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Abstract 13 

Although scandium is commonly concentrated to economic levels by magmatic processes, 14 

hydrothermal fluids also play an important role in its concentration. Indeed, the most important 15 

source of scandium is currently the Bayan Obo deposit in China, where scandium is extracted from 16 

hydrothermally produced aegirine. In order to know how and why scandium is concentrated by 17 

hydrothermal fluids, it is necessary to understand the speciation of scandium in hydrothermal 18 

fluids. In a recently published study, we showed that scandium forms stable species with fluoride 19 

ions and proposed that such species may have been responsible for the hydrothermal transport of 20 

scandium in deposits like Bayan Obo.  Chloride ions, which have been shown to form stable 21 

complexes with the other rare earth elements (REE), however, are much more abundant in most 22 

hydrothermal fluids than fluoride ions, as are hydroxide ions, particularly at high pH. We, therefore, 23 

conducted solubility experiments designed to investigate the stability of scandium chloride and 24 

hydroxide complexes in hydrothermal fluids. The experiments investigating the role of chloride 25 
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species considered the solubility of Sc2O3(s) in the H2O-NaCl-HCl system at 100, 150, 300 and 350 26 

oC and saturated water vapor pressure. These experiments showed that scandium concentration is 27 

independent of chloride concentration over the range of chlorinity investigated, i.e., up to 3.6 m 28 

Cl- and that scandium, therefore, does not form stable complexes with chloride ions. In order to 29 

evaluate the role of hydroxide species in scandium transport and avoid the effect of chloride ions 30 

in the complexation, a second set of experiments was conducted that determined the solubility of 31 

Sc2O3(s) in H2O-NaClO4-HClO4 solutions at 100, 150, 200 and 250 oC, and saturated water vapor 32 

pressure. The results of these experiments showed that the solubility of Sc2O3(s) depends on pH 33 

and temperature. Based on the former dependence, two scandium hydroxide complexes, Sc(OH)2+ 34 

and Sc(OH)3
°, were identified at low and higher pH, respectively. The formation constant (log β) 35 

determined for Sc(OH)2+ is 10.29±0.07, 10.32±0.07, 10.35±0.19, and 10.91±0.20 at 100, 150, 36 

200, and 250 oC, respectively. That of Sc(OH)3
° is 27.22±0.68, 26.66±1.35, 27.04±0.13, and 37 

28.02±0.14 at the same temperatures, respectively. These results demonstrate that, unlike the case 38 

for the other rare earth elements, chloride plays a negligible role in transporting scandium in 39 

hydrothermal fluids. Instead, they show that scandium hydroxide complexes can be important in 40 

the transport of scandium and could have contributed significantly to the formation of  deposits 41 

like those at Bayan Obo.  42 

Introduction 43 

Scandium is a rare earth element (REE) that, because of a combination of low density and high 44 

melting point, is used to produce the light high tensile strength aluminum alloys that are required 45 

by the automotive and aerospace industries to help address the issue of global warming (Klimpel 46 
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et al., 2021; Wang et al., 2021). Previous studies have shown that scandium is concentrated mainly 47 

in ferromagnesian minerals, particularly clinopyroxene (Williams-Jones and Vasyukova, 2018; 48 

Halkoaho et al., 2020; Wang et al., 2020). Currently, 90 % of global scandium production is from 49 

the Bayan Obo REE deposit, China (the largest REE deposit in the world), where it is concentrated 50 

in aegirine, which is interpreted to have formed by the hydrothermal alteration of the host dolomite 51 

(Smith et al., 2015; Williams-Jones and Vasyukova, 2018). This raises the question of how 52 

scandium is transported in hydrothermal fluids.  53 

In a recent experimental study (Wang et al., 2022), we investigated the solubility and 54 

speciation of scandium in fluoride-bearing aqueous fluids at elevated temperature, partly because 55 

Sc3+ is a hard acid and should form strong complexes with a hard base like F- (Pearson, 1963; 56 

Williams-Jones and Migdisov, 2014) and partly because fluorite is a common gangue mineral in 57 

deposits like Bayan Obo (Smith et al., 2015). Numerous studies, however, have shown that the 58 

borderline base, chloride, is the dominant ligand involved in metal complexation in most 59 

hydrothermal fluids (Heinrich and Seward, 1990; Fein et al., 1992; Seward et al., 2014; Migdisov 60 

et al., 2016).  Furthermore, a number of studies of REE complexation have shown that REE 61 

chloride species are the dominant REE complexes, at least at acidic to near neutral conditions 62 

(Migdisov et al., 2008; Mayanovic et al., 2009; Williams-Jones et al., 2012; Migdisov and 63 

Williams-Jones, 2014; Migdisov et al., 2016), and that their stability increases with increasing 64 

temperature (Gammons et al., 1996; Migdisov et al., 2009; Migdisov et al., 2016). For the reasons 65 

given above, it is reasonable to conclude that scandium should form stable complexes with chloride 66 

ions and that such complexes might be the dominant means of scandium transport in hydrothermal 67 

fluids.  68 
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Another ligand that might be important in the transport of scandium, particularly at high pH, 69 

is the hydroxide ion, because like the fluoride ion, it is a hard base (Pearson, 1963; Williams-Jones 70 

and Migdisov, 2014). Indeed, at ambient temperature, scandium forms very strong complexes with 71 

OH- (Wood and Samson, 2006; Williams-Jones and Vasyukova, 2018) and extrapolations of the 72 

ambient temperature formation constants to elevated temperature suggest that their stability 73 

remains high or increases with increasing temperature (Shock et al., 1997).  74 

Currently, the only information available on the thermodynamic properties of scandium 75 

chloride species is from experiments conducted at ambient temperature and, even for this 76 

temperature, there is little agreement among the studies reporting information on these properties 77 

(Paul, 1962; Reed et al., 1964; Samodelov, 1964; Alimarin et al., 1965; Sekine and Hasegawa, 78 

1966). As noted above, Shock et al. (1997) estimated formation constants for scandium hydroxide 79 

species for elevated temperature based on extrapolations from ambient temperature but, as 80 

discussed by Wood and Samson (2006), the hydrolysis constants reported by Shock et al. (1997) 81 

may overestimate the true values. Moreover, as shown by Migdisov et al. (2009) for the other REE, 82 

extrapolations of this type may lead to differences of several orders of magnitude between the 83 

theoretically predicted formation constants and those experimentally determined.  84 

In this contribution, we evaluate the potential role of chloride and hydroxide complexes in 85 

the hydrothermal transport of scandium from the results of experiments that measured the 86 

solubility of Sc2O3(S) in the H2O-NaCl-H2O and H2O-NaClO4-HClO4 systems at temperatures 87 

between 100 and 350 °C and between 100 and 250 °C, respectively. These results show that, 88 

contrary to expectation, scandium does not form stable complexes with chloride ions at elevated 89 

temperature for the range of chlorinity commonly observed in nature. Scandium, however, does 90 
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form stable species with hydroxide ions; at the conditions of the experiments, Sc(OH)2+ and 91 

Sc(OH)3
° are  the dominant scandium species. Using the thermodynamic data extracted from the 92 

experiments, we model the transport of scandium in hydrothermal fluids and evaluate the processes 93 

of fluid rock interaction that might lead to scandium mineral deposition.  94 

Experimental method 95 

We investigated the solubility of scandium oxide (Sc2O3(s)) in H2O-NaCl-HCl solutions at 100, 96 

150, 300, and 350 oC, and in H2O-NaClO4-HClO4 solutions at 100, 150, 200, and 250 oC, both at 97 

saturated water vapor pressure. In the first set of experiments, the chlorinity varied between 0.001 98 

and 3.6 m and in the second set of experiments the pH25°C varied between 1.6 and 4.5. Two sets of 99 

experimental solutions, prepared using nanopure water, were employed in the experiments: (1) 100 

solutions in which chloride concentration and pH were controlled using NaCl-HCl mixtures (trace 101 

metal grade NaCl and HCl, Fisher Chemical); and (2) solutions in which pH and ionic strength 102 

were controlled using HClO4-NaClO4 mixtures (NaClO4 HPLC grade, Fisher Chemical; HClO4 103 

trace metal grade, Fisher Chemical). The first set of experimental solutions was used to investigate 104 

the solubility of scandium as a function of chloride concentration and the second set of solutions 105 

was used to determine the effect of hydroxide on scandium solubility, without the presence of 106 

chloride ions (the perchlorate ion is very stable and does not decompose to yield chloride ions; 107 

Rudolph and Pye, 2000).  108 

The experiments were performed in titanium autoclaves (Fig. 1) treated with nitric acid to 109 

produce a protective layer of TiO2 on the internal surfaces. The volumes of the autoclaves were 110 

approximately 55 cm3. At the beginning of an experiment, scandium oxide solid (Sc2O3(s) Alfa 111 
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Aesar, 99.999% purity) was placed in quartz tubes fused shut at the base and capped with quartz 112 

wool (Fig. 1). These quartz holders were placed in the autoclaves to which 14 ml of experimental 113 

solution of variable chloride concentration or pH was added (Fig. 1). After sealing with a carbon 114 

ring, the autoclaves were placed in a muffle furnace that had been preheated to the temperature of 115 

interest. The furnace was modified by inserting an aluminum box with 1 cm thick walls to reduce 116 

thermal gradients in the autoclaves. The internal temperature during runs was measured with a 117 

thermocouple placed inside the box and controlled to an accuracy of ± 1 oC. On the completion of 118 

each experiment, the autoclaves were quenched rapidly in a cold-water bath to room temperature 119 

(~ 15 min). The quartz holders were then removed from the autoclaves, and 3 ml of the 120 

experimental solution was pipetted into a clean test tube to measure its pH and chloride 121 

concentration. Approximately 5 ml of nitric acid (HNO3 trace metal grade, Fisher Chemical) was 122 

added to the remaining solution to dissolve any scandium on the autoclave walls.  The autoclave 123 

was sealed and left for 24 h to ensure complete dissolution of the scandium. The ~16 ml of solution 124 

(11 ml of experimental solution and 5 ml of nitric acid) was then removed from the autoclave and 125 

introduced into a clean test tube for analysis of the scandium concentration. Before an experiment 126 

and after each removal of solution from and addition of acid to an autoclave, the autoclave was 127 

weighed to accurately determine the mass of scandium dissolved and, in turn, its concentration in 128 

the solution at the end of an experiment. The time required to reach equilibrium was determined 129 

for each temperature investigated from sets of kinetic experiments with durations of 1 to 14 days.  130 

After 7 days, the scandium concentration reached a steady state concentration, confirming the 131 

attainment of equilibrium (Fig. 2). All subsequent experiments were of greater than 10 days 132 

duration.  133 
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The pH of the experimental solutions was measured at ambient temperature using a glass 134 

pH electrode (Fisher Scientific, precision of ±0.01 pH units), which was calibrated using a series 135 

of NaCl-HCl or NaClO4-HClO4 solutions. The concentration of Cl- in the experimental solutions 136 

was determined using a UV-visible spectrometer that had been calibrated with a series of NaCl 137 

solutions for which the chloride concentration was known. Scandium concentrations were 138 

measured using ICP-MS. The experimental and standard solutions were diluted using a 2% nitric 139 

acid blank solution and were matrix-matched with a Ga internal standard (Fisher scientific, NIST 140 

traceable certified standard) to correct for instrumental drift. After the experiments, the reacted 141 

solid (Sc2O3) was analyzed by X-ray diffraction. No other solids were detected. 142 

RESULTS 143 

Calculation of ion activity 144 

The activity of the aqueous species was calculated using the extended Debye-Hückel equation 145 

(Helgeson et al., 1981): 146 

log γ୬ =  −
୅ ∙ [୸౤]మ ∙ √ூ

ଵ ା ୆ ∙ å ∙ √ூ
+  𝑏ఊ ∙  𝐼                        (1) 147 

where A and B are the solvent parameters, å is the ion size parameter for the electrolyte, z is the 148 

charge of the ion, and I represents the ionic strength of the solution that considers all dissolved 149 

components. The parameter bγ is the extended term, which depends on the nature of the 150 

background electrolyte and extends the application of Equation (1) to provide accurate estimates 151 

of activity coefficient up to roughly 10 mol/l. Values of bγ for the H2O-NaClO4-HClO4 solutions 152 

were taken from Migdisov and Williams-Jones (2007) and for the H2O-NaCl-HCl solutions were 153 

taken from Oelkers and Helgeson (1991). The values of å were set at 9, 3.5, 4, 3, 4.5 Å for H+, 154 
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OH-, Na+, Cl-, ClO4
-, respectively (Kielland, 1937; Garrels and Christ, 1965). Thermodynamic data 155 

for the aqueous species other than those involving scandium were taken from Johnson et al. (1992), 156 

Sverjensky et al. (1997), and Shock et al. (1997).  157 

Identification of dissolved Sc species 158 

The scandium species responsible for the observed scandium concentrations were determined from 159 

trends observed in the experimental data reported in Table 1 (for H2O-NaCl-HCl solutions) and 160 

Table 2 (for H2O-NaClO4-HClO4), i.e., the slope of the logarithm of scandium concentration with 161 

respect to the logarithm of chloride concentration for the H2O-NaCl-HCl solutions (Fig. 3) and pH 162 

for the H2O-NaClO4-HClO4 solutions (Fig. 4). From Figure 3, it is evident that the concentration 163 

of scandium was independent of chloride concentration at all temperatures investigated, indicating 164 

that, if scandium formed complexes with chloride, they were unstable and not detectable. However, 165 

scandium concentration was not independent of pH in the chloride ion absent experiments. At 100 166 

and 150 °C, the scandium concentration increased linearly with increasing H+ activity (decreasing 167 

pH) over the full range of pH investigated (1.8 to 3.9 at 100 °C and 1.5 to 3.6 at 150 °C), and at 168 

200 and 250 oC, it showed the same linear trend with the logarithm of hydrogen ion activity but 169 

only for values above -3 (Fig. 4). At pH values above 3, scandium concentration was independent 170 

of pH. The slope of the dependence of the logarithm of scandium molality on the logarithm of 171 

hydrogen ion activity in the 100 and 150 °C experiments and at low hydrogen ion activity in the 172 

experiments at 200 and 250 °C was approximately 2, which is consistent with the dissolution 173 

reaction: 174 

Sc2O3(s) + 4H+ = 2Sc(OH)2+ + H2O                       (2) 175 

         log k2 = log a Sc(OH)
2+ - 4log a H

+                      176 
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As noted above, at 200 and 250 oC, the scandium concentration was independent of pH at 177 

pH values > 3 (Fig. 4C, D). We, therefore, conclude that at this higher pH, the neutral scandium 178 

hydroxide complex is the dominant scandium species as illustrated by the reaction: 179 

Sc2O3(s) + 3H2O = 2Sc(OH)3
°                                (3) 180 

         log k3 = log a Sc(OH)3
°                       181 

The results of these experiments show that scandium forms stable complexes with 182 

hydroxide ions, namely Sc(OH)2+ and Sc(OH)3°, and that these are the dominant scandium 183 

species in chloride-bearing solutions at elevated temperatures, with Sc(OH)3° being favoured by 184 

higher temperature and higher pH. 185 

Formation constants and data optimization 186 

In order to make our data accessible for incorporation into thermodynamic databases, we 187 

calculated the formation constants of Sc(OH)2+ and Sc(OH)3°. The raw experimental data for 188 

scandium oxide solubility in H2O-NaClO4-HClO4 solutions were processed with the Optim A 189 

program in the HCh software package (Shvarov, 2015). This program computes the standard molal 190 

Gibbs free energy for the species of interest, in this case Sc(OH)2+ and Sc(OH)3°, by minimizing 191 

the sum of the squared deviations of the concentrations of aqueous species in equilibrium in the 192 

experimental solutions at the same temperature and pressure for variable values of the independent 193 

parameter (pH). The formation constants for Sc(OH)2+ and Sc(OH)3°, Reactions (4) and (5) were 194 

evaluated as follows: 195 

Sc3+ + OH- = Sc(OH)2+              (4) 196 

         log β4 = log a Sc(OH)
2+ - log a Sc

3+ - log a OH
-                                         197 
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Sc3+ + 3OH- = Sc(OH)3°              (5) 198 

         log β5 = log a Sc(OH)3
° - log a Sc

3+ - 3log a OH
-                      199 

The Gibbs free energy changes (△Gr(T)) for Reactions (4) and (5) were calculated using the 200 

standard molal Gibbs free energy of the other species involved in the reactions, namely Sc3+ and 201 

OH-. Formation constants (log β) were, in turn, calculated from the values of △Gr(T) using the 202 

relationship log β = -△Gr(T)/2.303RT (Table 3). The standard molal Gibbs free energy for the 203 

species Sc3+ and OH- were obtained from Shock et al. (1997) and the HCh database, respectively.  204 

The formation constants for Sc(OH)2+ and Sc(OH)3° were fitted to the Ryzhenko-Bryzgalin 205 

(MRB) equation of state in order to allow them to be calculated for temperatures not considered 206 

in the experiments (Ryzhenko et al., 1985; Borisov and Shvarov, 1992; Shvarov and Bastrakov, 207 

2015). The parameters derived from the MRB equation of state for Sc(OH)2+ and Sc(OH)3° are 208 

listed in Table 4. These parameters were used to calculate the equilibrium constants (log k) for 209 

Reaction (2) and Reaction (3) reported in Table 5. Thermodynamic data for scandium oxide 210 

(Sc2O3(s)) were taken from Pankratz (1982). The best fit lines to the experimental data shown in 211 

Fig. 4 were calculated using these equilibrium constants and, as is evident, fit the data remarkably 212 

well. 213 

DISCUSSION 214 

Comparison to previous studies 215 

As mentioned earlier, the complexation of scandium with chloride ions has been investigated 216 

experimentally at 25 °C (Paul, 1962; Reed et al., 964; Samodelov, 1964; Alimarin et al., 1965; 217 

Sekine and Hasegawa, 1966) and the formation constants for ScCl2+, ScCl2
+, ScCl30 reported in 218 
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these studies are -0.80 to 1.45, -0.84 to 1.35, -1.40 to 0.16, respectively. These low and even 219 

negative formation constants indicate that the corresponding scandium chloride complexes are 220 

relatively unstable and that chloride complexation does not play a significant role in transporting 221 

scandium at ambient temperature (Wood and Samson, 2006; Williams-Jones and Vasyukova, 222 

2018). The results of our study show that scandium concentration is independent of chloride 223 

concentration up to 350 oC and vapor-saturated water pressure, even at high chloride molality (up 224 

to 3.6 mol/l). Thus, chloride complexation also does not play a significant role in scandium 225 

transport at high temperature (Fig. 3). This contrasts strongly with the behavior of the other rare 226 

earth elements, which form relatively strong complexes with chloride ions and are generally 227 

thought to be transported in hydrothermal fluids mainly by forming such complexes (Migdisov et 228 

al., 2009; Williams-Jones et al., 2012; Migdisov and Williams-Jones, 2014; Migdisov et al., 2016). 229 

The likely reason for our failure to detect chloride complexes of scandium relates to the fact that 230 

the stability of REE chloride species decreases strongly with decreasing ionic radius of the REE 231 

from light to heavy REE (Migdisov et al., 2016). The ionic radius of scandium is the smallest of 232 

all the REE, 15% less than that of the next smallest REE, lutetium and, thus, scandium would be 233 

expected to be the least likely of the REE to form stable complexes with chloride ions. Because of 234 

its small ionic radius and hard-soft-acid-base principles (Pearson, 1963; Williams-Jones and 235 

Migdisov, 2018), scandium, however, is predicted to form very stable complexes with the hard 236 

base, OH-, and OH- would therefore out compete Cl- in forming stable complexes with scandium.  237 

Scandium hydroxide speciation has been investigated experimentally in numerous studies at 238 

ambient temperature, and thermodynamic data have been reported for ScOH2+, Sc(OH)2
+, Sc(OH)3° 239 

and Sc(OH)4
- at this temperature (e.g., Ivanov-Emin et al., 1960; Ivanov-Emin et al., 1968; 240 
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Aveston, 1966; Antonovich, and Nazarenko, 1968; Akalin, 1971; Travers et al., 1976; Brown et 241 

al., 1983; Stryapkov et al., 1996). The available data were reviewed by Baes and Mesmer (1986), 242 

who recommended values of the 25 °C stability constants for these species, and more recently by 243 

Wood and Samson (2006), who supported these recommendations. Shock et al. (1997) used the 244 

values recommended by Baes and Mesmer (1986) for ScOH2+, Sc(OH)2
+, Sc(OH)3° and Sc(OH)4

- 245 

(which they express as ScOH2+, ScO+, HScO2
°, and ScO2

-, respectively), in conjunction with 246 

correlation algorithms, to determine values for the parameters of the Helgeson-Kirkham-Flowers 247 

(HKF) equation (Helgeson et al., 1981) and enable estimation of the corresponding hydrolysis 248 

constants at elevated temperature and pressure. In Table 6, we report hydrolysis constants for 249 

ScOH2+ and Sc(OH)3° for the temperatures of our experiments, estimated using the HKF 250 

parameters reported by Shock et al. (1997), and in Figure 5, we compare these constants with those 251 

extracted from our experimental data. From this comparison, it is evident that our constants for 252 

ScOH2+ are quite similar to those calculated from Shock et al. (1997), whereas for Sc(OH)3° they 253 

are consistently higher and at 100 °C, the difference is greater than a log unit.  254 

An important difference in the findings of our study from those for ambient temperature is 255 

that, whereas Sc(OH)2
+ is relatively important at this temperature, it was not shown to be stable at 256 

the higher temperatures of our experiments. It is, however, predicted to be stable at these higher 257 

temperatures by calculations made using the values of the HKF parameters reported by Shock et 258 

al. (1997), which were based on extrapolations of experimental data reported for 25 °C. Indeed, 259 

according to these predictions, Sc(OH)2
+ is responsible for up to ~ 35% of the dissolved scandium 260 

at temperatures ≥ 100 °C, albeit for a narrow pH interval (Fig. 6). These observations suggest that 261 

either we did not conduct experiments for pH conditions corresponding to those of the 262 
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predominance pH for Sc(OH)2
+ or, much more likely, that this species is simply not stable at 263 

elevated temperature and that with increasing pH the hydrolysis of scandium proceeds from 264 

Sc(OH)2+ to Sc(OH)3
° directly. In summary, the results of our study show that, at least up to a pH 265 

of 5, scandium in chloride-bearing hydrothermal fluids is transported dominantly as Sc(OH)2+ and 266 

Sc(OH)3
° and that  Sc(OH)3

° is the predominant species in fluids with a pH > ~4 at 100 °C or > ~3 267 

at 250 °C (Fig. 6).  268 

Geological implications 269 

The data collected in this study demonstrate that, although scandium chloride complexes 270 

cannot mobilize scandium, complexes involving hydroxide may fulfill this role. To gain an insight 271 

into the likely behavior of scandium as hydroxide species in hydrothermal systems, we modeled 272 

the dissolution Sc2O3(s) as a function of pH and temperature, two parameters commonly invoked 273 

to explain metallic mineral deposition from hydrothermal fluids. The results of this modeling are 274 

illustrated in Figure 7 and show that at a pH of 2 and a temperature of 100 oC, hydrothermal fluids 275 

can transport about 110 ppm scandium as hydroxide species (ScOH2+). This concentration, 276 

however, decreases to ~2 ppm at the same pH, if the temperature is increased to 250 oC. A similar 277 

effect is observed with a change in pH. Thus, at 100 °C, the scandium concentration drops from 278 

110 ppm to <1 ppm as the pH increases from 2 to 3. At higher pH, however, scandium 279 

concentration increases with increasing temperature, i.e., there is a gradual change from retrograde 280 

to prograde solubility. The other important conclusion is that at higher pH, scandium solubility is 281 

effectively independent of pH; this corresponds to the change in the predominant species from 282 

Sc(OH)2+ to Sc(OH)3
0 (Figs. 4 and 7). Thus, for natural systems the overarching conclusion is that  283 

temperature is the main control of scandium solubility.  284 



Wang, J., Williams-Jones, A., Timofeev, A., Zhang, X., Liu, J., and  Yuan, S., 2023, The Role of 
Scandium Chloride and Hydroxide Complexes in the Formation of Scandium Deposits: Insights 

from Experiments and Modeling: Economic Geology, v. 118, p. 1995-2004 
 

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 

 
 

To investigate the role of hydrothermal transport in scandium ore genesis, we constructed a 285 

fluid-rock interaction model, in which we monitored the reaction of 1 kg aliquots of scandium-286 

bearing ore fluid with 1 kg hydroxyapatite-bearing calcite rock (90% calcite and 10% 287 

hydroxyapatite) at 400 oC. For this model, we assumed that the scandium ore fluid (containing 2 288 

m NaCl, 60 wt% CO2, at 400 oC, 1.0 kbar and a pH of 3) initially contained 0.80 ppm scandium, 289 

which is the concentration that would be present in the fluid at 400 oC and a pH of 3, based on an 290 

extrapolation of our experimental data using the Bryzgalin-Ryzhenko parameters listed in Table 4. 291 

The choice of P-T conditions was guided by the pressure (0.7 to 1.0 kbar) and temperature (430 to 292 

360 oC) inferred for the formation of the aegirine-apatite veins of the Bayan Obo REE deposit 293 

(Smith and Henderson, 2000); aegirine is the main host for scandium in the deposit, which as noted 294 

earlier, is responsible for 90% of global scandium production. The NaCl and CO2 concentrations 295 

were guided by the salinity (NaCl 5–15 wt. %) and CO2 content (mean 59 wt. %) of fluid inclusions 296 

in the aegirine-apatite veins of the Bayan Obo REE deposit (Smith and Henderson, 2000; Fan et 297 

al., 2004, 2006; Qin et al, 2007). The only other deposit of hydrothermal origin that has been mined 298 

for scandium is the Zhovti Vody deposit in Ukraine, in which the main ore mineral was also 299 

aegirine, which, as at Bayan Obo, was accompanied by apatite; the aegirine replaced amphibole in 300 

magnetite amphibolites (Tarkhanov et al., 1992; Williams-Jones and Vasyukova, 2018).  Although 301 

it is not possible to model the formation of these deposits directly, the modeling presented here 302 

provides an idea of some of the factors that may have controlled their formation.  303 

The thermodynamic data for pretulite (ScPO4), a mineral that could potentially form 304 

scandium ores, if aegirine were not present to sequester the scandium prior to saturation of the 305 

fluid with pretulite, and hydroxyapatite, were taken from Gavrichev (2010) and Robie and 306 
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Hemingway (1995). Interaction of the first aliquot of fluid with the rock led immediately to the 307 

precipitation of pretulite and the addition of scandium to the rock (Fig. 8A). With increasing 308 

fluid/rock ratio, the scandium content of the rock increases sharply and reaches a concentration of 309 

0.5 wt. % Sc2O3 at a fluid/rock ratio of 412, corresponding to the final consumption of calcite (Fig. 310 

8B). Most significantly, the Sc2O3 concentration in the rock reaches 150 ppm  at a fluid/rock ratio 311 

of 101 (Fig. 8B), which is comparable to the scandium concentration in the aegirine of the Bayan 312 

Obo and Zhovti Vody deposits  (169 ppm  Sc2O3 in the massive ores and 101 ppm  Sc2O3 in the 313 

banded ores at Bayan Obo, Zhao, 1987; and a mean concentration of 161 ppm Sc at Zhovti Vody, 314 

Williams-Jones and Vasyukova, 2018). This fluid/rock ratio is within the range of fluid/rock ratios 315 

that might be predicted for the Bayan Obo REE ores (e.g., a ratio of 100, assuming a Ce content 316 

of the ore of 4 wt% Ce and a concentration of 400 ppm Ce in the fluid, Zhao, 1987; Migdisov et 317 

al., 2009). The dominant scandium hydroxide species in the ore fluid was Sc(OH)3
o

 (Fig. 8C) and 318 

the pH was buffered to a constant value of 5.4 after reaction of the rock with the first aliquot until 319 

complete replacement of the calcite by pretulite at a fluid/rock ratio of 412 (Fig. 8D). The 320 

simulations were repeated for a scandium ore fluid with a pH value of 4 and produced similar 321 

results, although the fluid/rock ratio required to produce a rock containing 150 ppm Sc2O3 is a little 322 

higher (115, Fig. 9). In summary, our simulations indicate that scandium hydroxide species can 323 

mobilize scandium in concentrations sufficient to form an economic deposit and that, in the 324 

absence of aegirine (or any other clinopyroxene, Williams-Jones and Vasyukova, 2018), pretulite 325 

would be the principal scandium ore mineral in an apatite-bearing ore.  326 
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Conclusions 327 

The results of this study show that complexation with chloride ions does not play a role in the 328 

hydrothermal transport of scandium in solutions containing up to 3.6 M NaCl at temperatures up 329 

to 350 oC. They also show, however, that scandium forms stable complexes with hydroxide ions 330 

(Sc(OH)2+ and Sc(OH)3
° but not Sc(OH)2

+) and that Sc(OH)3
°  is the principal scandium species at 331 

pH > ~ 4 at 100 °C and > ~3 at 250 oC. Simulations of natural systems provide evidence that 332 

hydrothermal fluids, in which scandium is transported as hydroxide species, can mobilize this 333 

metal in concentrations sufficient to form economic deposits like Bayan Obo, that in apatite-334 

bearing deposits, which do not contain aegirine, pretulite would be the main ore mineral and finally 335 

that fluid/rock interaction can be an important driver of scandium ore formation.  336 
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 497 

Figure captions 498 

Fig. 1 A schematic diagram of the titanium autoclave employed in this study. The autoclave was 499 

loaded with a quartz tube containing Sc2O3 solid. 500 

 501 

Fig. 2 The logarithm of scandium molality as a function of the duration of the experiments in 502 

days at constant temperature (100 °C), chloride concentration (0.05 mol/l) and pH (3), and 503 

saturated water vapor pressure. Scandium reached a steady state concentration in the solution 504 

after 7 days, indicating the attainment of equilibrium. 505 

 506 

Fig. 3 The logarithm of scandium molality as a function of the concentration of NaCl at 100, 507 

150, 300, and 350 oC. 508 

 509 

Fig. 4 The logarithm of scandium molality with respect to pH at (A) 100, (B) 150, (C) 200, and 510 

(D) 250 oC. The dashed lines indicate the logarithm of scandium molality calculated from the 511 

values of logK for Reaction (2) and Reaction (3). The filled blue circles indicate the scandium 512 

molality measured in experiments in the system H2O-NaCl-HCl. 513 

 514 

Fig. 5 The logarithms of the scandium hydrolysis constants versus temperature, determined 515 

experimentally in this study and calculated from Shock et al. (1997) for (A) Sc(OH)2+ and (B) 516 

Sc(OH)3°  .  517 

 518 
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Fig. 6 A comparison of the distribution of scandium hydroxide complexes as a function of pH at 519 

(A) 100, (B) 150, (C) 200, (D) 250 oC based on the parameters of HKF from this study to that 520 

form Shock et al. (1997). 521 

 522 

Fig. 7 The concentration of scandium in equilibrium with Sc2O3 (solid) as a function of pH for 523 

temperatures between 100 and 250°C. 524 

 525 

Fig. 8 Results of the thermodynamic modeling of the reaction, at 250 oC, 500 bar and an initial pH 526 

of 2, of a scandium ore fluid containing 1 m NaCl and 1 ppm Sc, with a rock containing 90 wt.% 527 

calcite and 10 wt.% hydroxyapatite. A) the moles of the different minerals present in the rock, B) 528 

the scandium content of the rock, C) the scandium speciation, and D) the pH, all as a function of 529 

the fluid/rock ratio. 530 

 531 

Fig. 9 The scandium content of a rock containing 90 wt.% calcite and 10 wt.% hydroxyapatite as 532 

a function of the fluid/rock ratio after reaction with a fluid at 100 and 200°C and an initial pH of 533 

2, that contains 1 m NaCl and variable concentrations of scandium. 534 
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Figure 1. A schematic diagram of the titanium autoclave employed in this study. The autoclave 

was loaded with a quartz tube containing Sc2O3 solid. 
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Figure 2. The logarithm of scandium molality as a function of the duration of the experiments in 

days at constant temperature (100 °C), chloride concentration (0.05 mol/l) and pH (3), and 

saturated water vapor pressure. The uncertainty associated with each value is less than the 

diameter of the corresponding symbol. Scandium reached a steady state concentration in the 

solution after 7 days, indicating the attainment of equilibrium. 
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Figure 3. The logarithm of scandium molality as a function of the concentration of NaCl at 100, 

150, 300, and 350 oC. The uncertainty associated with each value is less than the diameter of the 

corresponding symbol. 
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Figure 4. The logarithm of scandium molality with respect to the logarithm of the activity of H+ 

at (A) 100, (B) 150, (C) 200, and (D) 250 oC. The dashed lines indicate the logarithm of 

scandium molality calculated from the values of log K for Reaction (2) and Reaction (3). The 

filled blue circles indicate the scandium molality measured in experiments in the system H2O-

NaCl-HCl. The uncertainty associated with each value is less than the diameter of the 

corresponding symbol. 
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Figure 5. Logarithms of scandium hydrolysis constants versus temperature, determined 

experimentally in this study and calculated from Shock et al. (1997) for (A) Sc(OH)2+ and (B) 

Sc(OH)3°  .  
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Figure 6. A comparison of the distribution of scandium hydroxide complexes as a function of pH 

at (A) 100, (B) 150, (C) 200, (D) 250 oC, based on the results of this study to those extrapolated 

from ambient temperature using the HKF parameters reported by Shock et al. (1997). 
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Figure 7. The concentration of scandium in equilibrium with Sc2O3 (solid) as a function of pH 

for the temperatures investigated experimentally (100 to 250°C) and extrapolated from the 

experimental data (up to 400 oC). 
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Figure 8. Results of the thermodynamic modeling of the reaction, at 400 oC, 1.0 kbar and an initial 

pH of 3, of a scandium ore fluid containing 2 m NaCl, 60 wt. % CO2 and 0.82 ppm Sc, with a rock 

containing 90 wt.% calcite and 10 wt.% hydroxyapatite. A) the moles of the different minerals 

present in the rock, B) the scandium oxide content of the rock, C) the scandium speciation, and D) 

the pH, all as a function of the fluid/rock ratio. 
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Figure 9. The scandium oxide content of a rock containing 90 wt.% calcite and 10 wt.% 

hydroxyapatite as a function of the fluid/rock ratio after reaction with a fluid at 400°C having an 

initial pH of 3 or 4, a content of 2 m NaCl and 60 wt. % CO2, and a scandium concentration 

established by Sc2O3(s) solid saturation. 


