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Abstract:

This contribution presents a thermodynamic model revealing the mechanisms responsible for
separation of Heavy and Light Rare Earth (HREE and LREE) phosphates in natural
hydrothermal systems at temperatures of 250-350 °C. Our calculations were performed for an
isothermal column of rock containing 0.5 wt% of apatite (Ca phosphate), which served as an
immobilizing agent for REE dissolved in the solution. REE were transported by 10 wt% NaCl
acidic solution. The model accounted for formation of REE phosphate solid solutions through a
regular mixing model. It demonstrates that hydrothermal flushing can efficiently separate REE
forming xenotime (HREE phosphate solid solutions) at the beginning of the column, and re-
transportation of monazite (LREE rich) to the end of the column. This separation is primarily due
to the fact that at elevated temperatures stability LREE chloride complexes is significantly higher
than that for HREE. The model also evaluates behavior of U and Th, which accompany REE in
vast majority of natural locations. It was found that U strongly fractionates to xenotime, whereas
Th fractionates to monazite. This phenomenon can be explained by the differences in crystal-
chemical characteristics between monazite and xenotime, and the mobility of Th in aqueous
solutions at elevated temperatures.
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1. Introduction

Development of new technologies, particularly those designed to address environmental
concerns, and those that are essential for renewable energy applications (such as wind turbines,
solar panels, electric cars, and advanced batteries), has called for a great demand in Rare Earth
Elements (REE) materials. The global production of REE, however, is largely restricted to a
single country (China), and thus supplies of these elements are vulnerable to political and/or
economic decisions that are beyond the control of global markets. As these elements are critical
for the future economy, there has been considerable pressure to find new sources [1]. In the US
alone, the annual REE consumption currently approaches 20,000 metric tons [2], and meeting
such a scale of demand most likely requires sustainable domestic mining, which, in turn,
suggests that either new natural sources of REE (new ore deposits) have to be found, or new
technologies must be developed for more efficient extraction of these elements from existing
sources. These goals (at least with regards to finding new sources) cannot be achieved without
quantitative understanding of chemical mechanisms responsible for transport, fractionation, and
concentration of REE in natural processes leading to the formation of natural REE deposits.

It is now almost universally agreed that hydrothermal fluids commonly mobilize the REE and
concentrate to economic levels. Thus, besides the need for basic REE science, understanding the
behavior of REE in hot aqueous solutions circulating in Earth’s crust is required for developing
tools to discover new economic REE supplies. Recently, we have summarized thermodynamic
data currently available on the behavior of REE in hydrothermal systems and proposed a set of
models, evaluating the main controls of the formation of monazites and xenotimes (REE-
phosphates, one of the main ore minerals supplying REE to industry) from natural solutions [3].
These models suggest the mobilization of REE in natural hydrothermal systems occurs primarily
in acidic (pH<3) solutions rich in chloride- and sulfate, and depleted in fluoride- and phosphate,
carrying REE in concentrations of up to several hundred ppm [4]. REE deposition is related to
the encounter of these solutions with rocks containing apatite (Ca-phosphate). These models
additionally investigated, to the first approximation, the conditions at which these processes can
lead to the separation of Medium and Heavy REE (M/HREE) which are highly sought out in
industry, from the less economically attractive Light REE (LREE).

It should be noted, however, that the models proposed in Migdisov et al. [3] are highly
approximate. Mainly, the calculations reported did not account for the ability of REE phosphates
to form multi-component solid solutions, where deposition and fractionation of the REE was
modelled through corresponding pure end-member REE phosphates. This is a significant
deficiency in the model: natural monazites and xenotimes always form solid solutions, which are
more complex than end members [5]. Monazite solid solutions, which adopt a monoclinic
structure (space group P2,/n, Figure 1-left), are predominated [6] by Ce, La, or Nd phosphates
(Ce-, La-, and Nd-monazites, respectively) and can effectively incorporate all L/MREE (down to
Gd) together with U and Th [7]. Xenotime solid solutions that possess a tetragonal structure
(space group 14,/amd, Figure 1-right), are typically predominated by Y phosphates and contain
mostly HREE together with U and Th [8]. The monazite structure is comprised of chains of
alternating [PO4] tetrahedra, and nine-fold coordinated REE and substituted U/Th (Fig. 1-left).
The xenotime structure is of zircon (ZrSiO4) type, consisting of eight-coordinated REE/U/Th site
and [PO4] (Fig. 1-right). The differences between the two structures result in their different
preferences for REE/U/Th: monazite favors L/MREE and Th, while xenotime favors HREE and
U. This behavior can simply be interpreted by the size effect of substituting ions, i.e., the larger
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Figure 1. Crystal structures of monazite (left) and xenotime (right). The figures are drawn based
on the structure data of CePOy (left) and YPO4 (right) [6]. Grey tetrahedron represents [PO4],
yellow polyhedron represents [CeOg] and blue polyhedron represents [YOs]. Blue lines denote
the unit cell.

L/MREE and Th prefer the larger nine-fold coordinated site in monazite and the smaller HREE
and U prefer the smaller eight-fold coordinated site in xenotime [9]. However, due to the varying
sizes among L/MREE/Th or HREE/U, their monazite or xenotime solid solutions expectedly
exhibit non-ideal mixing behavior. As a result, reactivity of solid solution components can be
significantly different from that of individual end-members, and can therefore modify or shift the
main trends observed in end-member phases [3]. In addition, these models do not account for the
occurrence of U and Th, whose presence (up to 20 wt %) in monazite and xenotime poses
significant problems for the REE mining industry as radioactive elements require special
measures to be taken for their treatment and disposal, significantly increasing the REE recovery
costs [10—12]. On the other hand, being the primary REE-bearing ore mineral, monazite with an
elevated content of Th, is also the main Th ore mineral, and with respect to the Th mining
industry, the role of Th in monazite shifts from a highly unwelcome contaminant to a main
mining commodity. Hence, development of thermodynamic models that predict the formation of
both U/Th-enriched and U/Th-depleted monazite/xenotime is crucial for the discovery of new,
economically feasible, resources of REE while fulfilling the needs of Th-mining industry.

In this contribution, we attempt to expand the calculations reported in Migdisov et al. [3] by
incorporating solid solution models for monazites/xenotimes and by accounting for the mobility
of U and Th in aqueous solutions. We propose a first, though approximate, evaluation of the
mechanisms that potentially can be responsible for natural separation of REE and actinides.

2. Description of the model

The model presented here simulates progressive hydrothermal alteration and re-distribution of
REE, U, and Th by acidic solutions in a one-dimensional column of a rock containing 0.5 wt%
apatite, which was evaluated using the step-flow reactor approach (“box-model”). The scenario
evaluated in our model is illustrated in Figure 2. The initial event (“step 1”’) involved interaction
and equilibration of a 1 kg aliquot of the solution carrying REE, U, and Th with 1 kg of rock,



100

105

110

115

120

125

wave n+1

Figure 2. A sketch of the model calculated to evaluate fractionation of REE, U, and Th after
interaction of a 10 wt.% NaCl solution carrying these elements with a rock containing 0.5 wt%
apatite

resulting in the deposition of monazite/xenotime minerals. This equilibrated fluid was moved to
the second reactor where it was equilibrated with 1 kg of fresh, unaltered rock; the resulting fluid
was subsequently moved to the next reactor once again containing 1 kg of fresh, unaltered rock.
This operation procedure was repeated 50 times, creating a column of rock altered by the first
passage of the fluid aliquot (“wave 1”°). After completion of the first “wave”, a new portion of
fluid (1 kg) of the same composition, was flushed through the already altered column in an
identical manner (“wave 2”), as described above. The number of “waves” evaluated in the model
ranged from 5 to 50; this computational technique is one of the simplest approaches to evaluate
the possibility for separation of REE, U, and Th in systems continuously flushed by
hydrothermal solutions, allowing for an investigation on the behavior of REE, U, and Th at
changing fluid/solid ratios. The models were formulated using the HCh/Unitherm code [13].

Calculations were performed at isothermal conditions of 250, 300, and 350 °C. Temperature
selection was based on fluid inclusion homogenization temperatures reported for known REE
deposits [4,14—16]. These studies suggest the temperature range of 250-500 °C, which broadly
corresponds to the temperature interval of primary relevance for the hydrothermal transport and
deposition of REE. However, we have restricted the model to 350 °C to avoid uncertainties
associated with long-range temperature extrapolation of thermodynamic properties of aqueous
species (see below). In order to avoid alteration of the observed trends by pH, redox, and other
buffering parameters of the rock, the latter was assumed to be chemically inert and the only
chemically active component of it was apatite. The composition of the solution was set based on
compositions documented for solutions associated with natural REE ore forming systems. Fluid
inclusion studies indicate that the Bayan Obo deposit in China was formed from brines
containing 7 to 10 wt.% NaCl equivalent [14]. The fluids responsible for ore deposition at
Gallinas Mountains contained 12 to 18 wt.% NaCl equivalent [15], and the Karonge deposits
formed from a brine containing 25 wt.% NaCl equivalent [16]. To avoid uncertainties associated
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with poorly defined activity models for highly saline brines at elevated temperatures, the solution
selected for calculations contained only 10 wt.% NaCl (1.72 mol/kg) and simulated the scenario
of re-distribution of REE, U, and Th by fluid containing 10 wt.% NaCl. Concentrations of REE
in the solution associated with the initial depositional event (“step 1”’) were closely approximated
to the composition of fluid inclusions from the Capitan Pluton REE mineralization (Table 1),
documented by Banks et al. [4].These authors, however, did not report the concentrations of Y,
the main component of xenotime solid solutions. Natural occurrence of Y varies significantly; in
our calculations, the concentrations of this element were set to be one third of the concentrations
of La and Ce. Concentrations of U and Th in these solutions were fixed by their saturation with
respect to uraninite (UO;,) and thorianite (ThO,), respectively, at the temperature of calculations.
The value of pH' of the initial solution was set at ~2 [17] by adding appropriate amounts of HCI.
Considering that U is a highly redox sensitive element, the scenario discussed above was
modelled at various redox conditions. The most reducing conditions considered in our model
corresponded to the Ni/NiO redox buffer: a typical redox condition encountered in reducing
natural systems (log fO, = -38.06, -33.90, and -30.46, at 250, 300, and 350 °C, respectively). The
oxidizing scenario incorporated redox conditions corresponding to the hematite/magnetite
(Fex03/Fes04) equilibrium (log fO, = -35.22, -30.9, and -27.0, at 250, 300, and 350 °C,
respectively) or higher (e.g., HM+2: log fO, = log fO,"™+2) — another redox state typical of
natural hydrothermal systems. However, Ni and Fe were not included in the chemical description
of our system: redox conditions were set directly through the corresponding fugacity of O,**; in
these calculations, oxygen did not obey the mass balance law and its behavior and content in the
system were controlled by the chemical potential of O,%*. Thus, for each temperature discussed
above, calculations were performed for at least two scenarios: 1) starting solution of 10 wt.%
NaCl, reducing conditions (N1/NiO), and 2) starting solution of 10 wt.% NaCl, oxidizing
conditions (HM+).

3. Thermodynamic description of the system
3.1. Aqueous speciation

A full list of aqueous species employed in the calculations, together with the parameters of
equations of state used to extrapolate their properties to elevated temperature, as well as the data
sources, is provided in the Electronic supplement to this paper. All calculations of equilibrium
compositions conducted in this study employed Haar-Gallaher-Kell [18] and Marshall and
Franck [19] models for calculation of the thermodynamic properties and dissociation constant of
H,O0, respectively. The activities of the individual ions were calculated using the extended
Debye-Hiickel model modified by Oelkers et al. [20] and Oelkers and Helgeson [21] for NaCl-
dominated solutions (recommended for up to I = 6 and T up to 600 °C):

A-[Z)? VI
1+B-a-I
where A and B are the Debye—Hiickel solvent parameters, y;, Zi and a; are the individual molal

activity coefficient, the charge, and the distance of closest approach of an ion i, respectively. The

effective ionic strength calculated using the molal scale is I, I" is a molarity to molality

conversion factor, and b, is the extended-term parameter for NaCl from Oelkers et al. [20] and
Oelkers and Helgeson [21].

logy; = +T'+ b, 1 (D)
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Thermodynamic properties of basic aqueous species O2%q, H2%q, Na', NaOH %, NaHS®,,
NaSOy’, NaCl%,, and CI” were taken from Johnson et al. [22], Shock et al. [23], and Sverjensky
et al. [24]. The stability of HCI®,q ion pair was evaluated using the combined data from Tagirov
et al. [25] and Ho et al. [26]. Thermodynamic properties of O,**, which was used to control
redox conditions in aqueous solutions, were taken from Holland and Powell [27]. The properties
of simple hydrated ions REE*", Th*", U*', and UO,*" were taken from Shock et al. [23] and [28].

Aqueous complexes of REE: High temperature stability of aqueous REE complexes has been
discussed in detail in Migdisov et al. [3]; thus for topics not covered in the following review the
readers may refer to this publication.

The stability of hydroxyl complexes of REE were modeled using the data reported by Haas et al.
[29]. It should be noted that at the acidic pH modelled in our calculations, these species do not
contribute significantly to the mass balance of dissolved REE. Moreover, as shown by Wood et
al. [30], the data reported in Haas et al. [29] likely overestimates the stability of hydroxyl
complexes of REE at elevated temperatures, and therefore its actual contribution could be even
lower. The data on the stability of chloride complexes of REE at elevated temperatures has been
summarized in Migdisov et al. [3]. The available experimental studies have demonstrated that in
solutions containing up to 5 M NaCl at temperatures up to 300 °C, the dominant REE chloride
complexes are the mono- and dichloride species, REECI*" and REECL,". Figure 3 illustrates the
inter-element dependencies of

thermodynamic stability constants (BCln) for

both of these complexes obtained . A
experimentally at different temperatures. It oo

can be seen from this figure that the 3'2_ X $ e = R
stability of REE chloride species increases % 2_5_ 200 °C

with increasing temperature. For example, g ] %
the stability of the LREE rises ~2 orders of = ]

. . g 3 150 °C
magnitude for a temperature increase from i

150 to 250 °C. The data also shows that the 05 +———————————————
LREE are more stable, and, thus, more ta Co PN Pm SmoBu G4 o Dy Ho B Tm Yb Ly
mobile than the HREE in chloride-bearing e B
aqueous solutions, and this difference in st . 8 e e 96 ag
stability increases with increasing o Ry P T T ey
temperature. Given that, in acidic solutions 2 301 ,,/\\;’ g g oo
containing 10 wt.% (and higher) NaCl, . ’

chloride complexes play a significant role 15 1

in the mass balance of dissolved REE [3], B 'Nd'Pm'Sm'Eu'Gd'Tb'Dy'HD' Er'Tm'Yb'Lu'

the higher stability of LREE complexes
over HREE complexes is one of the main
vehicles for separating LREE from HREE

in hydrothermal processes. The stability of  pjoyre 3. Comparison of the values of the first
Y chloride complexes at hydrothermal formation constants (A) and the second
temperatures has not yet been determined formation constants (B) of REE chloride
experimentally nor evaluated theoretically. . omplexes obtained experimentally [91-96] and

At ambient conditions, however, the predicted theoretically (triangles)[29].
stability of these species was found to be

effectively indistinguishable from those

‘ & Gammons ctal. (199%6) [] Stepanchikova and Kolorin 2005 —&— 1.(1995) O Migisov et al. (2009)
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determined for chloride complexes of Ho and Dy [31] (which is consistent with the similar ionic
radii of these metals: 0.900, 0.901, and 0.912 A for Y, Ho, and Dy, respectively). Considering
the latter, we modelled the behavior of Y chloride complexes assuming them to be identical to
Ho chloride complexes. It should be pointed out, however, that this assumption is a very rough
first approximation, and that accurate modeling of the behavior of Y in Cl-bearing solutions
requires the accumulation of an additional experimental dataset. The data reported in Migdisov et
al. [3] is recommended for calculations up to 350 °C; thus, the upper temperature range
considered in our calculations was limited to this temperature.

Aqueous complexes of U: During the past several years, a number of studies evaluating the
thermodynamics of U aqueous species have been published. Of these studies, a few have
theoretically or experimentally derived high temperature stability constants of U species [32—-34].
The most recent summary of high temperature stability of U species was reported in [34], from
which the majority of the data used in our calculations on the stability of U species were taken;
for detailed information, the readers are referred to [34].

The stability of hydroxyl complexes of U(IV) was calculated based on the data reported in Shock
et al. [28] and summarized in Wang et al. [33]. It should be noted that the derivation of these
properties in Shock et al. [28] are primarily based on the experimental study of Parks and Pohl
[35]. This study, however, only experimentally determined the stability of UOH*" and U(OH),°.
Stability constants for other hydroxyl species of U(IV) were theoretically extrapolated by Shock
et al. [28]. Notably, the values recommended by Parks and Pohl [35] were derived based on the
solubility of UO; determined in Cl-bearing solutions at temperatures up to 300 °C and strictly
reduced conditions. Following the features observed at 25 °C, derivations of the properties of
UOH’" and U(OH),° were performed by the authors assuming ignorable complexation of U(IV)
with chloride. However, the latter assumption is likely erroneous. As it was shown
experimentally in Timofeev et al. [36], at T>250 °C affinity of U(IV) to chloride increases
drastically, and in acidic (pH" = 1.6-2.1) solutions having concentration of NaCl of 0.5-1.5
mol/kg the complex UCl4° became the

predominant species of U(IV) in aqueous

solution. The study of Parks and Pohl [35] was 6

2+
performed at low concentrations of chloride 03 vel B
and involved pH', at which contribution of 7 o ¢
UCl4° was significantly lower than that 2 73 o« =
observed in the experiments of Timofeev et al. g * UCls experimental deta 30
[36]. Nevertheless, there is still possibility that 83
the data derived for UOH®" (whose stability 9| ucr 34
was derived based on the measurements at low 95 00—
pHT, where chloride complexation might have 0 0 " 0 Y
effect) may overestimate the stability of this logaCl

species at elevated temperatures.

The stability of chloride complexes of U(1V) Figure 4. Comparison of predictions

has been discussed in detail in Xing et al. [34].
The authors used an iso-coulombic
extrapolation technique, where, based on the
data available for UF*"and UF,*" [37,38] and
low-T data for chloride species of U(IV)

made based on the extrapolations
reported in Xing et al. [34] with
experimental data reported in Timofeev
et al. [36]
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[37,38], they derived temperature dependence of the formation constants for UCI** and UCL*".
In addition, experiments involving the determination of the solubility of U oxides in acidic NaCl
solutions at controlled redox conditions [36] have recently revealed that the predominant
chloride complex of U(IV) at 250-350 °C is UCl4°; a complex that has not been detected at
ambient conditions. To account for this species in our calculations, the formation constants
reported in Timofeev et al. [36] for 250, 300, and 350 °C were fitted to the modified Ryzhenko-
Bryzgalin model [39] (MRB); the parameters of this equation of state are listed in the
summarizing Table available in the Electronic Supplement. In order to test the obtained dataset
for U(IV)-chloride complexes, we have modeled species distribution in the system
experimentally investigated in Timofeev et al. [36] (up to 1.5 mol/kg NaCl, 300 °C, saturation
with respect to solid UO,, Ni/NiO solid state redox buffer). Extrapolations of Xing et al. [34]
suggest an predominance of UCL?>" under the conditions of the experiments reported by
Timofeev et al. [36], whereas the latter suggests the predominance of UCL° () and concentrations
of dissolved U lower than that predicted by extrapolations. Therefore, we conclude that the
extrapolations of Xing et al. [34] overestimate the stability of UCl,*" and thus we did not account
for this species in our calculations.

Experimental studies have identified a large variety of uranyl-hydroxide complexes at ambient
conditions [32,33]. These include a range of mono-nuclear species varying from UO,OH" to
UO,(OH),*, and a range of poly-nuclear species varying from (UO,),(OH),>" to (UO,)4(OH);".
The properties of these complexes were

reviewed and extrapolated to elevated 10

temperatures in [34]. The authors [34] noted o g || @ Solubly experiments 36] ®
that their extrapolations suggest the stability O | @ insitnUV-vis spectroscopy [41]

of poly-nuclear complexes decrease with g 6] °
increasing temperature. The latter conclusion . 4 °

is in qualitative agreement with our recent Eﬂ ) | °
experimental findings for the behavior of Th vlee e °

hydroxyl complexes [40]. The stability of 0 100 200 300 400
uranyl-chloride complexes was modeled
based on the formation constants obtained )
experimentally using in situ high-T UV-Vis formatlon c.onst‘ant‘s for UOZ_CIZ complex
spectroscopy [41] and solubility techniques obtained using in situ U\_]',VIS spectroscopy

[36] at temperatures up to 350 °C. These data [41] and autoclave solubility technique [36]
indicate that at the conditions of our

calculations, chloride speciation of uranyl is controlled by the complexes UO,CI" and UO,Cl,°;
the latter becoming predominant at T>150-200 °C. In spite of using significantly different
experimental techniques in Migdisov et al. and Timofeev et al. [36,41], the data collected are in
perfect agreement (). This agreement permits us to assume reasonably good accuracy of the
recommended values of formation constants. That said, it should be noted that this dataset is in
significant disagreement with a study performed using the Raman spectroscopic technique [42],
suggesting much higher affinity of uranyl to chloride and the development of high level chloride
species, such as UO,Clj’, UO,Cl,*, and UO,Cls>. Nevertheless, taking into account that the
speciation model proposed by Dargent et al. [42] has not been confirmed by the study conducted
using UV-visible spectroscopy [41], nor the solubility study using the autoclave technique [36],
we conclude that the stability constants reported in Dargent et al. [42] are likely overestimated
and thus we do not consider them here (for a more detailed discussion on this subject, readers are

Figure 5. Comparison of the values of
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referred to Migdisov et al. [43]). Although we do not exclude the possibility that these species
may contribute to the mass balance of dissolved U at higher concentrations of NaCl, at the
conditions considered in our calculations, their occurrence at significant levels is unlikely.

Agueous complexes of Th: Information on the stability of aqueous species of Th is much sparser
than that available for U. The main source of data currently available is [44]. This compilation
however reports stability constants derived only for temperatures below 100 °C: to the best of
our knowledge, the only paper to report the formation constants for aqueous complexes of Th at
hydrothermal conditions is our recent experimental study [40] on the solubility of ThO, in
solutions of variable pH (pH' = 1.5 — 3.5) and NaCl concentrations (0-2.5 mol/kg) at
temperatures up to 250 °C. Thus, the calculations reported in this contribution are based on high-
T extrapolations from the data reported in

[44] and the stability constants derived in

[40]. o8 175°C
At ambient conditions, a number of Th- oo

hydroxyl complexes (Th,(OH),*?), including £ 501

monomeric (1,1), (2,1), (3,1) and (4,1) g,zz - - - °-g -.-’-5
species; dimeric (1,2), (2,2), (3,2), (4,2) and e

(7,2) species; trimeric (3,3), (5,3) and (6,3) 7,01

species; tetrameric (8,4) and (12,4) species; 757

and hexameric (14,6) and (15,6) species, T 0.0 05
have been reported in [45]. The degree of FogmNaCl
contribution of poly-nuclear species to the 407 ¢ 250°C
mass balance of dissolved Th is, however, 451

still under debate: differences in 5071

experimental methods, the range of Th 2'5'5'

concentrations and the ionic media used have 21 o -2-2
made it difficult, if not impossible, to select = e e ®
and interpret the data needed to produce the ;:

“best” chemical model[45—48]. Our high o0 ' '
temperature study [40], however, suggests 03 Log o 03
that the contribution of poly-nuclear

complexes decreases drastically with Figure 6. Solubility of ThO, determined as a
temperature, and that at T>150 °C, the function of increasing NaCl content [40] at

predominant hydroxyl complexes of Th are (a) 175, (b) 250°C.

mono-nuclear Th(OH),>" and Th(OH)4°. In

our calculations, complexation of Th with hydroxyl was thus modeled with these species using
the recommended formation constants fitted to the MRB model. This study [40] has also
demonstrated that the contribution of Th chloride complexes to the mass balance of dissolved Th
is undetectable at NaCl concentrations of up to 2.5 mol/kg and temperatures up to 250 °C ().
Considering the latter and complete absence of any information on the stability of these
complexes at elevated temperatures, chloride complexes of Th were not considered in our
calculations.

3.2. Solid phases

Thermodynamic properties of pure phases and solid solution end-members: The model reported
in this contribution primarily focuses on the behavior of REE, U, and Th in phosphate solid
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solutions and co-existing aqueous species. In addition, the model also needs to account for the
coexisting uraninite (UO;), U3;0g and UsOq [37,38], thorianite (ThO, [49]), solid REE
hydroxides[3], apatite-OH and whitlockite (Cas(PO4);OH and Caz(PO4),), halite (NaCl),
hydrophilite (CaCl,), and portlandite (Ca(OH),) [49]. Except for U and Th oxides, apatite-OH,
and whitlockite, all other phases listed above were found unstable under the conditions employed
in our model.

Thermodynamic properties of pure REE-phosphate end-members have been summarized in
Migdisov et al. [3]. The data for monazite end-members (LaPO, to GdPQO,) were derived based
on the calorimetric measurements by Navrotsky et al. and Popa et al. [50-52] and the values of
solubility products determined for REE phosphates at 25 °C by Liu and Byrne [53]. The obtained
dataset was tuned against the available

solubility product of Nd-monazite 04

endmember at temperatures up to 300 °C o e

[54]. It was found that the derived dataset ? = e °
satisfactorily reproduces the high 10

temperature solubility data [54]; it was é_w |

however also found that higher
temperature data reported by Pourtier et

al. [55] drastically disagrees with both the 25 | ¥

derived thermodynamic properties of 0 NdPO, +3H,0 =Nd(OH), + H;PO,

NdPO, and experimental determinations 0 100 200 300 400 500 600 700
of its solubility product at lower TC

temperatures (). Considering that the data
reported in Pourtier et al. [55] do not
agree with low-T determinations of the
solubility product, calorimetric
measurements, and experimental data
reported in Poitrasson et al. [54], the data
from Pourtier et al. [55] were
disregarded. Thermodynamic properties for xenotime end-members (YPO,, and TbPO, to
LuPO,) were derived based on the calorimetric data reported in Navrotsky et al. and a set of
studies of Gavrichev et al. [52,56-60], and, similarly to monazites, on the values of the solubility
products reported for 25 °C [53]. The obtained dataset is in excellent agreement with the
experimentally determined [61] solubility products of xenotimes at temperatures up to 250 °C
(Figure 8).

Figure 7. Comparison of the values of the dissolution
equilibrium constant for Nd phosphate, re-calculated
from the experimental data of Poitrasson et al. [54],
calculated using the data summarized in [3], and
experimentally determined by Pourtier et al. [55]

The incorporation of actinides (U, Th) in monazites or xenotimes has been documented to occur
via charge-couple ionic substitutions [7,62—66] (Fig. 1): the brabantitic (or cheralite,

Ca5Thg sPOy) substitution (2) or the huttonite (ThSiOy4) substitution (3), as expressed below:
2REE’ <> (U, Th)*" + Ca*" )
REE* + P°" > (U, Th)*" + Si** (3)
The brabantitic substitution (2) occurs over the REE site while the huttonite substitution (3)
occurs over both the REE and P tetrahedral sites. Because of the lack of experimental data

related to substitution (3), our models focus on substitution (2), where the extra charge
introduced by the tetravalent An is accommodated via incorporation of Ca®" into the structure. It
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Figure 8. Comparison of the values of the solubility products for xenotime obtained
experimentally by Gysi et al. [61], with those calculated based on the data summarized
in [3]

should be pointed out that our inability to account for substitution (3) may lead to additional
uncertainty associated with the trends described in our model. Thermodynamic properties of
pure (Ca, Th)PO, end-member were taken from [67,68]. Information on the properties of pure
(Ca, U)PO,4 end-member is much sparser and is restricted to the Gibbs free energy of formation
determined by Muto [69] at 25 °C. Considering that the averaged mass of the (Ca, U)
substituting pair is identical to that of La (139), to the first approximation, we assumed that the
changes in AG®; for (Ca, U)POy4 with temperature, and, thus, the values of entropy and
temperature dependence of heat capacity are identical to those for LaPO4. Though reasonable,
this is a rough approximation, thereby needing future verification.

Mixing properties of monazite and xenotime solid solutions: The mixing behavior of REE in the
monazite and xenotime structures has been investigated from both experimental and
computational perspectives. For solid solutions, depending on their free energy, enthalpy and
entropy of mixing, they may form ideal solution, regular solution and subregular solution, the
latter two of which require introduction of an interaction parameter to describe their mixing
behavior.

To determine the mixing systematics of L/MREE in monazite and HREE in xenotime, we
employed a regular solid solution model in which the excess enthalpy of mixing AH ;y is
expressed as W-X(1-x), where W is the interaction parameter and X is the portion of one REE over
the cation site. Calorimetric techniques have been used to determine W values of various solid
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solution systems with good precisions, as demonstrated by previous high-temperature oxide-melt
drop-solution calorimetric studies of spinel, yttrium stabilized zirconia, silicates, titanates and
niobates [70-75]. However, only a few phosphate systems have been studied calorimetrically
with the exception of La-Ln(-An) phosphates [76—80], and thus there is a knowledge gap in
understanding the mixing behavior of REE monazite and xenotime solid solutions from
experimental data. Kowalski and Li [81], and Mogilevsky [82] tried to fill this gap using ab
initio calculations implemented with models linking the mixing energetics with lattice energy
strains; they proposed the main contributor to the excess mixing properties of two REE in
monazite to be the strain energy originated from the mismatch of these two different REE cations
in the nine-coordinated (monazite) or eight-coordinated (xenotime) sublattices. Specifically, the
Margules interaction parameters can be expressed as a function of the volume mismatch from the
two end-members and are proportional to the average Young’s modulus E:

W = E-(AV?/6V). 4)

For modelling the monazite system, we used interaction parameters (Table 2) that were obtained
from calorimetric measurements or from theoretical calculations [78,81] by Kowalski and Li
based on the available experimentally measured Young’s moduli and molar volumes of end-
members. As for the xenotime system, the Young’s moduli (E) and thus interaction parameters
(W) are largely unknown. Instead, Mogilevsky estimated E values of monazites and xenotimes
from the ionic radii R of the cations, and found a near linear correlation [82]. We assessed such
correlation with known and newly available elastic constants data [83—85] and plotted them in
Figure 9.

The new E4-Ry function for xenotime is:
Ex=1320.4(x£179.6) — 1142.8(£178.0)-Ry. ®))
From the Ry for all of HREE (Tb

— Lu and Y), we calculated each 210

of their Ex based on equation (5). o By % |

The average Young’s modulus b Sy ¥ Ei’r‘“:;’r'rgfgf‘ae'xﬁ”; -
and molar volume for xenotimes 190 | Vig © Calculated data based on fit
were calculated to be E, = 168.8 ol .

GPa and V, = 42.520 cm’/mol. i - \‘ir

Next, we determined Wy in terms @ "°T W o

of AV, E, and V, based on © 10} SN

equation (4), plotted in Figure 10. = ol \_\ 3

As demonstrated previously by i Y Y

Glynn [86], in order for a solid- 140 - " ®
solution system to be sl o,
thermodynamically stable, the L
interaction parameter needs to be 097 098 099 100 101 102 103 1.04
constrained by W/(KgT) < 2, lonic Radii (A)

which translates to W < 5 kJ/mol  Figure 9. The correlation of Young’s moduli E, with eight-
under the ambient condition. All  coordinated ionic radii Ry in the xenotime matrix. A near

the calculated Wy values are well linear relation (red dash curve) was revealed based on known
below 5.0 kJ/mol, indicating that experimental E, data (black solid dots), which was used to

13



460

465

470

475

480

485

490

495

500

HREE solid-solutions in the xenotime structure. We evaluated the size of the pseudo cation
(Ca,An) pair by averaging their eight-coordinated ionic radii, 1.085 and 1.060 A, for (Ca,Th) and
(Ca,U), respectively. Fitted by the function plotted in Figure 10, the calculated Wy values for
(Ca,Th) and (Ca,U) are also listed in Table 3. Note that although the W values for (Ca,Th) and
(Ca,U) are generally large, they could still be underestimated because, despite the average charge
for the cation-pair being trivalent, each divalent Ca or tetravalent U/Th cation locally occupies an
individual site, generating additional Coulombic interactions with its nearest (or next to the
nearest) neighbors that could distort the sublattices, leading to an increase of the excess mixing
enthalpy.

The most common monazites occurring in

nature are monazite-(Ce) and monazite- 5: P
(La). Monazite-(Nd) is also found in i o4
natural systems but is much rarer. Thus, in 4k g

our model we accounted for two types of ; A
monazite:  monazite-(Ce),  containing sl y LR——
CePOs, PrPO4, NdPO4, SmPO,, GdPOy, Lé ! i e Dy
(Ca,Th)POy, and (Ca,U)POy, and monazite- 3 | 4 i :o
(La), containing LaPQO,, PrPO,, NdPOj, ; : f’f o
SmPO4, GdPO4, (Ca,Th)PO4, and i b 4 Tm
(Ca,U)POy4. This separation into two types e ,"'" : IE
of monazites is necessary, also due to B o - - —Fit
limitations of the software (HCh), which oL —» -

cannot account for solid solutions having T Y e S RS

more than 7 components. Formation of AV (cm¥/mol)
monazite-(Nd) was assumed when NdPO,
was predominated in one of the above solid

solutions. Xenotime was defined in the interaction parameters Wy and the difference molar

model as the solid solution containing volume AV, with selected calculated points for HREE
YPO4, TbPO4, DyPO4, EI‘PO4, YbPO4, endmembers

(Ca, Th)PO4, and (Ca,U)POs,.

Figure 10. The fitted correlation between the

4, Results

4.1. Aqueous speciation

The selected range of pH' for the solutions in our calculations (pH' < 2) reflects the conditions
documented for Strange Lake, Canada, a natural ore forming system [17]. Our previous models
[3,87] suggest that at these pH conditions and in NaCl-rich solutions, REE speciation is strictly
predominated by chloride complexes. Differences in stability between LREE and HREE chloride
complexes, which start developing as temperatures increase, is a main mechanism for natural
REE separation.

As expected, speciation of the REE in our model was overwhelmingly predominated by chloride
complexes. An example of the changes in species distribution with temperature at the initial
stage of interaction of REE-bearing solution with apatite-bearing rock is shown in Figure 11 for
Y, La, Nd, and Er (Y, LREE, MREE, and HREE, respectively). Regardless of a change in total
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REE concentration at following
interactive stages, the species
distribution remains the same due to
the constant concentration of
chloride. The mass balance of REE
dissolved in aqueous solution was
primarily controlled by the

YCl"

s0% LaCl,"

bichloride complex, REECI,", for
LREE, the bichloride and

NdCP**

0% ErCI1%*

monochloride complexes, REECI,"
and REECI*", respectively, for <
MREE, and by monochloride B
complexes for HREE. The only
exception from this trend is Y

NdCl,

30% ErCl,

whereby the data used in our
calculation suggests that

Y*¥ contributes significantly to the
mass balance of dissolved Y, being
the predominant species at T<300
°C (Figure 11a). This could potentially be an artifact
of our approximate evaluation of the properties of Y-
chloride species. Thus, again we remind the readers
that due to the complete absence of data on these
species, we assumed identical properties to those of
Ho-chloride complexes. Evidently, this assumption
may eventually be erroneous and further refinement of
the properties of Y-chloride complexes is needed.

Similarly to the REE, speciation of U was
predominated by chloride complexes, while sulfate
complexes did not contribute significantly to the mass
balance of dissolved U, at both reducing and oxidizing
conditions. Under reducing conditions the
predominant U-bearing species is UCl4°, whereas at
oxidizing conditions most of the U is present as
UO,CLy°. Figure 12 illustrates the U species
distribution returned by the model. Surprisingly, the
stability of UCl4° was found to contribute significantly
(10 -20%) to the mass balance of dissolved U, even
under oxidizing conditions. Despite its
counterintuitiveness, this finding is not entirely new:
the high stability of UCl4° at elevated temperatures has
previously been discussed in Timofeev et al. [36].
Similarly, under reducing conditions, UO,Cl,° also
contributes at low level to the mass balance of
dissolved U. Concentrations of total dissolved U in
reducing and oxidizing systems differ by ~2 orders of

TC
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Figure 11. Distribution of predominant species of REE
as a function of temperature (10 wt% NaCl)
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Figure 12. Distribution of
predominant species of U as a
function of temperature in 10 wt%
NaCl solution in systems buffered
by Ni/NiO redox buffer (a) and
Hematite/Magnetite (Fe;Os/Fe;Oy)
redox buffer (b)
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magnitude at 250 °C, while this difference reduces to one order of magnitude at 350 °C. Such
small differences in total solubility of U are also due to the high stability of UCl4°, as also
discussed in Timofeev et al. [36]. Analogous to the REE, the distribution of U species remains
consistent, while the total concentration of U changes when the fluid passes through the column
— a result of continual high concentrations of NaCl in the solution.

Speciation of Th differs significantly from that of REE and U. The experiments reported by
Nisbet et al. [40] did not reveal any contribution of Th chloride complexes in solutions with
concentrations of NaCl up to 2.5 mol/kg and temperatures up to 250 °C. Thus, our model did not
account for these species. The only complex controlling the solubility of Th was Th(OH),*".
Considering that the mobility of Th in the modeled solutions is controlled by hydroxyl
complexes, its species distribution must be pH-dependent. It should be noted that the pH" values
of the solutions passing through the column shifts from an 1.9-2.0 to 2.5-2.8 due to the buffering
effect from the interaction of acidic fluid with apatite. These pH' changes, however, are not
significant enough to change the predominant Th complex in the solution, as the other hydroxyl
species described to control the mobility of Th in NaCl-bearing solutions in Nisbet et al. [40],
Th(OH),°, predominates only at pH'>3.

Examples of changes in total concentrations of dissolved metals along the column are shown in .
The patterns obtained for REE
are similar to those reported :
previously [3,87]. The initial ' &
depositional event, i.e., the first
contact of the REE-bearing "’
solution with rock containing Q

excess apatite, causes quick 3., / /
deposition of effectively all the

molality (mol/’kg)

REE solution load in the form o /\ s e
of highly insoluble xenotime E— . R
and monazites. This continues ot step B

until the apatite content in the Total Th Total Th

rock is exhausted. The ’

following aliquots of the REE-
bearing solution re-equilibrates
with previously deposited REE

molality (mol/kg)

. . . 1.0 Total U

phosphates. Slgmﬁcantl'y higher e I
stability of LREE chloride N e \ e,
COl’IlplCXGS, Compared tO the 5 9 13 17 21 25 29 33 37 41 45 49 509 1317 21 25 29 33 37 41 45 49

Step

HREE complexes, leads to the
preferential deposition of HREE
phosphates at the expense of
LREE phosphates:

LREEPO,*" + HREECI*" + CI = HREEPO4*™ + LREECI," (6)

Figure 13. Distribution of total concentrations of REE, U,
and Th in aqueous solution observed in the model along the
column

As a result of this process, LREE become re-mobilized by the solution, and concentrations of
these elements steadily increase along the altered part of the column, whereas the concentrations
of HREE quickly decrease due to continuous deposition of solid HREE phosphates. In the case
of La, this process manifests itself to an extreme pattern: as it can be seen from Figure 13, La
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forms a concentration peak at the front of alteration. These distribution patterns of REE were
observed at all temperatures in the conditions tested.

Surprisingly, although U is expected to behave in significantly different ways in reducing and
oxidizing systems, the patterns observed for total concentrations of U are very similar for both
types of systems. The U load in the solution quickly drops at the beginning of the column,
reducing its concentration to insignificant levels. Continuous flushing of the system with U-
bearing solution partially mobilizes U, however this happens with significant delay compared to
other elements. This observed outcome can be described as solid solution-controlled, as further
discussed next.

Due to the high stability of Th(OH),>" species, concentrations of Th initially developed in the
solutions (re-equilibration with ThO,™"%) are approximately one order of magnitude greater than
that for U even at oxidizing conditions, but still 4 to 5 orders of magnitude lower than that
developed by REE (Figure 13). Thorium concentration remains steady in altered, apatite-
depleted rock, and begins decreasing near, and abruptly drops at the alteration front. This quick
decrease at the alteration front is associated with two concordant processes: 1) the decrease of
pH from 1.9 to ~2.5-2.7 due to interaction of acidic solution with apatite, which decreases the
stability of Th(OH),>" in solutions saturated with respect to Th oxide, and 2) the incorporation of
Th 1in solid solutions, which will be discussed below.

4.2. Solid solutions

Initial contact of the solutions with the apatite-

bearing rock results in intensive precipitation of 10

2.00 - Xenotime total

REE, U, and Th in the form of monazite and

xenotime. Considering the near complete removal 1.80 1

of REE, U, and Th from the solutions at the initial 1.60 - Monazite - La total
stage (excess of apatite), the initial ratio of REE, 140 |

(Ca,U), and (Ca,Th) phosphates in monazite and T o

xenotime solid solutions reflects the ratio of these §

elements in aqueous solutions, which was E L0

developed before interaction with the apatite- 080 1

bearing rock. 0.60

Once the apatite is exhausted from the rock, 0.40

continuous flushing of the deposited xenotime and 0.20 1

monazite with REE-, U-, and Th-bearing fluid 0.00 ek 1

1 5 9 1317212529 3337414549
step

results in re-distribution of REE phosphates along
the column. More mobile LREE, especially La and
Ce, are re-mobilized in accordance to reaction (6).  Figure 14. Distribution of total amounts
At elevated temperature, La chloride complexes  of monazites and xenotime (mol) re-

demonstrate the highest stability among the REE  deposited in the column at 250 °C after

chloride species (Figure 3). Thus, monazite-(La) |0 waves (flushes) in a system buffered

quickly disappears from the beginning of the ity Hematite/Magnetite redox buffer.
column, as it is mobilized by the solution closer to

the alteration front, forming a deposition peak (). Re-distribution of monazite-(Ce) lags behind
monazite-(La), and forms a deposition peak before the monazite-(La) peak. As shown in Figure
14, after only a few flushes of the fluid through the column, the separation of monazite-(La) and
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Figure 15. Concentrations of end-members in re-deposited REE phosphates (250 °C, HM, 10
waves)

monazite-(Ce) is nearly complete. Interestingly, whereas the content of the re-distributed
monazite-(La) is 99 mol% LaPOs, and this phase is highly depleted of other REE phosphate end-
members, the composition of the re-distributed monazite-(Ce) varies significantly (Figure 15).
Closer to the alteration front, the re-distributed monazite-(Ce) contains more than 99 mol%
CePOs, with only trace amounts of other phosphate end-members, mostly NdPO,. However, at
the tail of the monazite-(Ce) re-distribution peak, the content of NdPO4 increases by up to 50
mol%, accompanied with an appreciable increase of other phosphate end-members (~10 mol%
SmPO,4 and PrPO,). The composition of monazite-(Ce) in this area of the column permits us to
classify this phase as monazite-(Nd), the most industry-sought type of monazite. Monazite-(Ce)
also co-deposits with monazite-(La) at ~20 mol% level (Figure 14). In this range, monazite-(Ce)
becomes enriched with the GdPO4 end-member; we do not exclude however that this can be an
artifact of our simplistic description of solid solution and artificial separation of monazite to two
phases due to restrictions of the applied software. A more complex model will likely include
monazite-(Ce) co-deposited with monazite-(La) into the composition of the latter. At high
temperatures, stability of HREE chloride complexes is lowest in the REE group of elements, and,
thus, re-distribution of xenotime along the column is the least significant among the solid
solutions considered in our model. The deposition of xenotime occurs at the beginning of the
column, and while the solution flushes through the system, re-distributes it to the areas preceding
that of re-distribution peak of monazite-(Ce). Compositions of re-distributed xenotime also
follow the trend observed for monazites: depletion of lighter end member REE phosphates
(ErPOy, in the case of xenotime) at the beginning of the re-distribution peak, and its enrichment
closer to the end of this peak. The model also suggests co-deposition of xenotime with monazite-
(Ce) at ~5 mol% level. This, however, also could be an artifact of over-simplified solid solution
models used in our calculations: a more complex model can potentially include the 5 mol%
components of co-deposited xenotime into the composition of monazite.
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Thus, our model shows that after 5 to 10 flushes of the solution through the system, complete
separation of the REE phosphates: xenotime, monazite-(Nd), monazite-(Ce), and monazite-(La)
was evident. The trends described above were observed for all temperatures evaluated in our
model, and, considering our model only accounted for REE(III), REE was redox insensitive for
all oxygen fugacities.

With excess REE in aqueous solution, Th deposits
within both xenotime and monazite solid solutions. Its
distribution along the column behaves similarly to that <1076
of REE: mobilization of Th from the beginning of the 7
column and re-deposition closer to the alteration front.
Combined with the separation of REE phosphates
described above, re-distributed Th primarily occurs in
monazite, while xenotime becomes depleted. The 4
amount of (Ca,Th)POy4 deposited along the column are
shown on Figure 16; as seen in the figure the main
mass of re-distributed Th 1is associated with the
deposition of monazite. Our model therefore suggests ]
that under the tested conditions, Th preferentially o
fractionates into monazite, which is consistent with the
crystal-chemical argument described earlier.

1 4 7 1013161922 2528 31 3437 40 43 46 49

In contrast to Th, U strictly and preferentially 7

fractionates into to xenotime. With the exception of °

the initial depositional event (first encounter of = enotime

unaltered solution with unaltered rock), at which U B -

incorporates in both monazite and xenotime, U was > j

not found in any re-distributed monazites, and all .

occurrence of (Ca,U)PO4 end-member was associated R R
with xenotime. Interestingly, although we tested " 579““15”19;2;:2“9“3”“”9“““5“”9

significantly different redox conditions in our model,
which should result in substantial differences in the  Figure 16. Total amounts of U and
mobility of U, the abovementioned trend remained the  Th deposited with REE phosphates
same. Thus, the model suggests very high stability of (250 °C, HM, 10 waves)

(Ca,U)PO4 end-member in xenotime solid solution,

whereby irrespective of total concentrations of U in

solution and the oxidation state of this element,

formation of xenotime effectively immobilizes all U available in solution, preventing its
incorporation into the monazites. The amount of (Ca,U)PO4 deposited along the column are
shown in ; as it can be seen from the figure the main mass of re-distributed U is strictly
associated with deposition of xenotime.

5. Discussion

The calculations reported in this contribution confirm the conclusions obtained in our earlier,
more simplistic models [3,87]: deposition/re-distribution of REE phosphates from/by
hydrothermal acidic NaCl-rich natural fluids can potentially lead to a very efficient separation of
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xenotime from monazite. The main driving force of this separation is the increase in stability of
chloride complexes of LREE, comparing to that of HREE, which occurs at elevated temperatures
(Figure 3). Chloride complexes of the REE remain weak at elevated T, however this is
overwhelmed by high concentrations of chloride in solutions responsible in nature for the
transport and concentration of REE to economic levels. Deposition of xenotime and monazite
from aqueous solution requires a source of phosphate. In our calculations, which reflect the most
likely scenario in nature, the source of phosphate is apatite or whitlockite (Cas(PO4);OH and
Ca3(PO4),) that are present in trace concentrations in the rock. The presence of these minerals in
a rock through which REE-bearing aqueous solution flowed would form a geochemical barrier
and initiate deposition of REE phosphates, e.g.:

Cas(PO,);0H + 3REECI*" + H' = 3REEPO, + 3CaCl” + 2Ca*" + H,0 (7)

As it can be seen from equation (7), interaction of dissolved REE with apatite is an H'
consuming reaction. Strictly speaking, this reaction is not a pH-buffering process, however, at
given concentrations of apatite in the rock, its complete consumption through the formation of
REE phosphates can be considered as an analogue of a pH-buffering process. The solubility of
REE phosphates is significantly lower than that of apatite (and most naturally occurring
phosphates, Figure 17); thus, until apatite is present in the rock, the formation of REE phosphates
occurs indiscriminately by

removing effectively all REE load REEPO,= REE3*+ PO4% A
from the solution. 289 —_—
The observed separation of -26 1 p—o—0—C

monazite and Xxenotime begins 28 {1 e o 150 °C

when all apatite content is I
exhausted (reaction 6). Flushing ‘pp.37 40
o

hydrothermal fluid through the & 5, | OO0~ O —o—o—o
column depletes the already 36 -

deposited REE phosphates with - 350°C

LREE, and re-mobilizes them to a 20 M—R’

new location, leaving HREE-
enriched phases behind. This
suggests that the effects of this
separation should be visible in well-
evolved hydrothermal systems, characterized by relatively high fluid/rock ratio, when REE-
carrying capacity of a fluid exceeds binding capacity of a rock. In this case, xenotime should be
found in the most evolved parts of the system, characterized by highest fluid/rock ratio, whereas
monazite can be found at the periphery of the system with lower fluid/rock ratios. Another
scenario that can lead to a similar effect is the late alteration of already deposited REE
phosphates by REE-free hydrothermal fluids. Although this scenario has not been evaluated in
our model, it is evident that the processes occurring in such systems should be similar to that
modeled in this contribution.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
Figure 17. Solubility products of monazite/xenotime
end members as a function of temperature

A critical reservation when discussing the results of our model is the behavior of Y in
hydrothermal aqueous solutions. It should be recalled that due to a lack of any experimental or
theoretical evaluation of the properties of Y chloride species at elevated temperatures, in the
calculations reported above these properties were assumed to be identical to those of Ho chloride
species. This assumption is highly approximate; accurate description of its behavior in NaCl-
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bearing solutions requires accumulation of experimental information. At the same time, Y is the
main mineral-forming element in xenotime, and therefore potential inaccuracy in the description
of its behavior in aqueous solution can cause deviations of the dependencies observed in our
model from the true trends.

A notable finding returned by our model is the behavior of U and Th during the processes of
hydrothermal deposition and fractionation of REE. Our model suggests Th preferentially
fractionates into monazite, while U is strongly bound to xenotime. Indeed, this fractionation has
been documented for natural monazites and xenotimes. For example, strong fractionation of Th
and U into monazite and xenotime, respectively has been recorded in REE phosphates found in
metapelites and granites in Germany [88,89]; extreme enrichment of Th versus U was found in
hydrothermally altered monazites in Swiss Alps [90]; and finally, a very similar effect of
fractionation of U and Th has been documented for minerals growing during hydrothermal
alteration at contact boundaries between granite and gabbro in the Unazuki region, Japan [90].
The above findings suggest that, although highly simplified, the model proposed in this
contribution reproduces general trends observed in natural systems.

The opposing behavior of U and Th can be attributed to the differences in the REE polyhedral
sites between the monazite and xenotime structure (Fig. 1). In the parent CePO4 monazite
structure, the ionic radius of Ce’” in a nine-coordinated site is 1.196 A. By contrast, in the parent
YPO, xenotime structure, the ionic radius of Y*' in an eight-coordinated site is 1.019 A [9].
Thus, it is not surprising that the larger M/LREE favors the monazite structure the smaller HREE
prefers the xenotime structure. Since Th is larger than U (the ionic radii of Th*" and U*" in an
eightfold coordination are 1.09 A and 1.05 A), Th favors the more expanded monazite structure
and U favors the denser xenotime structure. This situation is even truer with the concomitant
incorporation of the larger Ca”" (the ionic radii of Ca*" in an eightfold and ninefold coordination
are 1.12 A and 1.18 A, respectively) into either structure to achieve charge neutrality, especially
when the concentration of Ca+U or Ca+Th is relatively low.

The model reported in this contribution, unfortunately, does not propose any mechanisms for
formation of U- or Th-free monazites or xenotimes. Presence of actinides in aqueous solutions
inevitably leads to the formation of either U-containing xenotimes, or Th-containing monazites,
irrespective of the degree of alteration. We note, however, that in systems of different chemistry
(e.g., systems with sulfate- or carbonate-ligands), U or Th complexes potentially might be more
stable (and, thus, more mobile) than those accounted for in our calculations, and there is still
potential possibility that the Th-free monazites can be formed due to higher mobilization
capacity of the fluids.

6. Conclusions

The model reported in this contribution confirms our preliminary conclusions [3,87] and
demonstrates that the interaction of REE phosphates with NaCl-rich acidic fluid can lead to the
complete separation of xenotimes that are rich in M/LREE from monazites that are rich in
HREE. This separation is accompanied by preferential fractionation of U to xenotime and Th to
monazite. Both monazite/xenotime separation and U/Th fractionation are consistent with the
crystal-chemical argument on the differences between the two parent structures in the context of
substituting ionic size effect. This phenomenon is known from natural observations and has been
documented for a number of naturally occurring monazites and xenotimes.
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Table 1. Concentrations of REE in the initial solution

element Ce La Pr Nd Sm Gd Y Tb Dy Er Yb
concentration 1095
(ppm) 300 300 35 150 20 20 100 6 45 33 33

1100
Table 2. The thermodynamic properties of LREE(Ca,Ac)PO4 [78,81]
Cation La Ce Pr Nd Pm Sm Eu Gd | Ca,Th CaU
W, (kJ/mol) 0.8 2.8 5.0 7.6 104 134 165| 104 104 La
B o 1.8 3.5 5.6 78 103 | 5.6 5.6 Ce
B o 1.3 2.6 42 61| 26 2.6 Pr
0.3 1.0 2.1 3.6 1 1 Nd
0.1 0.8 1.9 0.1 0.1 Pm
0.2 0 0 Sm
0.2 0.2 Eu
0.7 0.7 Gd
0
Table 3. The thermodynamic properties of HREE(Ca,Ac)PO,.
Cation Th Dy Y Ho Er Tm Yb Lu |CaTh cCaU
W, (kJ/mol) 016 052 064 141 225 320 462 | 234 048 Tb
011 016  0.63 122 195  3.08 | 3.71 1.18 Dy
0.01 022 0.6l 1.14 204 | 507 199 Y
0.15 049 098 183 | 543 222 Ho
0.10 739 353 Er
9.18 480 | Tm
1103  6.16 | Yb
13.55  8.07 Lu
Ry (A) 1.040 1.027 1019 1015 1004 0994 0985 0977 | 1.085* 1.060°
V, (cm*/mol) | 43.83° 43.35° 4295 42.85° 4237 41.99° 41.63° 41.19° | 45.71¢ 44.68¢
E, (GPa) 131.8°  146.7° 152.0° 166258 173.0° 178.0° 201.0" 202.0'
1105
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