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Abstract
A series of X-ray absorption spectroscopy (XAS) experiments were made to determine the structure
and stability of aqueous REE (La, Nd, Gd, and Yb) chloride complexes to 500 °C and 520 MPa. The
REE3+ ions exhibit inner-sphere chloroaqua complexation with a steady increase of chloride coordination with increasing temperature in the 150 to 500 °C range. Furthermore, the degree of chloride
coordination of REE3+ inner-sphere chloroaqua complexes decreases significantly from light to heavy
REE. These results indicate that steric hindrance drives the reduction of chloride coordination of
REE3+ inner-sphere chloroaqua complexes from light to heavy REE. This results in greater stability
and preferential transport of light REE3+ over heavy REE3+ ions in saline hydrothermal fluids. Accordingly, the preferential mobility of light REE directly influences the relative abundance of REE
in rocks and minerals and thus needs to be considered in geochemical modeling of petrogenetic and
ore-forming processes affected by chloride-bearing hydrothermal fluids.
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Introduction
The trivalent rare-earth (lanthanide) ions exhibit chemically
coherent behavior, primarily because of a smooth variation of
their ionic radii with atomic number (i.e., the lanthanide contraction). The chemically coherent characteristics of the rare earth
elements (REE) make them useful as petrogenetic indicators
and tracers of geochemical processes (Humphris 1984; Grauch
1989; Gieré 1996). The assumption that the relative abundances
of REE normalized to chondritic values (i.e., REE patterns) of
metaigneous and metasedimentary rocks, in closed systems, accurately represent the original REE composition of the protolith
is based on the immobility of REE. Nevertheless, REE mobility
or immobility during petrological processes such as metamorphism, diagenesis, weathering, and hydrothermal alteration has
been a source of debate for decades (Humphris 1984; Grauch
1989; Gieré 1996). Evidence for the mobility and chemical
fractionation of REE during petrological processes involving
hydrothermal fluids can be found in ore deposits of rare earths
and from experimental or field studies (Humphris 1984; Grauch
1989; Gieré 1996; Lottermoser 1992; Wood 2003). In such cases,
the role of preferential transport of REE during petrogenesis
involving hydrothermal fluids needs to be accounted for as it
may significantly affect the interpretation of REE patterns in
rocks. The fractionation and mobility of REE during hydrothermal processes have only rarely been investigated. Wood (1990)
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and Haas et al. (1995) calculated the stability of aqueous REE
complexes under elevated pressure-temperature (P-T) conditions,
thereby providing an initial understanding of the thermodynamic
properties of REE complexes in hydrothermal fluids. These
studies show that aqueous REE chloride, fluoride, and hydroxide
complexes become increasingly more stable at high temperatures,
dependent upon pH of the fluid. Using solubility measurements,
Gammons et al. (2002) showed that aqueous REE-chloride complexes exhibit increasing stability with temperature up to 300 °C.
However, their results regarding preferential transport proved
inconclusive as either a modest increase (at 200 °C) or no increase
(at 300 °C) in the stability of light REE (LREE) compared to
heavy REE (HREE) chloride complexes in hydrothermal fluids
was observed (Gammons et al. 2002).
Seaborg and co-workers (Thompson et al. 1954) suggested
that the rare earth and actinide elements afford the opportunity
for examination of “subtle aspects of chemical behavior,” and
that steric effects may be evident in the formation of higher
actinide complexes and many inorganic crystal structures of the
rare earths. Steric effects have been observed in complexing of
REE3+ ions in aprotic donor solvents (Ishiguro et al. 2002) and
with nitrobenzenosulfonates (Parac-Vogt et al. 2004) and are
found to play a role in REE3+-containing molecular mono- and
polymetallic functional assemblies (Bünzli and Piguet 2002).
Thus, steric effects may potentially play a role in the processes
responsible for the mobility of REE in hydrothermal fluids. In the
course of a series of synchrotron X-ray absorption spectroscopy
(XAS) experiments, we have made the first detailed measure-
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