffered and gradually increased due to reaction with Na-rich minerals. The salinity 545 

increased due to consumption of water to form phyllosilicates. Eventually, the Stage 4 fluid 546 

evolved to the Stage 5 fluid, which, at ~150
o
C, had a salinity of ~19 wt% NaCl eq., and was at a 547 

pH of between ~5.3 and 6.2 (Table 6).  548 
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Sample 7, which comprises a mixture of Group 4 and 5 inclusions represents the Stage 4-5 fluid. 549 

The salinity of this fluid was estimated to be 10 wt.% NaCl eq. (see Results). Fluid from this 550 

stage is characterised by a LREE content similar to that of fluids extracted from Sample 13 551 

(Stage 2b) and Sample 2 (Stage 3), and a low MREE content, whereas its HREE content 552 

increases sharply with increasing atomic number of the REE, and exceeds that of the other fluids 553 

for Yb and Lu (Fig. 4). We propose that the increase in the HREE at this stage was due in part to 554 

the higher stability of the HREE chlorides and fluorides at lower temperature (150 
o
C for this 555 

stage versus 250 
o
C for the previous stage). This conclusion comes from the experimental data of 556 

Migdisov and Williams-Jones (2007) and Migdisov et al. (2009), which showed that at ~ 150°C 557 

there is a switch in the relative stability of the LREE and HREE complexes. Whereas the LREE 558 

chloride and fluoride complexes are more stable than the HREE complexes above this 559 

temperature, the reverse is true at lower temperature. The REE content for the Stage 4-5 fluid 560 

was modelled using the thermodynamic data for fluoride and chloride complexes in Migdisov et 561 

al. (2009). Our calculations show that the fluid in Stage 4 (220 
o
C) contained 1.6 ppm Ce, 1 ppm 562 

Nd, 4.3 ppm Dy and 4.7 ppm Yb, whereas in Stage 5 (150 
o
C) the fluid only contained 0.08 ppm 563 

Ce, 0.07 ppm Nd, 1.9 ppm Dy and 26 ppm Yb (black and red dots in Fig. 8; Table 7). The 564 

calculated concentrations for Ce and Nd in Stage 4 are nearly identical to their measured 565 

concentrations, and the calculated concentrations for Dy and Yb in Stage 5 are very similar to the 566 

corresponding measured concentrations (Fig. 8). We, therefore, propose that the LREE in this 567 

sample were introduced mainly during Stage 4, and the HREE mainly during Stage 5. 568 

Earlier, we noted that the evolution of the fluid during Stage 5 was driven by the interaction of 569 

the low pH Group 4 fluid with the surrounding rocks. This is especially evident from the massive 570 

hematisation (Fig. 3e), which was caused by alteration of arfvedsonite (Reactions 2 and 3). Both 571 

reactions are driven by oxidation, however, Reaction 2 is also pH-dependent and only can 572 

proceed at low pH. This suggests that the low pH fluid of Stage 4 promoted alteration of 573 

arfvedsonite to hematite, whereas the higher pH of the Stage 5 fluid lead to the alteration of 574 

arfvedsonite by aegirine and (finely disseminated) hematite (Fig. 6).  575 

In theory, the switch from more stable LREE complexes to more stable HREE complexes at 576 

lower temperature during Stage 5 should have been accompanied by the precipitation of LREE 577 

and MREE-rich minerals. Indeed, as reported by Gysi et al. (2016), the alteration of arfvedsonite 578 

in the pegmatite was accompanied by the precipitation of LREE-enriched ferri-allanite-(Ce) and 579 

MREE-enriched gadolinite-(Y).  580 
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Further cooling (below 150 
o
C) of the Stage 5 fluid eventually caused precipitation of HREE-581 

enriched minerals or overgrowth of HREE-rich layers on existing REE minerals as shown by the 582 

occurrence of overgrowths of Y- and Yb-rich gadolinite-(Y) on Gd- and Dy-rich gadolinite-(Y) 583 

(Fig. 10 in Gysi et al., 2016).  584 

A model for the Strange Lake Hydrothermal System 585 

The onset of hydrothermal activity in the Strange Lake pegmatites occurred with the exsolution 586 

of an aqueous-carbonic fluid at ~450-500 °C and a pressure of 1.1 kbar (Stage 1). This fluid had 587 

a salinity of 25 wt.% NaCl eq. and was saturated with a CH4+H2 gas, reflecting an oxygen 588 

fugacity ~ 7 log units below that of the QFM buffer (Vasyukova et al., 2016). The fluid was in 589 

equilibrium with the host rocks (there is no evidence of hydrothermal alteration).  590 

Evolution of the fluid occurred in a closed system, i.e., the pegmatites “stewed in their own 591 

juices”, and was driven by cooling-induced oxidation and fluid-rock interaction. By that time the 592 

fluid had cooled to ~425 °C and the oxygen fugacity had increased to 6.2 log units below the 593 

QFM buffer (Vasyukova et al., 2016). The salinity was effectively unchanged, equilibrium with 594 

the host rocks was maintained and the pH was 10, i.e., the fluid was extremely alkaline. Analysis 595 

of fluid extracted from Sample 16, representing this Stage (1-2a), indicates that the REE 596 

concentrations were ~ 10 times chondrite, except for the LREE, which were enriched to levels 597 

reaching ~15-30 times chondrite. The shape of the REE profile is very similar to that of the bulk 598 

granite, although the absolute concentration is several orders of magnitude lower (Fig. 4). The 599 

similarity of the two profiles is consistent with close system evolution and indicates nearly 600 

identical partitioning of the different REE between the fluid and the melt.  601 

Equilibrium of the fluid with the surrounding rocks was maintained until the system cooled to 602 

~360 °C (Stage 2b), when oxidation converted the CH4 to higher hydrocarbons, and promoted 603 

alteration of arfvedsonite by aegirine. This lead to dilution of the fluid (H2O supplied by the 604 

breakdown of arfvedsonite) and a decrease in the salinity (~14 wt.% NaCl eq.). The oxygen 605 

fugacity increased to 2.8 log units below the QFM buffer (Vasyukova et al., 2016) but the pH 606 

was essentially unchanged. The LREE content of the fluid decreased to ~5 times chondrite 607 

(Sample 13), probably because the fluid had cooled sufficiently to saturate with fluocerite-(Ce) 608 

and LREE-rich fluorite, which removed LREE from the fluid. In contrast, concentrations of the 609 

MREE increased considerably, creating a convexity in the chondrite-normalised REE profile 610 

with a maximum at Dy corresponding to a concentration ~20 times that of chondrite. We 611 

attribute this increased concentration of the MREE to the fact that alteration of the arfvedsonite 612 
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to aegirine preferentially released MREE to the fluid as shown by the depletion of aegirine in 613 

these elements (Fig. 6).  614 

Ongoing cooling (Stage 3) to 250-300 °C was accompanied by additional oxidation that 615 

converted the remaining CH4 (and the higher hydrocarbons) to CO2. This had a major effect on 616 

the pH, which decreased to ~3, leading to intense alteration of arfvedsonite and further dilution 617 

of the fluid (~4 wt.% NaCl eq.). The Stage 3 fluid had a very similar LREE content to that of the 618 

preceding stage and, like the latter, was characterised by a pronounced enrichment of the MREE 619 

leading to a similar convexity in its chondrite-normalised REE profile. The absolute 620 

concentrations of the MREE (and HREE), however, were higher, up to ~ 60 times greater than 621 

chondrite and the maximum was displaced to Er. We believe that these higher concentrations of 622 

the MREE (and HREE) reflect the much more intense nature of the aegirinisation of the 623 

arfvedsonite relative to that in Stage 2b.  624 

Stage 4 began when the fluid had cooled to ~ 220 °C and CO2 was lost to the system due to its 625 

migration out of the pegmatites. In the absence of CO2, the pH gradually increased as a result of 626 

fluid-rock interaction and by the time that the fluid had cooled to ~150 °C, which marked the 627 

beginning of Stage 5, the pH was ~ 6. This increase in pH was accompanied by an increase in 628 

salinity (~ 19 wt.% NaCl eq.) due to the formation of phyllosilicates. Stage 5 was marked by a 629 

sharp change in the distribution of the REE. As in Stages 2a and 3, the LREE were strongly 630 

depleted due to the buffering effects of LREE mineral precipitation. In contrast to these stages, 631 

however, there was also a strong depletion in the MREE and a progressive increase in the 632 

concentration of the HREE with increasing atomic number of the REE, such that Yb has a 633 

concentration ~150 times that of chondrite. This depletion in LREE and MREE and strong 634 

HREE enrichment is satisfactorily explained by the experimentally observed switch from more 635 

stable LREE complexes to more stable HREE complexes at temperatures below 150 °C and the 636 

consequent saturation in the fluid of LREE-enriched ferri-allanite-(Ce) and MREE-enriched 637 

gadolinite-(Y).  638 

In summary, the Strange Lake hydrothermal fluids evolved in a closed system and the evolution 639 

of the REE composition of the fluid during cooling was a direct result of the changes in pH that 640 

occurred in response to the progressive oxidation of an initially highly reducing aqueous-641 

carbonic fluid. These changes (mainly a reduction in pH) lead to the alteration of arfvedsonite, 642 

which released MREE and HREE to the fluid. The other significant source for the MREE was 643 

fluorbritholite-(Ce), which crystallised from the fluoride melt and released MREE when it was 644 
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altered to bastnäsite-(Ce). The changes in pH (and temperature) also controlled the REE 645 

speciation of the fluid, with REE-hydroxy and -hydroxy-fluoride species dominating at high pH 646 

and REE-chloride species at low pH, and played a key role in the overall fractionation of the 647 

different REE. This study emphasises the need for further analyses of the trace element 648 

chemistry of fluid inclusions in order to understand the complexity of the hydrothermal 649 

processes that can lead to the formation of major rare earth element deposits. 650 
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Captions 658 

Figure 1. A geological map of the Strange Lake pluton showing the distribution of the 659 

principal rock types and the locations of the samples, on which this study was 660 

based. 661 

Figure 2. A chart summarising compositional and physicochemical data on the fluids 662 

associated with wall-rock alteration of the Strange Lake granites and pegmatites. 663 

The information was taken from Vasyukova et al. (2016). The numbers 664 

immediately below the arrow refer to log units of ƒO2 relative to the QFM buffer. 665 

Figure 3. Photographs of the samples on which this study was based. (a) Sample 16, the 666 

relatively unaltered border zone of a pegmatite cutting unaltered transsolvus 667 

granite, (b) Sample 13, a weakly altered border zone pegmatite, (c) Sample 11, 668 

the quartz-rich core of a strongly altered pegmatite, (d) Sample 2, a quartz vein 669 

cutting hypersolvus granite, (e) Sample 7, the quartz-rich core of a strongly 670 

hematised pegmatite. Qtz – quartz, Fsp – feldspar, Elp – elpidite, Hem – hematite, 671 

Arf – arfvedsonite, Aeg(E) – early aegirine, Aeg(L) – late aegirine in a quartz 672 

vein, Fl – fluorite, Pseud – pseudomorphs after alkali-zircono(titano)silicates.  673 
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Figure 4. Chondrite-normalised REE profiles for samples 2, 7, 11, 13 and 16. Also shown 674 

on the diagram are chondrite-normalised REE profiles for hypersolvus granite 675 

(HYP), transsolvus granite (TS) and pegmatite (PEG). 676 

Figure 5. (a) A backscattered SEM image showing arfvedsonite replaced by early aegirine 677 

in the rim and partially hematised in the core. (b) A backscattered SEM image 678 

showing late aegirine, accompanied by minor kainosite-(Y), filling fractures in 679 

quartz. (c) An image taken with a stereoscopic microscope showing arfvedsonite 680 

(black), which was partially hematised (brown). Note that areas that appear to be 681 

hematite macroscopically are in fact aegirine containing finely disseminated 682 

hematite. The dashed rectangular indicates the location of image (d). (d) A 683 

backscattered SEM image enlarged from (c) showing aegirine (dark grey), a 684 

finely disseminated unknown mineral (light grey) and finely disseminated 685 

hematite (white). Qtz – quartz, Hem – hematite, Arf – arfvedsonite, Arf(H) – 686 

hematised arfvedsonite, Aeg(E) – early aegirine, Aeg(L) – late aegirine in a quartz 687 

vein, Aeg(H) – aegirine containing finely disseminated hematite,  Kai – kainosite, 688 

UnM – an unidentified mineral. 689 

Figure 6. Chondrite-normalised REE profiles for arfvedsonite (Arf), early aegirine 690 

(Aeg(E)), late aegirine (Aeg(L)) and aegirine containing finely disseminated 691 

hematite (Aeg(H)).  692 

Figure 7. A pH-T diagram showing the path (red dashed line) for the Stage 3 Strange Lake 693 

fluid modified from Vasyukova et al. (2016). The blue and orange areas represent 694 

the stability fields for nahcolite and CO2-gas, respectively. 1 – the field for fluid 695 

inclusions containing accidentally trapped nahcolite, 2 – the field for fluid 696 

inclusions, which crystallised nahcolite upon cooling, and 3 – the field for fluid 697 

inclusions, which did not crystallise nahcolite but contain CO2-gas.  698 

Figure 8. A chondrite-normalised REE diagram showing a profile for the Stage 4-5 fluid. 699 

Also shown are the thermodynamically calculated concentrations of Ce, Nd, Dy 700 

and Yb for this fluid at 150 oC (red dots) and 220 oC (black dots). See text for 701 

further detail. 702 
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Figure 1 A geological map of the Strange Lake pluton showing the distribution of the principal rock 
types and the locations of the samples, on which this study was based.
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Figure 2 A chart summarising compositional and physicochemical data on the fluids associated with 
wall-rock alteration of the Strange Lake granites and pegmatites. The information was taken from Vasyukova 
et al. (2016). The numbers immediately below the arrow refer to log units of ƒO2 relative to the QFM buffer.
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border zone pegmatite, (c) Sample 11, the quartz-rich core of a strongly altered pegmatite, (d) Sample 2, a 
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Aeg(L) – late aegirine in a quartz vein, Fl – fluorite, Pseud – pseudomorphs after alkali-zircono(titano)silicates.
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Figure 5 (a) A backscattered SEM image showing arfvedsonite replaced by early aegirine in the rim 
and partially hematised in the core. (b) A backscattered SEM image showing late aegirine, accompanied by 
minor kainosite-(Y), filling fractures in quartz. (c) An image taken with a stereoscopic microscope showing 
arfvedsonite (black), which was partially hematised (brown). Note that areas that appear to be hematite 
macroscopically are in fact aegirine containing finely disseminated hematite. The dashed rectangular indicates 
the location of image (d). (d) A backscattered SEM image enlarged from (c) showing aegirine (dark grey), a 
finely disseminated unknown mineral (light grey) and finely disseminated hematite (white). Qtz – quartz, 
Hem – hematite, Arf – arfvedsonite, Arf(H) – hematised arfvedsonite, Aeg(E) – early aegirine, Aeg(L) – late 
aegirine in a quartz vein, Aeg(H) – aegirine containing finely disseminated hematite,  Kai – kainosite, UnM 
– an unidentified mineral.
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Figure 6 Chondrite-normalised REE profiles for arfvedsonite (Arf), early aegirine (Aeg(E)), late 
aegirine (Aeg(L)) and aegirine containing finely disseminated hematite (Aeg(H)). 
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Figure 7 A pH-T diagram showing the path (red dashed line) for the Stage 3 Strange Lake fluid modified 
from Vasyukova et al. (2016). The blue and orange areas represent the stability fields for nahcolite and CO2-
gas, respectively. 1 – the field for fluid inclusions containing accidentally trapped nahcolite, 2 – the field for 
fluid inclusions, which crystallised nahcolite upon cooling, and 3 – the field for fluid inclusions, which did not 
crystallise nahcolite but contain CO2-gas.
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Figure 8 A chondrite-normalised REE diagram showing a profile for the Stage 4-5 fluid. Also shown 
are the thermodynamically calculated concentrations of Ce, Nd, Dy and Yb for this fluid at 150 oC (red dots) 
and 220 oC (black dots). See text for further detail.
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Table 1 Composition of the leachate fluids analysed using ICP-MS. 

ppb 

4
Detection 

limits PB-1 2 7 11 13 16 PB-2 
1
Na 4.7 166 8,241 2,771 5,240 3,138 2,385 39 

2
Ca 100 116 556 530 2,434 158 101 103 

K 22 bdl 186 82 273 155 151 bdl 

Fe 6.3 12 31 14 26 bdl 17 bdl 

Li 0.06 0.2 30 23 75 8.5 0.6 0.4 
3
Cl 100 bdl 7,992 6,082 5,096 5,205 3,887 bdl 

3
F 5 bdl 377 51 510 137 179 29 

3
SO4  20 bdl 343 196 306 390 209 84 

Y 0.0004 0.03 19 0.8 13 1.5 0.6 0.04 

La 0.0006 0.07 0.3 0.09 1 0.06 0.2 0.1 

Ce 0.002 0.08 1 0.2 2.1 0.2 0.4 0.2 

Pr 0.0002 0.009 0.2 0.04 0.3 0.03 0.05 0.002 

Nd 0.0003 0.03 0.8 0.2 1.2 0.1 0.2 0.02 

Sm 0.0004 0.003 0.7 0.08 0.6 0.09 0.06 0.003 

Eu 0.0004 0.0007 0.08 0.005 0.04 0.008 0.004 0.001 

Gd 0.0003 0.01 1.5 0.07 1.1 0.2 0.08 0.03 

Tb 0.0003 0.0007 0.5 0.02 0.2 0.04 0.01 0.001 

Dy 0.0004 0.002 4.2 0.1 1.7 0.3 0.07 0.006 

Ho 0.0001 0.001 1 0.04 0.4 0.06 0.02 0.002 

Er 0.0003 0.002 3.1 0.3 1.4 0.2 0.06 0.005 

Tm 0.0001 0.0003 0.4 0.2 0.2 0.02 0.01 0.0009 

Yb 0.0002 0.001 2.3 2.4 1.6 0.08 0.08 0.007 

Lu 0.0002 0.0003 0.2 0.4 0.2 0.007 0.01 0.002 

PB1andPB2 – procedure blanks 

bdl – below detection limit 
1
 – analysed from solutions made for IC (ultrapure water as a leaching solution) 

2
 – analysed by AA 

3
 – analysed by IC 

4
 – concentrations in the leaching solution were taken as the detection limits except for F, Cl and SO4 for which 

detection limits were calculated from IC calibration curves 
  

Tables
Click here to download Table: CrushLeach_Tables.docx
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Table 2 Composition of the fluids normalised to salinity (from fluid inclusion 

microthermometric data). 

ppm 2 7 11 13 16 

Na 24,889 27,490 37,231 50,924 85,184 

Ca 1,680 5,263 17,295 2,567 3,608 

K 561 816 1,937 2,511 5,396 

Fe 94 135 183 101 122 

Li 90 228 536 138 29 

Zn 98 189 98 413 387 

Cl 24,138 60,345 36,207 84,483 138,790 

F 1,138 506 3,621 2,218 6,406 

SO4   1,034 1,947 2,172 6,336 7,473 

*HCO3 26,137  77,679   

Sc 0.5 0.5 0.5 3.0 2.6 

Y 57 7.6 90 24 16 

La 1 0.9 7.2 1 7.4 

Ce 2.9 2.1 15 3 16 

Pr 0.5 0.4 2 0.5 1.9 

Nd 2.5 1.7 8.9 2.2 6.6 

Sm 2.1 0.8 4.5 1.5 1.7 

Eu 0.2 0.05 0.3 0.1 0.1 

Gd 4.7 0.7 7.5 2.5 2.5 

Tb 1.5 0.2 1.6 0.7 0.4 

Dy 13 1.3 12 5 2.7 

Ho 2.9 0.4 2.9 1 0.6 

Er 9.3 3.2 9.8 2.7 2.2 

Tm 1.3 1.6 1.7 0.3 0.4 

Yb 7 24 11 1.4 2.3 

Lu 0.7 3.9 1.4 0.1 0.3 

TREE 107 49 176 49 64 

Salinity 4 10 6 14 23 

Charge balance 

(total cations-

total anions), % 

21.7 -8.8 33.3 -4.3 -4.9 

* - calculated from charge balance  
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Table 3 Standards, counting times and detection limits for EMP analysis. 

Element Standard 
Counting 

time, sec 

Detection 

limits, 

ppm 

Al Orthoclase 20 211 

Ca Diopside 20 237 

F Fluorite 100 2404 

Fe Hematite 20 270 

K Orthoclase 20 210 

Mg Diopside 20 213 

Mn  Spessartine 20 270 

Na Albite 20 252 

Si Diopside 20 356 

Ti Rutile 20 368 

Zn Willemite 20 406 

Zr Zircon 20 821 
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Table 4 Average major element and REE concentrations in arfvedsonite, early aegirine 

(Aeg(E)), late aegirine (Aeg(L)) and aegirine containing finely disseminated hematite 

(Aeg(H)). 

wt.% Arf Std (6) Aeg(E) Std (10) Aeg(H) Std (14) Aeg(L) Std (4) 

SiO2 51.4 0.1 53.5 0.08 51.4 0.3 53.5 1.0 

TiO2 0.7 0.1 1.0 0.3 0.9 0.2 1.5 1.3 

Al2O3 0.2 0.01 0.2 0.07 0.2 0.02 0.2 0.04 

FeO 31 0.3 29 0.2 30 0.5 29 1.2 

MnO 1.2 0.1 0.3 0.08 1.2 0.2 0.5 0.06 

MgO 0.05 0.10 bdl 0.002 0.02 0.02 0.03 0.02 

CaO 0.3 0.2 0.1 0.07 0.9 0.5 0.2 0.05 

Na2O 9.9 0.7 14 0.05 13 0.5 13 1.7 

K2O 1.9 0.5 0.003 0.002 0.07 0.2 0.3 0.6 

F 1.6 0.3 0.01 0.02 0.07 0.2 0.07 0.1 

ZnO 0.9 0.3 0.1 0.08 0.7 0.1 0.3 0.06 

ZrO2 0.2 0.08 0.1 0.06 0.2 0.05 0.1 0.01 

Total 98.3   98.7   99.3   98.6   

ppm   

      Sc 12 0.4 12 0.7 12 0.8 13 1.8 

Y 42 15 13 8.4 55 10 83 35 

La 4.3 1.8 2.8 1.7 6.1 5.0 1.1 0.3 

Ce 13 5.1 8.2 4.7 13 5.5 3.9 1.1 

Pr 1.4 0.4 1.5 0.9 1.3 0.4 0.7 0.2 

Nd 7.7 2.6 8.0 4.7 7.2 2.4 4.0 0.7 

Sm 1.6 0.6 2.4 1.6 1.4 0.4 4.4 0.6 

Eu 0.09 0.05 0.1 0.09 0.08 0.02 0.6 0.2 

Gd 1.6 0.9 1.5 1.0 1.2 0.5 8.5 3.4 

Tb 0.5 0.2 0.3 0.2 0.4 0.08 2.0 0.8 

Dy 5.2 2.4 1.8 1.3 5.4 0.7 15 5.0 

Ho 2.1 0.9 0.6 0.4 2.7 0.5 3.2 1.0 

Er 12 5.8 4.5 2.9 18 3.6 9.5 3.2 

Tm 3.8 1.9 2.0 1.4 6.1 1.5 1.6 0.6 

Yb 44 23 32 26 72 19 14 7.4 

Lu 9.5 5.2 8.4 7.0 16 4.8 2.7 1.8 
1
 - Std – standard deviation 
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Table 5 Sources of data for thermodynamic modelling 

Mineral/aqueous 

complex 

Reference 

Arf Calculated using the methods of the (Chermak and Rimstidt, 1989), 

(Berman and Brown, 1985) and (Holland, 1989) with molar volume 

of arfvedsonite from Hawthorne (1976). 

Aeg Holland and Powell, 1998 

Qtz Holland and Powell, 1998 

Ab Holland and Powell, 1998 

Mc Holland and Powell, 1998 

Nahcolite Vanderzee, 1982, Robie and Hemingway, 1995 

CO2  Holland and Powell, 1998 

REEF
++

 Migdisov et al., 2016 

REECl
++

 Migdisov et al., 2016 

REECl2
+
 Migdisov et al., 2016 

REE
+++

 Shock and Helgeson, 1988, Shock et al., 1997 

REE
++

 Shock and Helgeson, 1988, Shock et al., 1997 

REE
+
 Shock and Helgeson, 1988, Shock et al., 1997 

NdOH
++

 Wood et al., 2002 

Nd(OH)
++

 Wood et al., 2002 

Nd(OH)3
0
 Wood et al., 2002 

REECO3
+
 Haas et al., 1995 

REEHCO3
++

 Haas et al., 1995 

REEOH
++

 Haas et al., 1995 

REEO
+
 Haas et al., 1995 

REEOOH Haas et al., 1995 

REEO
--
 Haas et al., 1995 
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Table 6 Calculated pH of the fluid for different stages in its evolution. 

Fluid 

stage 

T
o
C Fluid composition, wt.% NaCl eq. Minerals in equilibrium pH 

2a 425 23 Arfvedsonite, microcline, albite, quartz 10.1 

2b 360 14 Arfvedsonite, aegirine, microcline, albite, 

quartz 

9.7 

3 300 4 Nahcolite 7.5-9.5 

3 300 4 CO2 (nahcolite crystallises on freezing ) 4.9-7.5 

3 300 4 CO2 (no nahcolite on freezing ) ≤4.9 

3 250 4 CO2, quartz 3.2 

4 220 4 CO2, quartz 3.1 

5 150 19 Hematite 5.3 

5 150 19 Aegirine 6.2 
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Table 7 Calculated concentrations of selected REE in the fluid during Stages 4 and 5 

Fluid stage Minerals in 

equilibrium 

T
o
C  pH ppm 

    Ce Nd Dy Yb 

Stage 5 Aegirine 150 6.2 0.08 0.07 1.9 26.0 

Stage 4 Hematite 220 3.0 1.6 1.0 4.3 4.7 
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