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Abstract

Rare earths (REE) and high-field strength elements (Nb, Ta, Zr) are critical
metals for the development of modern green technologies. The genesis of primary
economic concentration of REE, Nb and Ta in the Earth’s crust depends on a
combination of magmatic and hydrothermal concentration processes. In general,
magmatic enrichment, through fractional crystallization and/or density contrast in
alkaline magmas, is a pre-requisite. In carbonatite and phoscorite mineralization, a
main source of REE, Nb and Ta is for instance found in pyrochlores, which are believed
to form as liquidus phases from Nb-rich melts [1]. Yet most primary occurrences also
display evidences for significant hydrothermal remobilization of the REE and HFSE, a
process that may as well favor beneficial LREE/HREE fractionation [2].

The development of geochemical models that simulate the enrichment
processes, from the magmatic source to the site of deposition, may facilitate more
sustainable and efficient mining operations. Yet, such models require a better
understanding of the behavior of rare metals in high pressure-high temperature fluids
and melts. Currently, experiments describing the effect of pressure, temperature and
melt composition on the solubility of rare metals and the stability of their ore
minerals (e.g., pyrochlore, zircon, apatite, basnaesite) may be available for alkaline
and silicic compositions [3,4] but mostly do not take into account the combined
effects of H,O, F, P and Cl on the crystallization and mineral melt partitioning of the
rare metals. Experimental constraints on the hydrothermal behavior of REE, Nb and
Ta are even scarcer, mostly limited to low-temperature and acidic conditions (T < 250
°C)[5].

In this contribution, we thus wish to present the results of in-situ and piston-
cylinder experiments that were conducted to determine the effects of composition
(i.e., presence of Cl, F, SO,%, COs>) and temperature on 1) the formation of magmatic
ore minerals in alkaline magmas and 2) REE hydrothermal remobilization.

Over the last 5 years, in-situ X-ray absorption measurements (XAS) have been used to
study the solubility and speciation of REE (La, Nd, Sm, Gd, Er, Yb, +Y) in high-
temperature fluids containing various amounts of HCl/NaCl, NaF, H,SO4/Na,SO, or
Na,CO;3 (0.2 < pH < 13)[6,7]. Overall, in-situ experiments conducted in Cl- and S-rich
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acidic fluids provide support for the available thermodynamic database for REE-CI
and REE-SO,” hydrothermal complexation and transport up to 400-500 °C [8].
Additionally, our experiments define new trends for the potential mobilization of REE
by COs> and F-rich alkaline fluids. Especially, we report a significant increase of LREE
solubility with temperature that suggest that REE-CO5> complexation could play an
unexpected role in the early hydrothermal extraction and fractionation of the REE
from their magmatic source [Figure 1].

Building on this improved understanding of REE hydrothermal mobilization, our most
recent piston-cylinder experiments investigate the effect of P and F on the stability of
pyrochlore and other potential HFSE- and REE-bearing phases at 900-1200 °C and 1
GPa and further enable us to determine the mineral/melt partitioning coefficients for
HFSE and REE. Altogether, these new experimental results pave the way for an
improved modeling of REE, Nb and Ta concentration in alkaline igneous systems.
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Figure 1: Apparent solubility of La with increasing temperature for 0.7m Na,COs,
0.7mNa,C03-0.3m NaF and 0.7mNa,C0Os-0.6m NaF aqueous solutions. Note that the
apparent solubility is here reported as the eH value that corresponds to the
amplitude of the absorption edge jump of the XAS spectra. This value is proportional
to the concentration of the element in solution [6].
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