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Studying the speciation and mineral-fluid partitioning of the rare earth elements (REE) allows us to delineate the key processes
responsible for the formation of economic REE mineral deposits in natural systems. Hydrothermal REE-bearing calcite is typically
hosted in carbonatites and alkaline rocks, such as the giant Bayan Obo REE deposit in China and potential REE deposits such as
Bear Lodge,WY.The compositions of these hydrothermal veins yield valuable information regarding pressure (𝑃), temperature (𝑇),
salinity, and other physicochemical conditions under which the REE can be fractionated and concentrated in crustal fluids. This
study presents numerical simulation results of the speciation of REE in aqueous NaCl-H2O-CO2-bearing hydrothermal fluids and
a new partitioningmodel between calcite and fluids at different 𝑃-𝑇-𝑥 conditions. Results show that, in a high CO2 and low salinity
system, bicarbonate/carbonate are the main transporting ligands for the REE, but predominance shifts to chloride complexes in
systems with high CO2 and high salinity. Hydroxyl REE complexes may be important for the solubility and transport of the REE
in alkaline fluids. These numerical predictions allow us to make quantitative interpretations of hydrothermal processes in REE
mineral deposits, particularly in carbonatites, and showwhere future experimentalworkwill be essential in improving ourmodeling
capabilities for these ore-forming processes.

1. Introduction

The economic significance of the REE is expected to increase
in the coming years due to their varied uses in high technol-
ogy and green industries [1, 2]. The REE commonly occur in
trace concentrations in the earth’s crust [3], while economic
REE deposits typically are associated with carbonatite and
alkaline/peralkaline igneous systems at intraplate tectonic
settings. Prominent examples include Bayan Obo in China
[2], Strange Lake andNechalacho in Canada [4–7],Mountain
Pass, CA [8], and Bear Lodge, WY, in the USA [9].

Igneous processes such as partial melting, crustal assimi-
lation,melt immiscibility, and fractional crystallization, along
with crustal metasomatism, can lead to the formation of
REE-enriched carbonatite, alkaline, and peralkaline melts
[2, 10–15]. Numerous studies have also indicated the impor-
tance of hydrothermal processes for the mobilization and

concentration of the REE in the late magmatic evolution
stages of carbonatite and alkaline/peralkaline systems [4,
5, 16–19]. Secondary REE enrichment can be significant
in the late stages of pluton emplacement, as evidenced by
the Strange Lake REE-Zr-Nb deposit in Canada, where
metasomatic processes led to hydrothermal mobilization and
mineralization of the REE at the periphery of the pluton [4,
5, 16, 17]. Similar metasomatic processes were observed in the
Tamazeght alkaline HFSE/REE-enriched pluton in Morocco
[20] and other deposits [2, 4, 7–9].

Quartz-hosted fluid inclusions are generally used within
mineralized carbonatites and peralkaline igneous complexes
to determine the salinity, metal concentrations, and tem-
perature of such ore-forming fluids [4, 16, 21–26]. Another
approach that can be used to understand the evolution of
fluids in REE mineral deposits is the study of fluid-mineral
trace element partitioning. Calcite and fluorite are common
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gangue minerals, and trace elements are more compatible
in these minerals than in quartz. Calcite has proven to
be a useful geochemical tracer for the behavior of the
REE in different types of ore-forming fluids and also for
determining fluid reservoir properties [27]. The partitioning
of the REE results in characteristic patterns which can be
used in evaluating ore-forming processes in hydrothermal
mineral deposits [27]. The REE are compatible within the
calcite structure, where substitution of REE3+ for Ca2+ can
be achieved due to their similar ionic radii; this has also been
observed in fluorite [27–30].

Many studies have analyzedREE and other trace elements
in natural calcite (Table 1), but interpreting these signatures is
difficult because it requires an understanding of the interplay
of REE speciation in hydrothermal fluids, the solubility of
the minerals, and the incorporation mechanisms of REE in
these minerals as a function of pressure (𝑃), temperature (𝑇),
and fluid compositions (𝑥). Recent experiments enable us to
more accurately predict the formation of REE complexes with
the major ligands Cl−, F−, and SO4

2− at hydrothermal con-
ditions [33–35]. However, there is a lack of thermodynamic
data at elevated temperatures for most REE hydroxyl and
carbonate/bicarbonate complexes, which are mostly based
on theoretical extrapolations from low temperature [36–39].
Because of the complexity of natural systems, numerical
modeling and experimental studies provide the means to
explore the link between the compositional changes of these
fluids and the trace element signatures of associated gangue
minerals such as calcite.

Experimental studies of REE partitioning between fluid-
calcite [28, 30, 40] and fluid-fluorite [29] have been carried
out at temperatures <100∘C. In the study of van Hinsberg
et al. [29], the partitioning behavior of the REE between
fluid-fluorite yielded predictable results according to the REE
ionic radii, and their experimental data were fit to the lattice
strain model [41, 42]. This model was later applied to the
partitioning of REE between fluid-calcite for a set of selected
REE by Voigt et al. [30]. Rimstidt et al. [28] used available
distribution coefficient data from the literature to evaluate
trace element partitioning between fluid-carbonates at tem-
peratures up to 100∘C. These data were fit to a semiempirical
equilibrium partitioning model [43]. In their study, they
observed a similar behavior of the REE with ionic radii.
While these experimental datawill be useful to develop future
thermodynamic models of trace element partitioning, they
are not currently applicable to model natural system using
available numerical modeling codes. In contrast, Curti et al.
[40] studied the thermodynamics of Eu uptake into calcite
under varying pH and pCO2 conditions at room temperature
and found that the partitioning of Eu could be predicted
using equilibrium thermodynamics and different types of
solid solution models. In their study, they used the dual
thermodynamic approach, which is based on Gibbs energy
minimization and implemented in the GEM-Selektor code
package [44, 45].

In this study, we present numerical simulations for the
speciation and partitioning of REE between calcite and
crustal fluids at hydrothermal temperatures (∼100–400∘C)

and pressures up to 1 kbar. The simulated conditions aim
to approximate the chemistry of simple aqueous-carbonic
fluids, as well as their driving mechanisms for REE mobiliza-
tion associated with REE deposit formation in carbonatites
and alkaline systems. We simulate the REE speciation in
CO2-NaCl-poor near-surface crustal fluids and in deeper
CO2-NaCl-rich fluids to approximate conditions relevant to
important mineralization stages in carbonatites, such as the
Bayan Obo REE deposit. The simulated conditions aim to
delineate the effects of changing temperature, pH, and salinity
on the REE speciation and partitioning between calcite-
fluid. Additionally, we briefly explore current methods for
implementing fluid-mineral partitioning data into the GEM-
Selektor code package [45] and define where the model may
need more experimental data for accurately predicting the
partitioning of REE in natural systems. To our knowledge, the
simulation of the REE partitioning into calcite at hydrother-
mal conditions has not been undertaken, and here we apply
it to ore-forming processes for the first time.

2. Theoretical Background

2.1. The Lattice Strain Model. Semiempirical partitioning
models, such as the lattice strain model [41, 42], aim to
determine a set of partition coefficients (𝐷𝑖) for ion 𝑖 where,
for example, the partitioning of a trace ion between fluid and
mineral is described by

𝐷𝑖 = [REE3+]crystal[REE3+]aq (1)

and the partitioning of a major cation by

𝐷0 = [Ca2+]crystal[Ca2+]aq , (2)

where [REE3+] and [Ca2+] indicate the concentrations of
the respective ions in aqueous solution and in the calcite
crystal. More details on how to relate partition coefficients
and equilibrium constants can be found inWood and Blundy
[42]. In the rhombohedral crystal structure of calcite, Ca2+
has a 6-fold coordination, which corresponds to a Shannon
radius of 1.00 Å, whereas the REE3+ have ionic radii varying
between 1.032 Å (La) and 0.861 Å (Lu). The lattice strain
model is based on the Brice equation [41], and it considers
the partitioning of an element as a function of its ionic radius,
charge, and the elastic properties of the mineral lattice site
(i.e., Young’s modulus). When the REE partition from an
aqueous solution into a mineral like calcite, strain occurs
on the crystal lattice because of this slight size and charge
mismatch between REE3+ and Ca2+.

Initial low temperature partitioning data by vanHinsberg
et al. [29], Voigt et al. [30], and Rimstidt et al. [28] indicate
that the lattice strain model can be successfully applied
to the partitioning of REE between aqueous fluids and
hydrothermal minerals, including calcite and fluorite. These
studies have shown that partition coefficients of REE can be
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related to their ionic radii and fit to the lattice strain model
according to

𝐷𝑖 = 𝐷0
⋅ exp(−4𝜋𝐸𝑠𝑁𝐴 ((𝑟0/2) (𝑟𝑖 − 𝑟0)2 + 1/3 (𝑟𝑖 − 𝑟0)3)𝑅𝑇 ) , (3)

where 𝐷0 is the partition coefficient for a lattice site with a
cation of ideal ionic radius and charge, 𝐷𝑖 is the partition
coefficient of a trace ion 𝑖, 𝑁𝐴 is the Avogadro constant,𝐸𝑠 is Young’s modulus, and 𝑟0 and 𝑟𝑖 are the ionic radii
of the crystallographic site (i.e., Ca2+ for calcite) and the
substituting ion 𝑖 (i.e., REE3+), respectively. Young’s elastic
modulus can be verified by experimental methods.

An experimentally based lattice strain fit can then be
used to determine the REE3+ concentrations of an aqueous
fluid at equilibriumwith a mineral and even predict partition
coefficients for elements with the same charge, which were
not determined experimentally. A drawback of this model
is that currently it cannot be implemented in numerical
modeling codes for modeling equilibrium thermodynamics.
The partition coefficients will have to be determined exper-
imentally as a function of temperature and fluid chemistry
to obtain the necessary parameters for fitting REE data to
the lattice strain model. The Brice equation [41] will either
need to be modified or coded for implementing the various
parameters of (3).

2.2. Multicomponent Solid Solution Models. To simulate the
partitioning of REE3+ between fluid and mineral, the sub-
stitution mechanisms of the ion in the crystal lattice and
the energy involved need to be determined. There are two
types of possible models that can be used, including the
“forward modeling” and the “inverse modeling” approaches,
which define what type of thermodynamic data have to be
implemented in a thermodynamic database.

The “forward modeling” approach uses knowledge of
either the solubility products (𝐾sp) or Gibbs energy of
formation (Δ𝑓𝐺0) of known REE mineral endmembers (i.e.,
REE2(CO3)3, NaREE(CO3)2, REEOHCO3, and REE(OH)3),
and it can be readily implemented in a numerical modeling
code if thermodynamic data are available for them. This
approach assumes an ideal solid solution model for calcite
and the corresponding endmembers, since trace elements
can be assumed to occur in concentrations small enough
where activities of cations in the solid solutions can be
assumed to be equal to mole fractions. There are several
possible substitution mechanisms in the structure of calcite
responsible for the partitioning of the REE3+:

2REE3+ + site vacancy = 3Ca2+
Endmembers: REE2 (CO3)3 ; Ca3 (CO3)3 (4)

REE3+ +Na+ = 2Ca2+
Endmembers: NaREE (CO3)2 ; Ca2 (CO3)2 (5)

REEOH2+ = Ca2+

Endmembers: REEOHCO3; CaCO3 (6)

REE3+ + 3OH− = Ca2+ + CO3
2−

Endmembers: REE (OH)3 ; CaCO3, (7)

where, for example, in Reaction (4), 2REE3+ ions replace
3Ca2+ and create a site vacancy, while Reaction (5) cor-
responds to a coupled substitution. Currently, only high
temperature thermodynamic data are available for the
REE(OH)3(s) endmembers, and therefore only substitution
mechanism (7) was tested in the present numerical modeling
study.

“Inverse modeling” is an alternative approach based on
experimental partitioning data and the dual thermodynamic
approach [44]. Using this method, it is possible to determine
the Gibbs free energy of “fictive” endmembers and build
a multicomponent solid solution model that may involve
more complex stoichiometries.The advantage of this method
is the possibility of analyzing several experimental datasets
at different pH and salinities. This method can also be
used to determine possible substitution mechanisms to be
implemented in the model. This approach was used to
interpret room temperature experimental data for the uptake
of Eu into calcite [40]. However, implementation of this
model and determination of the substitution mechanisms
of REE in calcite will require additional experimental data
to be applicable at hydrothermal conditions in ore-forming
systems. These calculations also need to be complemented
by spectroscopic measurements to verify that the calculated
thermodynamic model can be tied to observed substitution
mechanisms in the crystal structure [46].

2.3. Numerical Modeling Codes: LMA and GEM Methods.
Current numerical modeling codes can implement various
solid solution models. Law of mass action (LMA) codes such
as PHREEQC [47], TOUGHREACT [48], and Geochemist’s
Workbench� [49] use databases involving equilibrium con-
stants (log𝐾) for a set of mineral dissolution reactions and
master species, and they utilize theNewton-Raphsonmethod
to solve for chemical equilibria. These codes are robust and
fast but not adequate to simulate the partitioning of REE
between fluids and minerals since they are limited to simple
binary and/or tertiary solid solution models. Gibbs energy
minimization (GEM) codes such as GEM-Selektor [45] are
more ideal to solve complexmulticomponent andmultiphase
systems, which can involve any number of solid solution
endmembers and mixing on different crystallographic sites.
The GEM-Selektor code package includes several types of
nonideal mixing models [44, 50–52]. This can be partly
related to the larger thermodynamic input data (i.e., Gibbs
energy 𝐺, enthalpy𝐻, entropy 𝑆, heat capacity functions 𝐶𝑝,
and volume 𝑉) of their thermodynamic databases and to
their numerical solver [44, 45] in comparison to LMA codes.
Both code types have their advantages and disadvantages,
and the recent development of the Reaktoro code package
[53, 54], which combines the strengths of both LMA and
GEM methods, has seen many promising improvements for
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Table 2: Source of thermodynamic data for minerals, aqueous species, and gases included in the numerical simulations.

Species References
Minerals
Calcite, CaCO3 1
REE hydroxides, REE(OH)3 2
Ca-species
Ca(CO3)

0, Ca(HCO3)
+, Ca2+, CaCl+, CaCl2

0, CaOH+ 3, slop98.dat
Na-species
Na(CO3)

−, Na(HCO3)
0, 3, slop98.dat

Na+, NaCl0, NaOH0 4
REE-species
REE3+, REE(OH)2+, REE(OH)2

+, REE(OH)3
0, REE(OH)4

− 3, slop98.dat
REECl2+, REECl2

+ 5
REECO3

+, REEHCO3
2+ 6

C-species
CO0, CO2

0, CO3
2−, HCO3

−, CH4
0 3, slop98.dat

Cl-species
Cl− 3, slop98.dat
HCl0 7
H-O-species
H2
0, O2
0, OH−, H+, H2O

0 3, slop98.dat
Gases
CO, CO2, CH4, H2, H2O, O2 8, 9, 10
1Holland and Powell (1998) [55]. 2Navrotsky et al. (2015) [56]. 3SUPCRT92, Johnson et al. (1992) [57]. 4Miron et al. (2016) [58]. 5Migdisov et al. (2009; 2016)
[35, 39]. 6Haas et al. (1995) [36]. 7Tagirov et al. (1997) [59]. 8Frenkel (1994) [60].9Proust and Vera (1989) [61]. 10Stryjek and Vera (1986) [62].

simulating complex chemical systems and reactive transport
problems. The present study focuses on the GEMmethod.

3. Methods

3.1. Thermodynamic Dataset and Activity Models. The ther-
modynamic dataset used in this study is the MINES database
(http://tdb.mines.edu), which can be downloaded and man-
aged with the GEM-Selektor code package [45]. A detailed
list of minerals, aqueous species, and gases used from this
database for the Ca-C-Na-Cl-O-H-REE components system
can be found in Table 2. This dataset comprises mineral
data from Holland and Powell [55] and aqueous species
from SUPCRT92 [36, 57, 63, 64], with the recently updated
internally consistent dataset of Miron et al. [58] using the
GEMSFITS code package [65]. Experimental data for REE
chloride aqueous species were implemented using data from
the study of Migdisov et al. [35], the HCl dissociation
constants of Tagirov et al. [59], and the properties of
REE(OH)3(s) compiled in the study of Navrotsky et al. [56].
Data for aqueous REE carbonate and bicarbonate species
were included using the theoretical predictions of Haas et al.
[36], which are currently the only available high temperature
thermodynamic data for these species. We acknowledge
the high level of uncertainty associated with predicting the
speciation of REE hydroxyl complexes using the data of Haas
et al. [36], but the lack of other internally consistent datasets
for these species necessitates its use for the current modeling
example until more experimental data become available. For

an in-depth review on available experimental data for REE
aqueous species and limitations, the reader is referred to the
recent study by Migdisov et al. [39].

The standard state adopted in this study was unit activity
for pure H2O and for the aqueous species in a hypothetical
one-molal standard solution referenced at infinite dilution at
any pressure and temperature.The standard state forminerals
was that of a pure phase, assuming Raoultian behavior where
activity is equal to mole fraction for an ideal solid solution.
All activity models and equations of state were calculated
using the TSolMod library class implemented in GEM-
Selektor [50]. The activity model used for aqueous species
was the extended Debye-Hückel according to Robinson and
Stokes [66], using the extended Debye-Hückel parameters
of Helgeson et al. [67], assuming NaCl as the background
electrolyte. The equation of state used for real gases (CO2-
CH4-CO-H2O)was the Peng-Robinson-Stryjek-Vera (PRSV)
model [62]. The solid solution model adopted for simulating
the partitioning of REE into calcite was an ideal solid solution
between CaCO3 and the REE hydroxide endmembers. This
model includes correction for the configurational entropy
resulting from the assumption of random mixing on the
crystallographic Ca2+ site of calcite.

3.2. Simulation Setup. Numerical simulations of calcite-fluid
interaction were carried out using the GEM-Selektor code
package (http://gems.web.psi.ch). In these thermodynamic
calculations, we aim to determine the speciation of REE in
aqueous and carbonic fluid mixtures and their partitioning

http://tdb.mines.edu
http://gems.web.psi.ch
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Table 3: Starting conditions for the different model types. Parameters that were varied include temperature, pressure, salinity and XCO2;
REE concentrations were fixed at 100 ppm.

Model type T 𝑝a Calcite pHb REE NaCl XCO2
HCl NaOHc

(∘C) (bar) (g) (ppm) (wt.%) (m) (m)

Speciation (Ia) NaCl-CO2-poor system
150 𝑝sat 2 1.27 100 0.5 0.01 0.1 0.003–1.05
350 𝑝sat 2 2.30 100 0.5 0.01 0.1 0.003–1.05

Speciation (Ib) CO2-rich NaCl-poor
system

150 1000 0.5 1.34 100 0.5 0.1 0.1 0.05–12.53
350 1000 0.5 1.65 100 0.5 0.1 0.1 0.05–12.53

Speciation (Ic) CO2-NaCl-rich system 150 1000 0.5 1.35 100 20 0.1 0.1 0.05–12.53
350 1000 0.5 2.27 100 20 0.1 0.1 0.05–12.53

Fluid-calcite partitioning (IIa)
25–400 1000 5–10 4.87 100 0.5 0.1 - -
25–400 1000 5–10 4.82 100 5 0.1 - -
25–400 1000 5–10 4.76 100 20 0.1 - -

Fluid-calcite partitioning (IIb) 25–400 1000 50 4.76 100 0.5 0.1 - -
25–400 1000 50 4.76 100 20 0.1 - -

a𝑝sat is water vapor saturation pressure.𝑝sat (150
∘C): 4.76;𝑝sat (200

∘C): 15.54;𝑝sat (350
∘C): 165.21. bInitial pH values before addingNaOH. cAmounts of NaOH

added until pH values reach 10.

behavior between fluid-calcite as a function of temperature,
salinity, and pH. The simulated models assume various
scenarios of hydrothermal calcite vein formation to study
the chemistry of the fluids responsible for REE transport in
ore-forming systems, with a particular focus on carbonatites.
Themodel uses the components Ca-C-Na-Cl-O-H-REE, that
is, the chloride, hydroxyl, and carbonate/bicarbonate REE
complexes. Other fluid components including F, S, P and
their associated REE-bearing minerals (e.g., monazite-(Ce)
and bastnäsite-(Ce)), as observed in Bayan Obo [68] were
not included in the present simulations. The main reason
these were omitted was to allow us to better distinguish the
processes responsible for REE fractionation solely associated
with the solubility of calcite in aqueous-carbonic fluids.
Omission of these components was also necessary in order
to reduce the overall number of variables in the model. The
starting fluid compositions are reported in Table 3, and these
were modeled from generalized fluid inclusion data taken
from various natural REE-enriched carbonatite and alkaline
systems (Table 4).

Three speciation models with different initial fluid com-
positions were assumed (Models Ia–Ic), along with a fluid-
calcite partitioning model (Model II). The three main sub-
systems were modeled with variable temperature (150 and
350∘C), initial XCO2 (0.01–0.1), and salinity (0.5 and 20wt.%
NaCl). The initial REE concentration was set to 100 ppm,
within the upper range of concentrations retrieved from
natural fluid inclusion data [10, 23, 25, 39, 69, 70], and used
in previous numerical modeling studies [71]. Variable pH
values were fixed in the speciationmodel by titrating different
amounts of NaOH into the starting fluids to reach saturation
with calcite. In these models, the mobility of the REE was
fixed by the stability of solid REE(OH)3.

Model Ia (CO2-NaCl-poor system) was conducted at
temperatures of 150 and 350∘C and at saturated water vapor
saturation pressure (𝑝sat). Speciation Model Ia represents
a low pressure system, which is a simplified proxy for

near-surface evolved crustal fluids with low XCO2 and
salinity. Such a fluid can be considered as an analogue for
a magmatic fluid, which later evolved due to CO2 loss from
immiscibility, neutralization/fluid-rock interaction, and/or
dilution frommeteoric water input.These different processes
can account for the low salinity and XCO2 of the fluid in
shallow ore-forming environment.

Models Ib and Ic were simulated using a simplified fluid
inclusion dataset (i.e., omitting F, S, and P) from the Bayan
Obo REE deposit. Model Ib represents a NaCl-poor, CO2-
rich system, relating to the early (monazite) mineralization
stage for this deposit, whileModel Ic represents a CO2-NaCl-
rich composition related to the main stage mineralization
event at BayanObo [70] (Tables 3 and 4).Model Ib (CO2-rich
andNaCl-poor system) was conducted at temperatures of 150
and 350∘C, a pressure 1 kbar, and a salinity of 0.5 wt.% NaCl.
Model Ic (CO2-rich and NaCl-rich system) was simulated at
the same conditions but with a salinity of 20wt% NaCl.

Model II is a REE partitioning model between fluid-
calcite as a function of temperature from 25 to 400∘C,
with conditions similar to Models Ib and Ic. This model
aims to approximate the REE trace element concentrations
in calcite expected in a hydrothermal calcite vein from
proximal to distal from a pluton heat source. The initial REE
concentration was set to 100 ppm, with salinities of 0.5, 5,
and 20wt.% NaCl and XCO2 of 0.1. The partitioning of REE
wasmodeled by an ideal solid solutionmodel between calcite
and REE(OH)3(s), assuming the substitution mechanism of
Reaction (7).

4. REE Speciation Model

4.1. Model Ia (CO2-NaCl-Poor): Shallow System. Speciation
Model Ia simulates the formation of a calcite vein in a
near-surface (low pressure), evolved crustal fluid; results are
displayed in Figure 1. These simulations are modeled with



Geofluids 7

Table 4: Fluid characteristics of selected natural alkaline and carbonatite systems based on available fluid inclusion data.

Location; deposit type;
references 𝑇ℎa (∘C) 𝑃 (kbar) Salinity

(wt.% NaCleq)
XCO2b Fluid Composition

Gallinas Mountains, New
Mexico; syenite;
Williams-Jones et al. (2000)
[69]

416 ≤1 12–18
CO2 present

but not
quantified

(i) Sulfate-rich NaCl-KCl-brines
(ii) Later CO2-NaCl-bearing, sulfate-poor brine
(iii) daughter minerals: gypsum, celestite, and
barite

Okorusu, Namibia;
carbonatite; Bühn et al.
(2002) [25]

250–420 0.8 to 1 <3 0.171

Orthomagmatic in origin; high in alkali + F, low
in Ca
(i) daughter minerals: halite, sylvite, nahcolite,
K-feldspar, Ba/Ca hydroxides, galena, cerussite,
fluorapatite, cryolite, burbankite, pyrite, fluorite,
barite

Kalkfield Complex,
Namibia; carbonatite; Bühn
and Rankin (1999) [23]

180–250 Not
reported Saline 0.340–0.520 Volatile rich (∼40wt% H2O + CO2) with

Na-Ca-REE-Sr components

Fen, Norway; carbonatite;
Andersen (1986) [10] 221–374 ≥4 8–24

(A) 0.05–0.07
(B) Not
reported

Fluids all magmatic in origin. Type A fluids are
most primitive with phases H2O + CO2 + CO2(v)
+ solid carbonates; Type B are more evolved but
derived from A, with phases H2O + vapor + solid
(carbonates or halite)

Bayan Obo, China;
carbonatite; Smith et al.
(2000) [70]

∼221–>480 >0.7 to 2 0.1–20.2 0.10–0.45

(i) Early monazite stage: 280–360∘C and >0.7 kbar
and 1–5wt.% NaCl, XCO2 from 0.28–0.45
(ii) Main stage bastnäsite-(Ce): ∼300 to >400∘C,
0.9–1.4 kbar, 6–10wt.% NaCl, XCO2 of 0.10–0.30

aReported homogenization temperatures of fluid inclusions. bMole fraction calculated based on all components present in the fluid chemistry data, that is, not
necessarily 𝑛CO2/(𝑛CO2 + 𝑛H2O).

low initial CO2 and NaCl concentrations (Table 3). The REE
chloride species are generally dominant at low pH up to∼4.25 to 5.25 and hydroxyl REE species at higher pH values.
This transition fromREE chloride to REE hydroxyl dominant
species is shifted to lower pH values with increasing atomic
number (i.e., Ce and Nd, followed by Er).The REE carbonate
and bicarbonate species are minor at all simulated conditions
of this model. With increasing temperature, the activity of
REE3+ becomes insignificant over the activity of the REE
chloride species.

In the simulations at 150∘C, the dominant Ce species is
CeCl2

+ to pH values of ∼5.25 (Figure 1(a)). Above this pH,
Ce-hydroxyl species become dominant in order of Ce(OH)2

+

and then Ce(OH)3
0 with increasing pH. Simulations of Nd-

bearing species at 150∘C show similar trends to those of the
Ce-bearing species. From low pH values to ∼4.5, NdCl2+ is
dominant (Figure 1(c)). Above these pH values, the hydroxyl
species become dominant in order of Nd(OH)2+, Nd(OH)2+,
Nd(OH)30, and Nd(OH)4− with increasing pH. The domi-
nant Er-bearing species at 150∘C (Figure 1(e)) is ErCl2+ to pH
values of ∼4.25 followed by the hydroxyl species in order of
Er(OH)2+, Er(OH)3

0, and finally Er(OH)4
−, displaying a large

predominance field at pH values of >6.5.
In contrast to the simulations at 150∘C, the simulated Ce-

hydroxyl species at 350∘C display an increase in the stability
of Ce(OH)3

0 over Ce(OH)2
+ (Figure 1(b)). Additionally, with

increasing pH, hydroxyl species evolve in predominance
from Ce(OH)2

+ to Ce(OH)3
0 to Ce(OH)4

−. The dominant
Nd-bearing species at 350∘C are NdCl+2 and NdCl2

+ to pH

values of ∼4.75 (Figure 1(d)) followed by Nd(OH)3
0 at pH

of ∼4.75 to ∼6.75, and Nd(OH)4
− to higher pH, the latter

showing a large field of predominance. The dominant Er-
bearing species at low pH is ErCl2

+, rather than ErCl2+, to
a pH of 4.5 (Figure 1(f)), followed by Er(OH)3

0 which is
dominant to pH values of ∼5.75, and Er(OH)4

− at higher
pH. This is in contrast to the 150∘C simulations, where
Er(OH)2+ is the first Er-hydroxyl species to be dominant.The
dominance of hydroxyl-bearing species at pH > 6 is due to
the increased availability of free OH− ions at elevated pH and
overall lack of enough available carbonic species due to the
low XCO2 in the simulated fluid and the formation of calcite.

Calcite is stable in the 150∘C models from a pH of 6.02
to >10, whereas, in the 350∘C models, it is stable from a pH
of 5.92 to >10 (Figure 1). Solid Ce(OH)3 is stable from a
pH of 5.34 to 10 and a pH of 4.81 to 8.83 at 150 and 350∘C,
respectively (Figures 1(a) and 1(b)). Solid Nd- and Er(OH)3
become stable at lower pH with increasing atomic number
(Figures 1(c), 1(d), 1(e), and 1(f)). Solid Nd(OH)3 is stable
from a pH of 5.28 to 9.98 and 4.71 to 8.23 at 150 and 350∘C,
respectively (Figures 1(c) and 1(d)). Solid Er(OH)3 is stable at
150∘C from pH 4.28 to 9.70 and from pH 3.60 to 8.30 at 350∘C
(Figures 1(e) and 1(f)). The smaller stability field of the solid
REE hydroxides at 350∘C can be related to the stabilization of
the REE(OH)4

− species with increasing pH.

4.2. Model Ib (CO2-Rich, NaCl-Poor): Deeper Carbonatite Sys-
tem. SpeciationModel Ib simulates conditions of calcite vein
formation with an initial fluid composition corresponding to
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Figure 1: Model Ia (CO2-NaCl-poor) showing the REE speciation in a shallow hydrothermal system. Results show the speciation of Ce, Nd,
and Er as function of pH at 150 and 350∘C and 𝑝sat. The starting fluid had a composition of 100 ppm REE, 𝑋CO2 of 0.01, and 0.5 wt.% NaCl.
The blue field represents the field of REE(OH)3(s) stability, while the yellow field corresponds to the stability field of calcite.
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the early mineralization stage of Bayan Obo [70] (Tables 3
and 4). In this model, XCO2 was set to 0.1 and the salinity
is low (0.5 wt.% NaCl). As shown in Figure 2, the simulated
REE speciation is considerably modified in comparison to
Model Ia due to the increased amount of CO2 within the
system. The stability of the REE chloride species and REE3+
is generally restricted to pH values < 4 at 150∘C, due to the
predominance of REE carbonate and bicarbonate species,
whereas REE hydroxyl species are dominant at pH values> 6–6.5. This transition from REE3+/REE chloride to REE
carbonate/bicarbonate is shifted to lower pH values with
increasing atomic number (i.e., Ce and Nd, followed by
Er). Simulation results from the 350∘C models show that, at
this elevated temperature, REE bicarbonate and –carbonate
species display very low activities, and only REE chloride and
hydroxyl species are dominant.

In the simulations at 150∘C, CeCl2
+ is the dominant

REE chloride, andCeHCO3
2+ the dominant REE bicarbonate

species to a pH of∼6.5 (Figure 2(a)). At higher pH, Ce(OH)30
is dominant to pH values of 9.25, followed by Ce(OH)4−
at higher pH. Cerium and Nd formed stronger bicarbonate
complexes than ErHCO3

2+, as evidenced by their larger pH
range of predominance (Figures 2(a), 2(c), and 2(e)). Simu-
lations of Nd-bearing species at 150∘C show similar trends to
those of the Ce-bearing species but themajor chloride species
are NdCl2

+ to a pH of ∼3.75. This is followed by NdHCO3
2+

and a small pH range of ∼5.75–6 where NdCO3
+ is stable

(Figure 2(c)). Similar to Model Ia, Nd(OH)3
0 and Nd(OH)4

−

are stable to high pH. Simulations of Er-bearing species at
150∘C showed some differences to Ce in that ErCl2+, rather
than ErCl2

+, is the dominant Er chloride species to a pH value
of 3.75 (Figure 2(e)).The stability of ErHCO3

2+ and Er(OH)3
0

is only over a small pH range in comparison to Nd and Ce
species, and Er(OH)4

− is dominant at pH > 6.25.
The simulations carried out at 350∘Cdisplay amuch larger

stability of the REE chloride and hydroxyl species in compar-
ison to the 150∘C simulations (Figures 2(b), 2(d), and 2(f)).
Bicarbonate and carbonate REE species are unimportant at
these conditions. Instead of CeCl2

+ as the dominant Ce-
chloride species at 150∘C, CeCl2+ is dominant at 350∘C up
to pH values of ∼4.5, followed by a small pH interval where
Ce(OH)2

+ is stable. Dominance then shifts to Ce(OH)3
0 at

pH of ∼5.25 to 6.75. This is followed by the dominance of
Ce(OH)4

− to higher pH (Figure 2(b)). The overall simulated
Nd- and Er-bearing species at 350∘C are similar to Ce except
that the pH transitions between REE chloride and hydroxyl
species are shifted to lower pH values with increasing atomic
number of the REE (Figures 2(d) and 2(f)).

Calcite is stable in the 150∘C models above a pH value of
5.07, whereas, in the 350∘C models, it is stable above a pH
value of 5.37 (Figure 2).This shift in the calcite solubility with
temperature can be explained by the temperature dependence
of the ionization of HCO3

− to form CO3
2−. Solid Ce(OH)3

is stable above pH 6.11 and from a pH of 4.96 to 8.09 at 150
and 350∘C, respectively (Figures 2(a) and 2(b)). SolidNd- and
Er(OH)3 become stable at lower pH with increasing atomic
number. Solid Nd(OH)3 is stable above a pH of 6.03 and from
pH 4.96 to 7.45 at 150 and 350∘C, respectively (Figures 2(c)

and 2(d)). Solid Er(OH)3 is stable at 150
∘C at pH values from

4.46 to 9.85 and from pH values of 4.01–7.41 at 350∘C (Figures
2(e) and 2(f)). The smaller stability field of the solid REE
hydroxides at 350∘C can be related to the stabilization of the
REE(OH)4

− species with increasing pH, similar to Model Ia.

4.3. Model Ic (CO2-NaCl-Rich): Deeper Carbonatite System.
Speciation Model Ic simulates conditions of calcite vein
formation with an initial fluid composition corresponding to
the main mineralization stage at Bayan Obo [70] (Tables 3
and 4). The results of the simulations of these saline (20wt.%
NaCl) and CO2-rich (XCO2 of 0.1) fluids are shown in
Figure 3. In the simulations at 150∘C, the REE chloride species
are dominant to pH values of ∼5.75–6.5, with a considerable
increase in dissolved REE activities in comparison to Models
Ia and Ib. The onset of solid REE hydroxide stability is linked
to the change from the dominance of REE chloride species
at low pH to that of REE carbonate or bicarbonate species at
150∘Cor toREEhydroxyl species at 350∘Cat higher pH. In the
350∘C simulations, this transition occurs at pH of 4.75–5.25,
though only hydroxyl-bearing species were important in
thesemodels. As in the 150∘C simulation, this transition pH at
350∘C appears to shift to lower values with increasing atomic
number of the REE.The transition from chloride to hydroxyl
species predominance is due to the increase in available
OH− ions with increasing pH, while the overall lowered
activities are due to the precipitation of solid REE hydroxides
making the REE unavailable to form aqueous complexes.The
REE bicarbonate and carbonate species are less important
under the simulated conditions at elevated temperature due
to the increase in salinity in this model which favors higher
activities of the chloride-bearing complexes.

The simulations conducted at 150∘C show that CeCl2
+

is the principal species to pH values of 6.5 (Figure 3(a)).
From pH 6.5 to 9.25, CeOH3

0 is dominant, followed by
Ce(OH)4

− to higher pH values (Figure 3(a)). Neodymium-
and Er-bearing species formed at the simulated conditions
are similar to Ce, albeit occurring at slightly different pH;
REECl2

+ is dominant at pH values up to 6 (Nd) and 5.5 (Er),
followed by NdCO3

+ and ErCO3
+ to pH values ∼6.75 and

6, respectively. Overall the predominant REE species then
shifts to the hydroxyl species. From pH of ∼6.75 to 8 and 6
to 6.25, Nd(OH)3

0 and Er(OH)3
0 are dominant, respectively,

followed by Nd(OH)4
− and Er(OH)4

− at higher pH values
(Figures 3(c) and 3(e)). The effect of decreasing transition
pH with increasing atomic number is evident in these results
(Figures 3(a), 3(c), and 3(e)).

At 350∘C, Ce-bearing species behaves the same as in
the model at 150∘C, though with pH transitions shifted to
slightly lower values (Figure 3(b)). The Nd- and Er-bearing
simulations show a definite change in the speciation results at
this higher temperature; REE carbonate species are, as seen in
Model Ib, only important in high CO2 and lower temperature
(150∘C) systems, regardless of salinity. The carbonate species
are not dominant for these REE at elevated temperature.
Rare earth element hydroxyl species become dominant at this
temperature at pH values as low as 4.6 for Er(OH)4

− (Figures
3(d) and 3(f)).
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Figure 2: Model Ib (CO2-rich, NaCl-poor) showing the speciation of REE in a deeper carbonatite system. Results show the speciation of Ce,
Nd, and Er as function of pH at 150 to 350∘C and 1 kbar. The starting fluid had a composition of 100 ppm REE, 𝑋CO2 of 0.1, and 0.5 wt.%
NaCl. The blue field represents the field of REE(OH)3(s) stability, while the yellow field corresponds to the stability field of calcite.
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Figure 3: Model Ic (CO2-NaCl-rich) showing the speciation of REE in a deeper carbonatite system. Results show the speciation of Ce, Nd,
and Er as function of pH at 150 to 350∘C and 1 kbar. The starting fluid had a composition of 100 ppm REE, 𝑋CO2 of 0.1, and 20wt.% NaCl.
The blue field represents the field of REE(OH)3(s) stability, while the yellow field corresponds to the stability field of calcite.
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Calcite is stable in the 150∘C models at pH above 5.26,
whereas, in the 350∘C models, it is stable above a pH of 5.65
(Figure 3). Solid Ce(OH)3 is stable at pH above 6.19 and pH
values of 5.29 to 7.96 at 150 and 350∘C, respectively (Figures
3(a) and 3(b)). Solid Nd(OH)3 is stable at pH values above
6.07 at 150∘C and at a pH between 5.19 to 7.29 at 350∘C
(Figures 3(c) and 3(d)). Solid Er(OH)3 is stable at pH values
between 4.89 to 9.84 at 150∘C and from 4.19 to 7.26 at 350∘C
(Figures 3(e) and 3(f)).

5. Calcite-Fluid REE Partitioning (Model II)

5.1. Model IIa: REE Fractionation in Calcite. In this model,
we simulate the solubility of calcite and the partitioning
of all the REE between fluid-calcite using a solid solution
model according to Reaction (7). As shown in Figure 4, we
investigate the role of temperature and variable salinities of
0.5, 5, and 20wt.% NaCl on the mole fraction of precipitated
REE in calcite (𝑋REE calcite).

The overall partitioning behavior of the REE is similar at
all simulated conditions, where the heavy (H)REE, including
Er, Dy, Yb, andHo, are preferentially incorporated into calcite
at low temperature and the light (L)REE, including La, Ce,
and Pr, at higher temperature. An overall decrease with
temperature of simulated 𝑋REE in calcite is also observed
for all the REE, which correlates with an increase of calcite
precipitation at higher temperature. The simulated 𝑋REE
display more significant fractionation at low temperature
(<250∘C); this becomes less pronounced at elevated tempera-
ture (>350∘C).This behavior is exemplified by the simulations
with 0.5 wt.% NaCl and 5 g of added calcite (Figure 4(a)). In
these simulations, Dy and Er are preferentially incorporated
into calcite at ∼100∘C, and the LREE at temperatures >150∘C
until 𝑋REE in calcite does not change significantly for either
the LREE or HREE at >250∘C.

Comparison of the simulations with 5 g of added calcite
(Figures 4(a), 4(c), and 4(e)) versus the simulations with
10 g of added calcite (Figures 4(b), 4(d), and 4(f)) displays
an overall shift of 𝑋REE in calcite with temperature, which
correlates with the onset of calcite saturation. Simulations
with 20wt.% NaCl (Figures 4(e) and 4(f)) illustrate this
partitioning behavior, where peaks of 𝑋Er and 𝑋Dy occur at
temperatures of∼200∘C in themodelwith 5 g of added calcite,
whereas these peaks are shifted to ∼150∘C in the model with
10 g of added calcite, respectively.

Simulations carried out at 0.5, 5, and 20wt.%NaCl display
an overall decrease in calcite saturation with increasing
salinity. This decrease in calcite solubility results in an
important shift in the fractionation behavior of HREE versus
LREE with increasing temperature. More importantly, the
fractionation behavior of the REE becomesmore pronounced
with increasing salinity. For example, in the simulations
with 5 g of added calcite (Figures 4(a), 4(c), and 4(e)), the
fractionation between LREE and HREE in calcite is less
significant at temperatures of>400∘C for the simulationswith
an initial salinity of 20wt.% NaCl, whereas this temperature
threshold drops to ∼250∘C for the simulation with 0.5 wt.%
NaCl. These observations suggest that salinity and calcite

saturation both play a major role in the partitioning behavior
of the REE in natural systems.

5.2. Model IIb: REE Speciation as a Function of Temperature.
Thestability of aqueous REE complexes is simulated inModel
IIb for Ce, Nd, and Er as a function of temperature and
salinity, where the REE were allowed to fractionate into
calcite (Figure 5). Carbonate and bicarbonate are the major
ligands for REE speciation at temperatures ranging between<200–250∘C in the low salinity system (0.5 wt.% NaCl;
Figures 5(a), 5(c), and 5(e)).The stable LREE (i.e., Ce andNd)
species are dominantly bicarbonates (i.e., NdHCO3

2+ and
CeHCO3

2+) at the simulated conditions, whereas the HREE
display a larger stability for carbonate species (i.e., ErCO3

+).
An overall decrease in simulated REE ligand activities is
observed with increasing temperature due to an increase in
REE-bearing calcite precipitation related to its retrograde
solubility. The simulated activities of REE chloride species
increase with temperature, level off, and decrease again.
These species are relatively unimportant, however, due to the
elevated pH conditions at calcite saturation. The simulated
REE species are dominantly REE hydroxyl complexes with
very low overall REE activities in the aqueous fluid above a
temperature of 200∘C.

Thedominant REE species are different in the simulations
with a salinity of 20wt.% NaCl. The carbonate and bicar-
bonate species are replaced by REE chlorides (i.e., REECl2+
and REECl2

+) in the saline system at temperatures up to
300–350∘C for Ce and Nd and up to 250∘C for Er (Figures
5(b), 5(d), and 5(f)). At elevated temperatures, a higher
stability of LREE over the HREE chloride species is observed,
where the overall activity of REE decreases sharply between
100 and 400∘C. It follows that the REE hydroxyl species play
a minor role for the mobility of the REE in the saline system.

6. Implications for REE Partitioning in
Natural Systems

6.1. Uncertainties and Assumptions of theModel. Thenumer-
ical simulations presented in this study are meant to repre-
sent several scenarios of calcite vein formation. It must be
emphasized that these models assume a simplified closed-
system under varying hydrothermal conditions to assess in
more detail the chemistry of REE-bearing fluids saturated
with calcite. In an effort to better understand the speciation
and partitioning of the REE, simplifications of the simulated
fluids required the exclusion of some components sometimes
found in natural systems, such as F, P, and S. While these
exclusions represent a limitation in the way of directly
applying these models to certain natural systems, doing so
allowed us to selectively assess the effects of REE hydroxides
and calcite solubility on the REE partitioning behavior in
these fluids, decoupled from other possible controls. For
example, F-bearing minerals such as bastnäsite-(Ce) and
P-bearing minerals such as monazite-(Ce) have very low
solubilities [72–75] and will sequester some of the LREE from
the fluids.
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Figure 4: Rare earth element fluid-calcite partitioning Model IIa at 1 kbar, showing the mole fraction of REE (𝑋REE) in calcite as a function
of temperature, salinity (0.5, 5, and 20wt.% NaCl), and calcite saturation.The starting fluid had a composition of 100 ppm REE,𝑋CO2 of 0.1,
and 5 to 10 g of calcite.
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Figure 5: Rare earth element fluid-calcite partitioning Model IIb at 1 kbar, showing the speciation of REE in a fluid in equilibrium with REE-
bearing calcite as a function of temperature and salinity (0.5 and 20wt.% NaCl).The starting fluid had a composition of 100 ppm REE,𝑋CO2
of 0.1, and 50 g of calcite.
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An uncertainty of the current model resides in the
difficulty in determining the accuracy of the thermodynamic
properties for REE carbonate, bicarbonate, and hydroxyl
aqueous species at high temperature. These data rely on
theoretical extrapolations of Haas et al. [36] from ambient
condition experiments and have not yet been experimentally
verified, except for certain hydroxyl species (see review by
Migdisov et al. [39]). Experimental data fromWood et al. [37]
for Nd hydroxyl species show that the theoretical predictions
of Haas et al. [36] may significantly overestimate the stability
of these complexes at elevated temperature.This is in contrast
to the study by Pourtier et al. [38], who determined the
solubility of monazite-(Nd) from 300 to 800∘C at 2MPa.
These experiments better agree with the predictions by Haas
et al. [36] at 300∘C in the low pH range, whereas their
experiments showed better agreementwithWood et al. [37] at
high pH. Due to the limited availability of experimental data
at high temperature, the present simulations were created
using the extrapolations from Haas et al. [36], which permit
us to keep an internally consistent dataset of theREEhydroxyl
species. Simulations with high salinities and low pH are not
likely to be affected by these data since the major REE ligands
are predominantly chloride species based on experimentally
derived thermodynamic data at hydrothermal conditions
[39]. Our results show, however, that REE hydroxyl com-
plexes could contribute significantly to the overall dissolved
REE content within ore-forming fluids at near-neutral to high
pH. It is therefore imperative to gather more data for these
complexes in order to successfully understand and model
these species at elevated temperature.

Lastly, thermodynamic data for Lu(OH)3(s) are not
available, as it was omitted in the Navrotsky et al. [56]
study. Cerium-, Dy-, Er-, and Tm(OH)3(s) thermodynamic
data from the aforementioned study were derived from
thermochemical data reported in Diakonov et al. (1998)
[76]. These thermodynamic properties were calculated from
available literature data, and unknown values were found
using the correlations given in Bratsch and Lagowski [77].
This highlights another need for more experimental data for
REE-bearing minerals and further verification of theoretical
predictions.

6.2. Hydrothermal REETransport andComparison to Previous
Modeling Studies. The REE commonly form complexes with
the following ligands in crustal fluids: Cl−, CO3

2−, F−, OH−,
PO4
3−, and SO4

2−. The stability of these REE complexes
from ambient temperature up to ∼150∘C can be predicted
using Pearson’s rules [78, 79]. These rules are based on the
hard/soft ligand theory and state that monovalent ligands,
when complexed with REE, have the following order of
stability: F− > OH− > NO3

− > Cl− > Br−. Divalent ligands
are predicted to have the following order of stability: CO3

2− >
SO4
2− > PO4

3−. Based on ionic REE properties, the stability
of REE complexes increases with atomic number from La to
Lu, where the stability of Y would be between Ho and Er, and
the stability of Sc would be after Lu [78, 79].

Experimental studies have shown that at higher tem-
perature (above 150∘C) the speciation behavior of the REE

deviates considerably from these predictions. At these con-
ditions, the REE chloride and fluoride complexes show a
decrease in stability from La to Lu leading to a possible frac-
tionation of the REE [35, 39]. Despite REE forming stronger
complexes with fluoride than chloride, a numerical modeling
study by Migdisov and Williams-Jones [71] concluded that
chloride is the main transporting ligand in natural ore-
forming fluids. These simulations were carried out between
200 and 400∘C at 1 kbar, focusing on several subsystems,
including REE-F-Cl-H-O. Their simulated predictions indi-
cate that, at low to weakly acidic pH, the REE chloride
species are dominant, and their predominance field increases
to higher pHwith increased temperature, leading to dissolved
REE concentrations of >1 ppm. At near-neutral and alkaline
pH, when the weak hydrofluoric acid (HF0) dissociates
to release a proton (H+) and F−, fluoride is available to
complex with the REE. However, due to the presence of
insoluble REEfluorides (REEF3) in their simulations, theREE
concentrationswere decreased considerably in the fluids.This
ledMigdisov andWilliams-Jones [71] to interpret the fluoride
ions as depositional ligands (i.e., leading to precipitation), as
opposed to a transporting ligand represented by the chloride
ions. Even though solid REE fluorides are not commonly
observed in natural systems, their major point was that
insoluble F-bearing minerals will control the availability
of REE at high pH. These may include fluorocarbonates
(bastnäsite and synchysite) and even REE-bearing fluorite.

Our study is in agreementwith these previous simulations
byMigdisov andWilliams-Jones [71], as seen in the speciation
diagrams (Figures 1–3). In our simulations, the REE chloride
species were stable at low to near-neutral pH at 150 and
350∘C, with increased stability at the higher temperature.
Since our models are free of F but contain CO2, the mobility
of the REE is not limited by the solubility of REE fluorides
at high pH, but by the solubility of the REE hydroxides,
which become stable at pH values ranging between ∼3.75 and∼6, depending on the simulated conditions. This limits the
mobility of the REE at near-neutral pH. However, significant
addition of a base such as NaOH at high temperature will
buffer the pH to values>7.5–8 to 10 and permit the dissolution
of significant amounts of REE due to the increased stability
of the REE(OH)4

− species (Figures 1–3; models at 350∘C).
This REE hydroxyl species could therefore function as a main
transporting ligand, especially in high temperature alkaline
fluids that may be present in carbonatite systems [23].

Themobility of the REE will also depend on the solubility
of the REE-bearing calcite considering a solid solution
between the REE hydroxides and CaCO3 (Figures 4 and
5). In contrast to the speciation model (Model Ia–c), the
simulated REE partitioning model (Model II) assumes a pH
that is buffered uniquely by fluid-calcite equilibria (without
additional NaOH). At these conditions, the predicted trans-
porting ligands for the REE are the bicarbonate/carbonate
complexes in a high CO2 and low salinity system, and the
chloride complexes in a high CO2 and high salinity system
(Figure 5). In addition, the REE are predicted to more soluble<200∘C, which is closely related to the retrograde solubility
behavior of calcite; this favors the mobilization of the REE.
The increased stability of calcite at high temperature will lead
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Figure 6: Chondrite-normalized REE profiles of calcite simulated
in this study compared to natural calcite compositions from the
Bear Lodge, WY, and Kerimasi, Tanzania, carbonatite REE deposits.
The middle (M)REE- and HREE-enriched profiles are interpreted
as hydrothermal calcite and the LREE-enriched profiles asmagmatic
calcite [31, 32]. Chondrite data are fromMcDonough and Sun (1995)
[3].

to very low REE activities, and REE hydroxyl species seem
therefore unimportant for REE mobilization. This implies
that, in a calcite vein, lower temperature and the presence
of chloride and carbonate/bicarbonate complexes will play an
important role for transport of REE in hydrothermal systems.

6.3. REE Partitioning in Natural Calcite. Fluid reservoirs and
REE mineral solubilities are commonly assumed to be the
main limiting factors for the partitioning of REE between
calcite-fluid in natural systems [27]. Chondrite-normalized
REE profiles of natural calcite are generally LREE-enriched,
due to their closer ionic radii to Ca (i.e., 1.03 Å for La3+
and 1.00 Å for Ca2+ in 6-fold coordination). In carbonatites
such as at Bear Lodge, WY, calcite compositions display
variations in their REE fractionation behavior between LREE
and HREE, which has been ascribed to hydrothermal pro-
cesses [9, 31], and this is also observed in other carbonatite
complexes [32]. A compilation of REE concentrations in
natural calcite from carbonatite complexes (Table 1) reveals
that magmatic REE profiles are commonly LREE-enriched,
whereas hydrothermal overprint may lead to enrichment in
middle (M)REE and HREE, leading to characteristic REE
profiles as shown in Figure 6.

It is presently difficult to quantify the exact processes
responsible for these observed compositional variations of
calcite in natural systems. Even though our simulations show
the closed-system behavior of the REE solubility during
calcite-fluid interaction while natural systems are expected
to display dynamic open-system behavior, we can still begin

to quantify some of the REE variations observed in natural
calcite. The fluid composition plays an important role for
the speciation and availability of the REE, in particular pH,
salinity, and XCO2 (Figures 1–3). In addition, the solubility
of REE minerals plays a significant role for the mobility of
the REE, though simple REE compounds such as the REE
hydroxides are not commonly formed in natural systems.
One of the reasons for this is the very low solubility of REE
minerals such as the fluorocarbonates bastnäsite-(Ce) and
parisite-(Ce) [75]. However, some calcite veins are devoid of
these minerals, and the solubility of the REE hydroxides is
controlled by the retrograde solubility of calcite (Figures 4
and 5), which could explain the absence of these minerals in
natural systems at such conditions.

Comparison of the simulated REE concentration using
our partitioningmodel (Model II) with data of natural calcite
compositions from Bear Lodge and other carbonatite com-
plexes (Figure 6) indicates that lower temperatures and/or
higher salinities will favor fractionation between LREE and
HREE. In contrast, increasing temperature will tend to
yield flatter REE chondrite-normalized profiles. Despite the
simplified approach taken in the present study for simulating
the partitioning of the REE, the model fits remarkably well
with the REE profiles of natural hydrothermal calcite from
Bear Lodge. Besides temperature and salinity, the fluid/rock
ratio affects the overall enrichment of REE in calcite for a
given initial REE concentration of the hydrothermal fluid
(i.e., the model had a starting concentration of 100 ppm for
each of the REE). In these simulations, the initial calcite to
fluid ratio was set to 1000 g calcite per kg fluid to reproduce
absolute REE values within the range observed in natural
calcite. Using lower calcite/fluid ratios results in a shift
towards higher chondrite-normalized profiles, but it does
not affect the overall REE patterns observed in Figure 6.
These findings could potentially be used in future studies to
determine the calcite/fluid ratios inwell characterized natural
systems. Additionally, some variations can be seen between
neighboring REE of the simulated chondrite-normalized cal-
cite compositions, whereas the natural calcite compositions
generally display smooth chondrite-normalized trends. The
exact nature of these variations may be related to either
the initial REE concentrations in the model or to the solid
solution model assumed in this study. Determining these
differences between the partitioning model and natural sys-
tems will require additional well-constrained experimental
investigations.

7. Conclusions

To better understand the mechanisms of REE mobilization
and mineralization in natural hydrothermal ore-forming
systems requires a fundamental knowledge of the effects
of fluid chemistry on metal transport and mineralization
processes. To our knowledge, this study is the first attempt to
model the partitioning of REE between calcite and fluids in
hydrothermal ore deposits. The simulated REE partitioning
model indicates that, for a system controlled by calcite-fluid
equilibria (e.g., in a calcite vein), the main transporting lig-
ands for theREEwill be the bicarbonate/carbonate complexes
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in a high CO2 and low salinity system, and this shifts to the
chloride complexes in a high CO2 and high salinity system.
In addition, the REE are predicted to be more soluble at<200∘C, which is related to the retrograde solubility behavior
of calcite. Inmore alkaline fluids, REE hydroxyl complexmay
start to play an important role for the solubility and transport
of the REE in high temperature fluids.

The current lack of experimental data for the REE
hydroxyl and carbonate/bicarbonate complexes at elevated
temperature leads to uncertainties in our prediction capabili-
ties of the mobility of REE in hydrothermal fluids. Additional
experimental work is needed to provide new REE partition-
ing data for calcite-fluid at hydrothermal conditions, which
is part of our ongoing investigations. Further development of
the simulated model may be extended to other types of ore
deposits where hydrothermal calcite plays an important role
to vector fluid-rock reactions and ore mineralization.
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“The aqueous geochemistry of the rare earth elements and
yttrium. Part XI. The solubility of Nd(OH)3 and hydrolysis

of Nd3+ from 30 to 290∘C at saturated water vapor pressure
with in-situ pH𝑚 measurement,” in Water-Rock Interactions,
Ore Deposits, and Environmental Geochemistry: A Tribute to
David A. Crerar, R. Hellmann and S. A. Wood, Eds., vol. 7, pp.
229–256, 2002.

[38] E. Pourtier, J.-L. Devidal, and F. Gibert, “Solubility measure-
ments of synthetic neodymium monazite as a function of
temperature at 2 kbars, and aqueous neodymium speciation in
equilibrium with monazite,” Geochimica et Cosmochimica Acta,
vol. 74, no. 6, pp. 1872–1891, 2010.

[39] A. Migdisov, A. E. Williams-Jones, J. Brugger, and F. A.
Caporuscio, “Hydrothermal transport, deposition, and frac-
tionation of the REE: Experimental data and thermodynamic
calculations,” Chemical Geology, vol. 439, pp. 13–42, 2016.

[40] E. Curti, D. A. Kulik, and J. Tits, “Solid solutions of trace Eu(III)
in calcite:Thermodynamic evaluation of experimental data over
a wide range of pH and pCO2,” Geochimica et Cosmochimica
Acta, vol. 69, no. 7, pp. 1721–1737, 2005.

[41] J. C. Brice, “Some thermodynamic aspects of the growth of
strained crystals,” Journal of Crystal Growth, vol. 28, no. 2, pp.
249–253, 1975.

[42] B. J. Wood and J. D. Blundy, “A predictive model for rare earth
element partitioning between clinopyroxene and anhydrous
silicate melt,” Contributions to Mineralogy and Petrology, vol.
129, no. 2-3, pp. 166–181, 1997.

[43] W. L.McIntire, “Trace element partition coefficients-a review of
theory and applications to geology,” Geochimica et Cosmochim-
ica Acta, vol. 27, no. 12, pp. 1209–1264, 1963.

[44] D. A. Kulik, “Dual-thermodynamic estimation of stoichiometry
and stability of solid solution end members in aqueous-solid
solution systems,” Chemical Geology, vol. 225, no. 3-4, pp. 189–
212, 2006.

[45] D. A. Kulik, T. Wagner, S. V. Dmytrieva et al., “GEM-
Selektor geochemical modeling package: Revised algorithm
and GEMS3K numerical kernel for coupled simulation codes,”
Computational Geosciences, vol. 17, no. 1, pp. 1–24, 2013.

[46] E. J. Elzinga, R. J. Reeder, S. H. Withers et al., “EXAFS study
of rare-earth element coordination in calcite,” Geochimica et
Cosmochimica Acta, vol. 66, no. 16, pp. 2875–2885, 2002.

[47] D. L. Parkhurst and C. A. J. Appelo, Description of input
and examples for PHREEQC version 3: a computer program
for speciation, batch-reaction, one-dimensional transport, and
inverse geochemical calculations, VA, Reston, 2013.

[48] T. Xu, N. Spycher, E. Sonnenthal, G. Zhang, L. Zheng, and K.
Pruess, “TOUGHREACT version 2.0: a simulator for subsur-
face reactive transport under non-isothermal multiphase flow
conditions,” Computers & Geosciences, vol. 37, no. 6, pp. 763–
774, 2011.

[49] C.M. Bethke,Geochemical and Biogeochemical ReactionModel-
ing, Cambridge University Press, Cambridge, UK, 2nd edition,
2008.

[50] T. Wagner, D. A. Kulik, F. F. Hingerl, and S. V. Dmytrievava,
“GEM-Selektor geochemical modeling package: TSolMod
library and data interface for multicomponent phase models,”
The Canadian Mineralogist, vol. 50, no. 5, pp. 1173–1195, 2012.

[51] P. Lanari, T. Wagner, and O. Vidal, “A thermodynamic model
for di-trioctahedral chlorite fromexperimental andnatural data
in the systemMgO-FeO-Al2O3-SiO2-H2O: Applications to P-T
sections and geothermometry,”Contributions toMineralogy and
Petrology, vol. 167, no. 2, pp. 1–19, 2014.



Geofluids 19

[52] A. P. Gysi, “Numerical simulations of CO2 sequestration in
basaltic rock formations: Challenges for optimizing mineral-
fluid reactions,” Pure and Applied Chemistry, vol. 89, no. 5, pp.
581–596, 2017.

[53] A. M. M. Leal, D. A. Kulik, and M. O. Saar, “Enabling Gibbs
energy minimization algorithms to use equilibrium constants
of reactions in multiphase equilibrium calculations,” Chemical
Geology, vol. 437, pp. 170–181, 2016.

[54] A.M.M. Leal, D. A. Kulik, and G. Kosakowski, “Computational
methods for reactive transport modeling: A Gibbs energy min-
imization approach for multiphase equilibrium calculations,”
Advances in Water Resources, vol. 88, pp. 231–240, 2016.

[55] T. J. B. Holland and R. Powell, “An internally consistent
thermodynamic data set for phases of petrological interest,”
Journal of Metamorphic Geology, vol. 16, no. 3, pp. 309–343,
1998.

[56] A. Navrotsky, W. Lee, A. Mielewczyk-Gryn et al., “Thermody-
namics of solid phases containing rare earth oxides,”The Journal
of Chemical Thermodynamics, vol. 88, pp. 126–141, 2015.

[57] J. W. Johnson, E. H. Oelkers, and H. C. Helgeson, “SUPCRT92:
A software package for calculating the standard molal thermo-
dynamic properties of minerals, gases, aqueous species, and
reactions from 1 to 5000 bar and 0 to 1000∘C,” Computers &
Geosciences, vol. 18, no. 7, pp. 899–947, 1992.

[58] G. D.Miron, T.Wagner, D. A. Kulik, and C. A. Heinrich, “Inter-
nally consistent thermodynamic data for aqueous species in
the system Na-K-Al-Si-O-H-Cl,” Geochimica et Cosmochimica
Acta, vol. 187, pp. 41–78, 2016.

[59] B. R. Tagirov, A. V. Zotov, and N. N. Akinfiev, “Experimental
study of dissociation of HCl from 350 to 500∘C and from 500 to
2500 bars: Thermodynamic properties of HCl∘(𝑎𝑞),” Geochimica
et Cosmochimica Acta, vol. 61, no. 20, pp. 4267–4280, 1997.

[60] M. L. Frenkel, Thermodynamics of Organic Compounds in the
Gas State, vol. 1, CRC Press, 1994.

[61] P. Proust and J. H. Vera, “PRSV: The stryjek-vera modification
of the peng-robinson equation of state. Parameters for other
pure compounds of industrial interest,” The Canadian Journal
of Chemical Engineering, vol. 67, no. 1, pp. 170–173, 1989.

[62] R. Stryjek and J. H. Vera, “PRSV: An improved peng—Robinson
equation of state for pure compounds and mixtures,” The
Canadian Journal of Chemical Engineering, vol. 64, no. 2, pp.
323–333, 1986.

[63] E. L. Shock and H. C. Helgeson, “Calculation of the thermo-
dynamic and transport properties of aqueous species at high
pressures and temperatures: correlation algorithms for ionic
species and equation of state predictions to 5 kb and 1000∘C,”
Geochimica et Cosmochimica Acta, vol. 52, no. 8, pp. 2009–2036,
1988.

[64] E. L. Shock, D. C. Sassani, M. Willis, and D. A. Sverjensky,
“Inorganic species in geologic fluids: correlations among stan-
dard molal thermodynamic properties of aqueous ions and
hydroxide complexes,” Geochimica et Cosmochimica Acta, vol.
61, no. 5, pp. 907–950, 1997.

[65] G. D. Miron, D. A. Kulik, S. V. Dmytrieva, and T. Wagner,
“GEMSFITS: Code package for optimization of geochemical
model parameters and inverse modeling,” Applied Geochem-
istry, vol. 55, pp. 28–45, 2015.

[66] R. A. Robinson and R. M. Stokes, “The Debye-Hückel formula
for the activity coefficient,” Electrolyte Solutions. Butterworths,
London, pp. 229–232, 1968.

[67] H. C. Helgeson, D. H. Kirkham, and G. C. Flowers, “Theo-
retical prediction of the thermodynamic behavior of aqueous

electrolytes at high pressures and temperatures: IV. Calculation
of activity coefficients, osmotic coefficients, and apparent molal
and standard and relative partial molal properties to 600𝑜C and
5 kb,”American Journal of Science, vol. 291, no. 10, pp. 1249–1516,
1981.

[68] M. P. Smith, P. Henderson, and L. S. Campbell, “Fractionation
of the REE during hydrothermal processes: Constraints from
the Bayan Obo Fe-REE-Nb deposit, Inner Mongolia, China,”
Geochimica et Cosmochimica Acta, vol. 64, no. 18, pp. 3141–3160,
2000.

[69] A. E. Williams-Jones, I. M. Samson, and G. R. Olivo, “The
genesis of hydrothermal fluorite-REE deposits in the Gallinas
Mountains, New Mexico,” Economic Geology, vol. 95, no. 2, pp.
327–341, 2000.

[70] M. P. Smith and P. Henderson, “Preliminary fluid inclusion
constraints on fluid evolution in the Bayan Obo Fe-REE-Nb
deposit, inner Mongolia, China,” Economic Geology, vol. 95, no.
7, pp. 1371–1388, 2000.

[71] A. A. Migdisov and A. E. Williams-Jones, “Hydrothermal
transport and deposition of the rare earth elements by fluorine-
bearing aqueous liquids,” Mineralium Deposita, vol. 49, no. 8,
pp. 987–997, 2014.

[72] F. Poitrasson, E. Oelkers, J. Schott, and J.-M. Montel, “Exper-
imental determination of synthetic NdPO4 monazite end-
member solubility in water from 21∘C to 300∘C: Implications
for rare earth element mobility in crustal fluids,” Geochimica et
Cosmochimica Acta, vol. 68, no. 10, pp. 2207–2221, 2004.

[73] Z. S. Cetiner, S. A. Wood, and C. H. Gammons, “The aqueous
geochemistry of the rare earth elements. Part XIV.The solubility
of rare earth element phosphates from 23 to 150 ∘C,” Chemical
Geology, vol. 217, no. 1-2, pp. 147–169, 2005.

[74] A. P. Gysi, A. E. Williams-Jones, and D. Harlov, “The solubility
of xenotime-(Y) and other HREE phosphates (DyPO4, ErPO4
and YbPO4) in aqueous solutions from 100 to 250∘C and psat,”
Chemical Geology, vol. 401, pp. 83–95, 2015.

[75] A. P. Gysi andA. E.Williams-Jones, “The thermodynamic prop-
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