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Abstract

The interaction of rare earth bearing (La, Nd, Dy) aqueous solutions with calcite crystals at
ambient and hydrothermal conditions (25-220 °C) results in the solvent-mediated surface
precipitation and subsequent pseudomorphic mineral replacement of calcite by rare earth
carbonates. The newly formed rare earth carbonates follow the crystallisation sequence
lanthanite [REE,(CO3);-8H,0] - kozoite [orthorhombic REECO;(OH)] - hydroxylbastnasite
[hexagonal REECO3(OH)]. The specific rare earth involved in these processes and the
temperature have strong control of the polymorph selection, crystallisation pathways and
kinetics of mineral replacement. Kozoite-(La, Nd), grows oriented onto the calcite surface,
forming an epitaxy. This phase forms elongated crystals on [100], with the {011} and {0-11} as
major forms. The epitaxial relationship is (104) [010] || (001) [100]xoz and is strongly dependent
on the ionic radius of the rare earth in the structure of kozoite. These results have strong
implications for the understanding of the mineralisation reactions occurring in rare earth
bearing deposits, like carbonatite deposits, the most important resources of rare earths in the

world.
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1. Introduction

Rare-earth elements (REEs) comprise the fifteen elements corresponding to the lanthanides,
which are fundamental strategic raw materials to maintain our daily life by providing high-
technology devices, such as mobile phones, computers, batteries'. REEs are widely used in
civilian and military defence industries; magnets, catalysts, ceramics, glass and electronics
require REEs for their production’. Most of the renewable energy technologies contain REEs
— electric vehicles, solar cells, generators of wind turbines have at least one of the rare-earth

elements 1-3.

Due to their essential role in our modern life, the demand for REEs is continuously growing,
pressuring the mining industry to fulfil these needs. Despite their name, REEs can be found in
a considerable amount in the Earth's crust, except promethium which is radioactive with a half-
life of 17.7 years and therefore much more scarce compared to other REEs. Lanthanum and
cerium are just as abundant as copper “. In fact, REEs are more abundant than many of the
platinum group metals 5. However, minable deposits are hard to locate with concentrations
high enough for economical extraction 6. The biggest REEs provider is China, followed by
Australia, Russia, India, Brazil, Vietham and the United States. China supplies more than 80%
of the REEs, thus, to avoid their monopoly there is a constant interest in finding alternative
REEs ores, especially since 2010, when China gained almost absolute control above the REE

market prices, by providing 95% of REE production globally 4.

Most of the research nowadays aim to find new REEs sources, while others target to develop
cost-efficient recycling methods from waste. In particular, recycling of e-waste (electronic
and/or industrial waste) has been gaining broad interest in EU, China and India 7-'2. Less than
20% of the e-waste is predicted to be recycled and documented, while the rest (80%) is
deposited without further treatment '3. For example, in the United States, approximately 50
million metric tons of e-waste is deposited annually, and only 12.5% of this is recycled 4. On

the other hand, basically, every possible source is considered for potential REEs extraction.
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For example, Menéndez et al. '5, recently suggested the possibility of REEs extraction from
palaeosoils in Gran Canaria, Spain. In India, beach placer deposits are targeted as an
alternative source 6. Besides, coal fly ash — which up until now was considered as a waste
material— has also been studied for potential REE extraction '7. Also, sedimentary phosphate
deposits '® have been found to be enriched in REEs, and specifically, REE-bearing francolite
(C-rich fluorapatite) has also been investigated as a source ®2'. Other interesting potential
sources are deep ocean sediments containing polymetallic nodules 2223, ferromanganese
crusts 24 and deep-sea mud 25. Moreover, the Moon and Mars 26 have been considered as
possible long-term REE source in order to meet the future demand of humanity for rare-earth
elements. Just the simple consideration of the off-Earth mining shows how critical it is to find

a way to extract the needed amount of REEs.

Current methods of REE extraction and refinement are very expensive, both financially and
environmentally 7. Typically, REEs are mined from open pits, underground mines, or leached
in situ, and the extraction consumes more water and energy than any other metal 22.
Carbonatites, igneous rocks containing >50% carbonate, are the primary deposits of REEs 2°.
The main sources of rare-earth elements are the REE-bearing minerals bastnasite
(REE)CO3(F,OH) and apatite Cas(PO,)z(OH,F,Cl) (where part of the Ca can be replaced by
REE, Na, Sr, and Mn) 30, Following this, monazite (REEPQ,), xenotime (REEPQ,), loparite
[(Na,REE)Ti,Og], and lateritic ion-adsorption clays are the most important REE sources 3'.32,
These ores have magmatic, hydrothermal and/or metamorphic origin, while other ores are
formed by erosion and weathering (mostly laterites and bauxites) and serve as secondary
deposits '. Carbonatites contain a complex set of carbonate minerals (e.g. calcite, dolomite,
strontianite, siderite) and other accessory minerals such as iron-oxides or phosphates and the
REE-bearing minerals (e.g., monazite, apatite, bastnasite) as well 3334, These deposits are
dominated by the four light REE (LREE, La, Ce, Pr, Nd) and contain minor concentrations of
heavy REE (HREE); however, REEs behave incompatibly throughout igneous differentiation

of carbonatites. In alkali-free carbonatites, the REEs are concentrated in potentially economic
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domains within the carbonatites and are hosted by relatively insoluble REE carbonate and
phosphate minerals. Conversely, alkali-bearing carbonatites exsolve REE-rich fluids which
migrate long distances, keeping high REE solubilities. As a consequence, Na and K produce
higher HREE/LREE ratios in the transported fluids, but K-rich fluids tend to transport HREE
relative to Na-rich fluids 3°. Also, recent thermodynamic calculations suggest that the main
ligands responsible for the transport of REE at hydrothermal conditions are Cl- and SO, while
F- is a depositional ligand that reduces the range of conditions for which REE can be stabilised

in hydrothermal solutions 36-39.

Rare earth elements have a known affinity for carbonates not just in natural but in experimental
settings. Experimental work has demonstrated that rare earths adsorb on the surface of
carbonate minerals 44! and that they are strongly partitioned into these minerals, substituting
for Ca?* 40. 4250 However, little is known about the fundamental physicochemical conditions
governing the mobility and transport of REE at hydrothermal conditions in the presence of

carbonate minerals.

As REEs are essential raw materials for emerging renewable energy resources, we are urged
to obtain and use them in a sustainable manner to maintain current standards of living and
ensure the quality of life for future generations. This will require continued research on REE-
bearing mineral formation to better understand the geological processes by which these
elements are concentrated. One of the major problems related to exploration and exploitation
of rare-earth elements in carbonatites is the lack of understanding of the crystallisation
mechanisms and pathways of REE carbonates and in particular their early stages of formation.
In fact, carbonatite deposits are complex systems which are affected by several parameters
(e.g., temperature, pressure, chemistry of solids and fluids). Due to this complexity of the
participating factors, understanding the origin and all the mechanisms of formation of REE
deposits involved in a complete system requires a deep understanding of the mineral-fluid
reactions that drive the crystallisation and dissolution of carbonates in REE-bearing

hydrothermal solutions. This includes, but does not limit to, direct nucleation from hydrothermal
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fluids, surface crystallisation, coprecipitation, or mineral replacement reactions. Many of these
reactions in carbonate systems can be rapid, complex and multi-step, involving short-lived
intermediate phases %', requiring step-by-step analysis under well-defined laboratory
conditions. Therefore, our work has focused on the interaction of calcite (CaCO;) and three
REE (La, Nd, and Dy) in solution at low hydrothermal conditions (21-220 °C). These three REE
have been selected because of the balance between their chemical similarities and
dissimilarities. La and Nd both belong to the group of LREE, while Dy is classified as HREE.
There are slight contrasts in their chemical properties, like their ionic radii: La%*, Nd3* and Dy3*
average ionic radii are 1.15, 1.08 and 0.99 A, respectively, values close to the radii of Ca2*
(0.99 A) and Sr2* (1.13 A) 5253, |n addition, the U.S. Department of Energy identified Nd as
critical element for both short and long term. Among all the REEs, Dy is labelled as the most

critically needed rare-earth element 5455,

In this study, the effects of the interaction of REE-rich aqueous hydrothermal solutions with
calcite crystals were investigated with the purpose of mimicking potential recrystallisation or
replacement reactions involving calcite in REE deposits during hydrothermal and metasomatic
processes. In particular, our objectives were to determine (1) the fate of REE during these
interaction processes, (2) the nature of potential newly formed phases as a function of aqueous

chemistry and temperature, (3) the mechanisms and kinetics of crystal formation.

2. Methods

The general experimental procedure consisted of adding 0.05 g (0.5 millimoles) of calcite
crystals (Iceland spar variety) with sizes of 0.5-1.0 mm to 50 mL of 10 mM rare earth bearing
aqueous (MilliQ) solutions (pH = 5.4; Ca/REE molar ratio of ~ 1). Also, some additional
experiments with an excess of calcite (e.g., 0.30 g) were carried out to exhaust the REE during

the reaction process. Solutions containing one single rare earth element were prepared using
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La(NO3);-6H,0, Nd(NO3);-6H,O and Dy(NO;);-6H,0 reagents (Sigma Aldrich; 99.99% trace
metals basis). Experiments were carried out in 50 mL teflon-lined stainless-steel autoclaves at
different temperatures (21, 50, 95, 160 and 220 °C) and saturated water vapor pressures. Solid
samples were carefully extracted at increasing time intervals and then placed in an oven at 50

°C during 30 min for drying.

Samples were preliminarily examined using a binocular lens (ZEISS SteREO Discovery.V8
with 8:1 Manual Zoom Range; 6.3-50.4 X) to determine any large visible changes in the
morphology and colour of calcite crystals. Then, the samples were characterised with powder
X-ray diffraction (XRD) for the identification and quantification of any newly formed crystalline
compounds. Conventional powder XRD patterns were collected using a Bruker D5000 powder
X-ray diffractometer (Cu Ka radiation, 0.01° step~ from 5 to 60° 26 at 1° min~"). Identification
of crystalline phases was carried out with the Diffract Suite EVA software from Bruker in
combination with the Powder Data File (PDF-4, The International Centre for Diffraction Data).
Pattern-matching refinement and quantification of crystalline phases were carried out with the

Rietveld refinement software TOPAS 56,

Scanning electron microscopy (SEM) was used to characterise the changes in the morphology
of calcite, potential newly formed phases, and to obtain elemental analysis of areas of interest.
All samples were carbon-coated and placed into a Tescan MIRA XMU FE-SEM operating
under high vacuum conditions and equipped with an Oxford Instruments NanoAnalysis X- Max
80 mm? Energy Dispersive Spectroscopy (EDS) detector running Oxford Instruments
NanoAnalysis AZtecTimed analysis software. Analyses were performed using an accelerating

voltage of 20 kV and a beam current of 300 pA.

Lastly, the saturation indexes of solid phases during the equilibration of the REE-bearing
aqueous solutions with respect to calcite were calculated with the hydrogeochemical code
PHREEQC?” using the LLNL database and the solubility products of REE-bearing carbonates

determined by Essington and Mattigod % and Voigt et al*®.
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3. Results

The analysis of solid samples obtained from our experiments revealed that the interaction of
calcite with rare earth bearing solutions was translated into the formation of a series of surface
precipitates that partially or totally replaced the host crystals. The combination of powder XRD
and SEM-EDS allowed the identification and quantification of newly formed phases, as well as

the interpretation of the mechanisms of surface precipitation.

3.1 Observations in visible light (binocular lenses)

The preliminary observation with binocular lens of solid samples extracted from the La-, Nd-
and Dy-rich solutions at different times and temperatures allowed to gain information on the
level of influence of temperature on the crystallisation process. These observations already
revealed a series of surface precipitates on the surface of calcite. The presence and the extent
of the precipitates varied depending on the temperature and reaction time. At 21 °C, the
formation of surface precipitates on calcite took the most prolonged period of time: a precipitate
on the surface of calcite was observed after 14 days in the La experiments but took 145 days
to form in the Nd and Dy experiments. In the case of 50 °C experiments, the formation of a
surface crust on calcite in the La-, Nd- and Dy-bearing experiments occurred after 5, 2 and 9
days of reaction, respectively. Samples obtained from all experiments at 95 °C revealed
surface precipitates after the first 24 hours of reaction. Finally, at the highest temperatures
(160 and 220 °C) thick crusts were observed in all experiments after 24 hours of reaction. In
addition to this, changes in the colour and opacity of the calcite grains were observed in all
experiments. Calcite (lceland spar) crystals placed in the aqueous solution were initially
transparent and colourless, but they became more translucent with time and were completely

opaque at the end of all experiments (e.g., Figure SI-1). After the interaction with La- Nd- and
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Dy-bearing solutions, all calcite crystals became light-pink, dark-pink and vyellowish,

respectively.

Powder X-ray Diffraction

Powder XRD allowed us to identify newly formed secondary minerals. A series of different
rare-earth bearing carbonate minerals were detected: La- and Nd-lanthanite
[(REE)>(CO3)3'8H,0], La-, Nd- and Dy-kozoite, [(REE)CO3;(OH)] and La- and Nd-
hydroxylbastnasite [(REE)CO3(OH)]). Powder XRD patterns of these newly formed phases
obtained at the end of the experiments are presented in Figures 1-3, and all experimental
results are summarised in Table 1. Phase quantification using Rietveld refinement revealed
that the kinetics of crystallisation of the secondary REE-bearing minerals and the polymorph
selection were controlled by temperature and also by the ionic radius of the rare earth.
Regardless of the composition of the newly formed crystals, all calcite grains were fully
replaced by crystalline rare earth carbonates at temperatures = 50 °C (e.g., Figure 4). The
kinetics of these replacement reactions were temperature-dependent: in the ambient
temperature experiments, the replacement reactions did not complete, with calcite being
replaced a maximum of 15 weight% by the newly-formed phases after 145 days. However, at
50, 95 and above 160 °C, calcite was replaced after 20, 11 and 1 days, respectively. Also, the
kinetics of replacement of calcite by secondary phases in the La-bearing experiments was
always faster compared to the other two rare earths. Conversely, the onset of crystallisation

and the kinetics of replacement for the Dy-bearing experiments were the slowest (Table 1).

The interaction of La-bearing solutions with calcite crystals at ambient temperature resulted in
the formation of La-lanthanite (PDF 00-014-0190) (Figure 1, bottom) after 14 days of reaction,
remaining stable during the full duration of the experiments (145 days). At 50 °C La-lanthanite

was not detected at any time and after 5 days La-kozoite (PDF 00-049-0981) crystallised
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(Figure 1, middle), remaining stable until the end of all experiments. The evolution of the
experiments carried out at 95 °C was similar, but the onset of the crystallisation of La-kozoite
was much faster (<1 day) and only at the very end of the experiment (154 days) minor amounts
(~ 2 weight%) of La-hydroxylbastnasite (PDF 00-026-0815) were found along with La-kozoite.
At 160 °C, La-kozoite took >21 days to fully transform to La-hydroxylbastnasite, while at the
maximum temperature studied, 220 °C, only La-hydroxylbastnasite formed in less than 24
hours and no other crystalline phases were observed (Figure 1, top). The experiments
performed with Nd-bearing solutions produced similar results to the La counterpart: At ambient
temperature Nd-lanthanite (PDF 00-030-0678) was found in the ambient solution experiments
after 145 days (Figure 2, bottom). Nd-kozoite (PDF 00-027-1296) was found at 50 and 95 °C
(Figure 2, middle) after 2 and < 1 days, respectively. At 50 °C Nd-kozoite remained stable
during the full duration of the experiment, while at 95 °C minor amounts (< 1 weight%) of Nd-
hydroxylbastnasite (PDF 00-038-0400) were detected after 154 days (Table 1). At 160 °C only
Nd-kozoite fomed but no transformation to Nd- hydroxylbastnasite was observed in 28 days.
Finally, at 220 °C Nd-kozoite transforming to Nd-hydroxylbastnasite was identified (Figure 2,
top), a transformation which was completed after 7 days. Finally, the interaction of calcite with
Dy-bearing solutions resulted in the temperature-dependent crystallisation of Dy-kozoite (PDF
04-014-4506) (Figure 3) after 145 days (21 °C), 9 days (50 °C) and < 1 day (= 95 °C). This was
the only crystalline phase detected in the Dy-bearing experiments at all temperatures,

remaining stable during the full duration of the experiments.

Scanning Electron Microscopy

The SEM images obtained after different periods of the interaction of the calcite grains with
the rare earth bearing solutions revealed the formation of precipitates on the surface of calcite.
A representative example is presented in Figure 5, which shows the surface of a typical calcite

grain after 0.75, 1.75 and 13 days of reaction with a La-bearing parent solution at 95 °C. The
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surface of calcite showed clear dissolution signs and started to be covered by small (~ 40 ym)
individual crystals with slightly elongated morphologies (Figure 5a). Afterwards, this precipitate
began to grow and extend (Figure 5b) to quickly cover the full surface of calcite forming a crust.
The final result was a pseudomorphic replacement in which the original morphology and
dimensions of the calcite grains remained constant (Figure 5c), but the host mineral was fully
replaced by the newly formed rare earth carbonates as also revealed by XRD (e.g., Figure 4).
SEM images also confirmed that the initiation of the surface precipitation process, the kinetics
of the full replacement reaction and the morphology of the secondary minerals (Table 1) were
controlled by the temperature and the rare-earth element in the aqueous solution. Results from
energy dispersive spectroscopy (EDS) microanalysis of selected crystals supported the
chemistry of the newly formed phases already identified with powder XRD, consisting of
oxygen and the rare-earth (La, Nd or Dy). The content of Ca in all the newly formed phases

was very low (atomic % < 1) or below the detection limit of the instrument (Table SlI-1).

Regarding the crystal morphology, the rare-earth bearing carbonates showed very different
morphologies. La- and Nd-Lanthanite developed very thin, platy morphologies (Figure 6). La-
Lanthanite formed aggregates fully covering all calcite grains after 14 days of reaction (Figure
6a,b), with sizes ranging between 10 and 100 um, while Nd-lanthanite consisted of 20-50 um
single crystals disseminated on the surface of calcite (Figure 6¢,d) that did not even cover the
full surface of the host grains after 145 days of reaction. La- and Nd-kozoite had similar sizes
(10-20 um) but while the former consisted of small prisms (Figure 7a and b), the latter had
bladed or spindle-shaped morphologies (Figure 7c and d). These two phases, especially Nd-
kozoite, grew oriented onto the calcite surface in most experiments (Figure 7b, ¢ and d) but
sometimes also showed random orientation, especially when the replacement reaction was
completed. On the other hand, the Dy-kozoite typically precipitated as bow-tie aggregates
showing some branching (Figure 7e). These aggregates were on average 50 um long, formed
by spindle-shaped individual crystals usually smaller than 25 um. The size and morphology of

Dy-kozoite crystals at 160 and 220 °C was different compared to lower temperature
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experiments in this system and consisted of tabular and prismatic crystals with sizes smaller
than 50 um (Figure 7f). Finally, the highest temperature phases, La-hydroxylbastnasite and
Nd-hydroxylbastnasite showed similar morphologies (Figure 8): The former crystallised as
triangular prisms with sizes usually smaller than 20 um (Figure 8a) and the later consisted of

slightly larger (~ 40 uym) rectangular prisms (Figure 8b).

SEM observations revealed that the crystallisation of La- and Nd-kozoite on the surface of
calcite took place via the formation of individual crystals following a clear non-random
orientation (Figure 9a). La- and Nd-kozoite crystals with lengths of ~ 10 um developed to form
an oriented overgrowth on the (104) surface of calcite (Figure 9 b). With time, the calcite
surface got completely covered by oriented kozoite crystals and also by crystals with random
orientations, most of them formed on the top of the epitaxial overgrowth (Figure 9 c¢). Although
the initial neoformed crystals of La- and Nd-kozoite exhibited spindle-shaped morphologies,
with time these crystals became more elongated and slightly more prismatic, reaching lengths
no longer than ~ 50 um. In this epitaxial overgrowth of calcite and kozoite (Figure 10) the [010]
direction of calcite and the [100] direction of kozoite are parallel on the epitaxial faces calcite
(104) and kozoite (001). La- and Nd-kozoite form elongated crystals on [100], with {011} and
{0-11} as major forms. An explanation of the epitaxial overgrowth requires further consideration
on the atomic arrangement of the structures of calcite and kozoite, which will be discussed in

the next section.

4. Discussion

The sorption of dissolved REE at all studied temperatures, mediated by the surface of calcite,
occurred via surface precipitation, leading to the subsequent crystal growth of different REE
carbonates. The interaction of the REE-bearing solutions and calcite grains led to the release

of Ca?* and COs? from the surface of calcite to the aqueous solution. As the concentration of
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Ca?* and CO3s% increased with time, especially close to the calcite surface, the carbonate ions
reacted with the REE®* ions in the solution favouring the precipitation different REE carbonate
polymorphs. The combination of XRD and SEM data showed that the interaction of calcite with
the REE-bearing fluid was always translated into a solution-mediated pseudomorphic
replacement of calcite by lanthanite, kozoite or hydroxylbastnasite. In all cases, a centripetal
replacement was observed, in which the calcite grains were replaced from their periphery
inwards. This type of replacement takes place because the newly formed phases are less
soluble than the host mineral at the P-T range studied. Reports of solubility product of La- and
Nd-lanthanite %8, La- and Nd-kozoite and La- and Nd- hydroxylbastnasite °°, show that
lanthanites are 5-6 orders of magnitude more insoluble than calcite 8 and the difference
between calcite and kozoite or hydroxylbastnasite solubility products is even higher, of 14 and

16 orders of magnitude, respectively.

The evolution of our experiments taken as a whole (Figure 11) revealed the crystallisation
sequence started with lanthanite, followed by kozoite and ending with hydroxylbastnasite,
except for these experiments carried out using Dy, in which the Dy-kozoite was the only stable
phase. The polymorph selection of REE carbonates during the experiments was temperature-
dependent: lanthanite (highly hydrated compound) formed at ambient temperature, while
kozoite and hydroxylbastnasite (both anhydrous) at temperatures between 50 and 220 °C.
However, the polymorph selection was very strongly dependent on the ionic radii of the rare-
earths, also resulting in variations in the dimension of the unit cells of the newly formed crystals
(Table 2) and also in some differences in the crystallisation sequences in our three studied
REE systems. Our data shows that for each of the isomorphs, lanthanite, kozoite and
hydroxylbastnasite, the largest unit cell parameters correspond to the lighter REE isomorphs,
a consequence of the decrease in ionic radii with atomic weight of the REE (lanthanide
contraction). This is in agreement with the usual crystal chemistry of these minerals in nature
and synthesis experiments. Lanthanite-type isomorphs contain light rare-earths, with larger

ionic radius, like La, Ce and Nd 6'-%* forming a structure with two types of RE-O polyhedra in
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10-fold and 8-fold coordination. The REE-O coordination in kozoite isomorphs is 10, and these
can be synthesized using light and intermediate rare-earths (La, Nd, Dy; %467). However,
heavier REE than Dy do not form kozoite but result into different structures with orthorhombic
and tetragonal crystal systems and smaller (8- and 9-fold) RE-O coordination numbers 6. In
hydroxylbastnasite, the REE-O coordination is 9-fold, forming a hexagonal mineral structure
that involves light REE (La, Ce, Nd; 4568), while the crystallisation of pure hydroxylbastnasite

isomorphs containing heavier REE requires high-pressure conditions 6971,

This general crystallisation evolution is consistent with a progressive dehydration sequence
and also agrees with the sequences observed by Vallina et al. 6 67 in their homogeneous
nucleation experiments performed by mixing carbonate and rare-earth bearing solutions.
Vallina et al. 497 crystallisation sequences also included metastable poorly-ordered precursors
at the very beginning of the reactions. It is well known that in aqueous systems the driving
force required to produce these poorly-ordered precursors prior to crystallisation is a rapid
increase in supersaturation levels in the solution 572, In our experiments, no evidence of
poorly-ordered precursors were observed at any stage of the experiments. This is interpreted
as a consequence of the gradual dissolution of calcite and therefore, lower increase in
supersaturation levels in the aqueous solution compared to homogeneous nucleation
experiments. On the other hand, and also in agreement with the previous studies, the
crystallisation sequence observed proceeded through two transient (metastable) phases,
lanthanite and kozoite, prior to the formation of the most insoluble and thermodynamically
stable polymorph (hydroxylbastnasite), a known phenomenon referred to as “Ostwald's Rule
of Stages" 73, observed in many mineral systems (e.g., Bots et al.”; Van Driessche et al. 7).
The total absence of hydroxylbastnasite in all the Dy-bearing experiments is a consequence
of the smaller size of the Dy3* ion (0.99 A) compared to La3* (1.15 A) and Nd3* (1.08 A),

impeding the crystallisation of this phase under our experimental P-T conditions ©8.

In order to determine the saturation indices (Sl) for the REE-bearing carbonates, the activities

of the ions in the solution and the solubility products of the solid phases need to be known.
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The solubility measurements of some of these REE-bearing carbonates have been carried out
at ambient temperature (e.g., Nd-kozoite and La-hydroxylbastnasite and Nd-
hydroxylbastnasite®®). However, there is a lack of measurements at higher temperatures due
to insufficient data about the stabilities of the aqueous complexes that REE form with
carbonates and OH- ions. This is complicated by the great discrepancies in the experimentally
calculated solubility products of some of the compounds; e.g., variations of experimentally
calculated solubility products of La-Lanthanite differ in 6 orders of magnitude as a result of
having used natural samples also containing other REEs (e.g., log K ranging from -29.91 to -

35.45 %8.76.77)  Also, no solubility product has been yet determined for Dy-kozoite.

Our PHREEQC calculations show that when the REE-bearing solution is equilibrated with
calcite at ambient temperature, it is already highly supersaturated for La-lanthanite (S1>9.0),
La-hydroxylbastnasite (SI>8.5), Nd-lanthanite (SI1>10.9), Nd-kozoite (SI>5.9) and Nd-
hydroxylbastnasite (SI>7.4). The saturation indices of the REE-bearing phases are still positive
even before equilibrium has been reached for calcite (e.g., Sleacite = —5). Therefore, although
the calculations correspond to ambient temperature conditions, they show that the formation
of the observed REE carbonates is likely to occur during the very early stages of calcite
dissolution. Besides, we suggest that the dissolution of a few monolayers of the calcite surface
results in a fluid boundary layer that is highly supersaturated to the more stable REE-bearing
phases, promoting the formation of surface precipitates. The precipitation of the newly-formed
REE carbonates on the surface of calcite would enhance the dissolution rate of calcite,

increasing as a consequence the growth rate of the overgrowth 7879,

Epitaxial overgrowth

One of the most significant features of the interaction of calcite with the La-bearing and the

Nd-bearing aqueous solutions is the oriented overgrowth of newly kozoite formed on the
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surface of calcite during the first stages of the replacement reaction (Figures 7b-d, 9 and 10).
Despite the centripetal replacement resulted in the depletion of all calcite in the experiments,
the very early stages of this reaction can be considered as an epitaxy. Figure 12 shows the
projections of a (104) slice of calcite and the (001) slice of kozoite. Kozoite grows with its [100]

elongation direction following the [010] direction of calcite substrate.

A key parameter to understand and quantify the epitaxial relationship between the substrate

and the overgrowth is the lattice misfit (mf), which is described using this expression &:

1 [uvw] 1 [uvw]

mf (%) =

sub over

100 (1]

t[“"w]uver

where t{w,,, and tpww,,., correspond to the repeating period along the matching directions

[uvw] of the substrate (calcite) and the overgrowth (kozoite), respectively. For La-kozoite and
calcite, the misfit between the [010],. || [100]«., alignments is only -0.93%. This misfit is 0.72%
in Nd-kozoite. Also, the misfit between the [2-21]. || [010]koz is -5.71% in La-kozoite and -
4.55% in Nd-kozoite (Figures 10 and 12). The misfit with a positive value indicates that the
matching direction or the Nd-kozoite is very slightly contracted along that [100] direction
compared to the unit cell of calcite. The misfits with negative values indicate an expansion of
the unit cell of La-kozoite in the [010] and [2-21] directions compared to the unit cell of the
calcite substrate. In the case of Nd-kozoite this expansion relative to the unit cell of calcite
occurs in the [010] direction. All these values are clearly below the limits of the generally

accepted values of misfit (15-20%) required for an epitaxial overgrowth to occur 8'.

One question of interest is to understand why no oriented overgrowth was observed for the
Dy-kozoite. In the case of an epitaxial overgrowth of Dy-kozoite on calcite, the misfit values for

the [010]. || [100]koz and [2-21]cc || [010]ko. alignments would be 3.09% and -4.12%,
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respectively. These values are close to the other two kozoite isomorphs and are a direct
consequence of the small variations in their unit cell parameters and interatomic distances as
a consequence of the different ionic radii of the REE3* (Table 2). Therefore, although the
epitaxial overgrowth of the Dy-kozoite and calcite seems theoretically possible, there are some
factors inhibiting this oriented overgrowth. Our hypothesis relies on the mechanism of growth
of this phase. Experiments showed two main differences in the crystallisation of Dy-kozoite
compared to the La- and Nd-kozoite isomorphs: first, the growth morphology of Dy-kozoite
(bow-tie aggregates made of spindle-shaped crystals; Figure 7e,f) is very different compared
to La- and Nd-kozoite (Figure 7a-d), showing more single crystals at the beginning of the
crystallisation process. Second, the induction time of Dy-kozoite crystallisation was much
longer than the La- and Nd-bearing isomorphs. These two differences can be explained taking
into account the combined effect of the ionic potential of the REE3* ions 52. The ionic potential
is expressed as the charge of the cation divided by its ionic radius. All ions are solvated in
solution and, in order to become part of a crystalline structure, they need to remove their
solvation shells. The ionic potential of the REE?* cation is proportional to its strength to hold
the water molecules of the solvation shell 5282, Therefore, the higher the ionic potential, the
higher the energy needed to remove the solvation layer of the ion and hence the highest the
temperature or the longer the time that is required for the crystal nucleation process to begin
83, This is a well-known variable that affects the onset of nucleation during the homogeneous
crystallisation of REE-carbonates 6264 and Ca-Mg carbonates 848%, In the case of the REE, the
ionic potential of La%* is 2.60, Nd®* is 2.77, while the largest value belongs to Dy3*, 3.03.
Thereby Dy3* requires the highest energy (or the longest time) to desolvate before it
incorporates into the lattice of the growing crystals. This longer induction time compared to the
La- and Nd-bearing experiments allows more time for the release of Ca?* and CO3? ions from
the surface of calcite to the aqueous solution, resulting in higher supersaturation levels for Dy-
kozoite. Supersaturation is the driving force for nucleation and growth, and it dictates the
mechanism of crystallisation and crystal morphology. The observed morphologies for Dy-

kozoite are consistent with the growth morphologies observed in other carbonate minerals
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during spherulitic growth processes, which require high supersaturation conditions (e.g.
51,64,84.86,87) These spherulitic morphologies are a consequence of a rapid (i.e., few minutes)
nucleation and growth of new crystals on the surface of already existing crystals via non-
crystallographic branching, resulting in aggregates with orientational defects, as there is no
structural relationship between the newly nucleated crystals and the already existing ones 8-
91, Compared to the La-kozoite and Nd-kozoite isomorphs, the more rapid growth kinetics of
Dy-kozoite and the large number of orientational defects would prevent the formation of an

oriented overgrowth on the surface of calcite.

From a wider perspective, it is essential to highlight that all the kozoite-type isomorphs
obtained in our experiments are members of the ancylite mineral group %, a group with a large
chemical variability. Our experiments had targeted chemistry, and therefore all products only
contained a single rare earth element. Also, their Ca?* content was very low (atomic % < 1.4
or below detection limit; Table SI-1). However, some of the members of the ancylite group
contain not only rare earth elements, but also divalent cations (Ca?*, Sr?*, Pb?* 3 like ancylite-
(Ce) (CeSr(CO0;),(0OH)-H,0)%4, ancylite-(La) (LaSr(CO3),(OH)-H,0)%, several Ca-rich
calcioancylites with Ce and Nd %97, the Pb-rich gysinite-(Nd) (PbNd(CO3),(OH)-H,0 %, and all
the kozoite isomorphs °2. The ancylite group is, in fact, a series of complex solid-solutions
formed as a consequence of coupled substitutions REE®** + OH- = Me?* + H,0O (where Me?*=
Ca?*, Sr*, Pb?*) and most of the existing structural information about them has been obtained
from natural samples (carbonatite deposits, pegmatites of alkaline rocks) 929, and some
hydrothermal synthesis experiments 646667 This large chemical variability of ancylite is
translated into variations of unit cell parameters and interatomic distances in their structures,
which can promote or inhibit the oriented overgrowth of these phases on calcite. Furthermore,
the chemistry of the substrate need also to be considered: our SEM analysis did not detect
any Mg (or other elements) in calcite and powder XRD patterns showed that the main Bragg
peak of calcite (104) corresponded to a d-spacing of 3.035 A, consistent with a pure (non-Mg-

bearing) calcite . However, it is important to consider that the incorporation of some elements
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in the structure of calcite (e.g., Mg?*)'% also results in changes to the unit cell dimensions and

interatomic distances in this mineral, potentially affecting the described oriented overgrowth.

5. Implications for natural systems

Mineral replacement reactions are common in hydrothermal systems, including carbonatites
and other REE-bearing deposits, and they reflect changes in the environmental conditions or
fluid composition during the evolution of the system. The crystallisation of REE-bearing
carbonates is known to be an efficient process for the immobilisation of REE, and this can
happen as a consequence of fluid mixing at hydrothermal conditions, fluid-rock interactions, or
changes in PT conditions, among other factors '9'. Our results have sound implications for the

understanding of mineralisation reactions occurring in carbonatite deposits.

Metasomatic alteration has been identified as a common process taking place in carbonatite
deposits 2, where replacement reactions may have played an important role in the formation
or REE-bearing carbonates. Some examples are the Bayan Obo deposit (Mongolia, China),
the largest REE resource in the world, which is a metamorphosed and metasomatically altered
carbonatite 1°2. Also, REE deposits in Vietnam are described as crushed zones in Paleozoic
limestone affected by metasomatism %3, In many of these deposits, REE-carbonates (e.g.
ancylite, bastnasite, monazite) are considered to be of secondary origin as a consequence of
mineral replacement at hydrothermal conditions. Armbrustmacher'® found carbonate minerals
showing textures consistent with pseudomorphic replacements produced by the interaction of
hydrothermal fluids with primary minerals in carbonatites from the Wet Mountains Area
(Colorado, USA). Moore et al.'% found similar results in carbonate deposits in the Bear Lodge
carbonatite (Wyoming, USA). However, these deposits are very complex and the REE
enrichment mechanism and the genesis of many of REE-carbonate minerals are still under

debate due to their complicated mineralogy, element composition and geologic history.
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The main REE-bearing minerals associated with carbonatites are fluorocarbonates, like
bastnasite, parisite (Ca(REE),(CO3);F,), and synchysite (CaREE(CO3),F), as well as hydrated
carbonates like ancylite (REESr(CO3),(OH)-H,0), and phosphates like monazite (REEPO,).
These carbonatite deposits are enriched by the four LREE (La, Ce, Pr, Nd). Bastnasite is the
predominant ore mineral, and calcite and dolomite are also present as gangue. Bastnasite and
the other fluorocarbonates in carbonatites are considered to form by four main processes '%:
(i) Direct high-temperature crystallisation from a carbonatite magma, a mechanism that has
been in-depth experimentally studied by Anenburg et al %. (ii) Replacement of initially alkali
REE carbonates like burbankite ((Na,Ca);(Sr,Ba,REE);(CO3)s), or carbocernaite
((Ca,Na)(Sr,REE,Ba)(CO;),) that results in the formation of characteristic textures consisting
of fine-grained assemblages of REE fluorocarbonates, monazite, barite and strontianite
pseudomorphs 3% 107.108_(jij) Replacement of relatively insoluble REE-bearing minerals during
weathering like apatite '°° or synchysite 1°. (iv) Hydrothermal alteration of calcite, with the REE

derived from the calcite itself, to form 1.

Our experiments would be relevant for the understanding of the hydrothermal alteration
processes taking place in REE-rich carbonatites (e.g., Okorusu deposit, Nabibia'''). Results
demonstrate that REE can be rapidly immobilised even at low hydrothermal conditions as
hydroxicarbonates, replacing calcite, and the fluid composition can have strong control of the
kinetics, polymorph selection and crystallisation pathways towards bastnasite during
replacement reactions. Hydrogeochemical modelling from high-temperature experimental data
has revealed that the main ligands responsible for the transport of the REE at hydrothermal
conditions are Cl- and SO,* as well as bicarbonate/carbonate 38112, Other ligands like F- and
OH- have been considered to be the main ligands enabling solubility and hydrothermal
transport of REE 12113, Recently Migdisov et al. 3 have suggested that F- is in fact, a
depositional ligand. Our study suggests that at near-neutral and alkaline conditions, the

contribution of the OH- complexes to REE immobilisation could be also significant.
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The reactions followed in this study revealed multi-step crystallisation pathways to bastnasite.
The two observed intermediate phases (lanthanite and kozoite) are not abundant in
carbonatites. Kozoite has been found in association with an alkali olivine basalt 2 and also in
pegmatite deposits, while lanthanite has been observed in some carbonatites 4. Although
their detection can be complicated if they are present in very low quantities, our data and
previous studies & suggest that they may form at hydrothermal conditions and rapidly
transform to bastnasite. Furthemore, the presence of F- and Sr?* ions would promote the

formation of the more stable fluorcarbonates and the crystallisation of ancylite.

6. Conclusions

Pseudomorphic mineral replacement of calcite by REE carbonates (La, Nd, Dy) takes place at
low hydrothermal conditions (50-220 °C) and is strongly controlled by structural constraints
which in turn depend on the ionic radius of the involved REE. Calcite grains are replaced from
their periphery inwards and the newly formed REE-bearing carbonates follow the crystallisation
sequence lanthanite [REE,(CO;);-8H,0] -> kozoite [orthorhombic REECO3;(OH)] ->
hydroxylbastnasite [hexagonal REECO3(OH)]. In La- and Nd-rich fluids this solvent-mediated
transformation is initiated with the crystallisation of La- and Nd-Kozoite forming an epitaxial
overgrowth on the surface of calcite (104) face due to their structural similarities. Temperature
and the fluid chemistry (i.e., REE element present in the aqueous solution) control the kinetics
of the replacement reaction. These replacement processes are relevant for the understanding
of mineralisation reactions occurring in REE-bearing carbonatite deposits and demonstrate
that REE can be rapidly immobilised as REE hydroxicarbonates even at low hydrothermal
conditions, replacing calcite. Besides, our method allows the synthesis of REE carbonates with

tailored structures and chemistries for the production of new innovative materials.
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9. Figure Captions

Figure 1: Powder XRD patterns of La-lanthanite with calcite, La-kozoite and La-
hydroxylbastnasite obtained as final products of the experiments carried out at 21, 50 and 220

°C, respectively.

Figure 2: Powder XRD patterns of Nd-lanthanite with calcite, Nd-kozoite and Nd-
hydroxylbastnasite, obtained as final products of the experiments carried out at 21, 50 and 220

°C, respectively.

Figure 3: Powder XRD pattern of Dy-kozoite obtained as the final product of the experiment

carried out at 95 °C.

Figure 4: Powder XRD patterns showing the full replacement of calcite by Nd-kozoite at 50

°C. (a) 0 days, (b) 0.75 days h, (c) 1.75 days, and (d) 11 days.

Figure 5.: SEM micrographs of the surface of calcite grains exposed to La-bearing solutions
at 95 °C. (a) After 0.75 days of reaction, some crystals of La-kozoite are scattered on the
surface of calcite. (b) La-kozoite crystals quickly cover the available surface after 1.75 days.

(c) The full calcite grain is replaced by La-kozoite after 13 days.
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Figure 6.: SEM micrographs showing: (a) The surface of calcite completely covered by La-
lanthanite after 42 days of reaction at 21 °C (b). Detail of La-lanthanite crystal aggregates. (c)
Scattered crystals of Nd-lanthanite on the surface of calcite after 145 days of reaction at 21

°C. (d) Morphology of Nd-lanthanite single crystals.

Figure 7: SEM micrographs of (a) newly-formed La-kozoite with random orientation of the
surface of calcite; (b) La-kozoite with some individual crystals oriented on calcite; (c) Nd-
kozoite oriented on the (104) surface of calcite; (d) detail of single crystals of Nd-kozoite
oriented on the (104) surface calcite; (e) Dy-kozoite overgrowth on calcite (f) Dy-kozoite with

prismatic shapes crystallised on surface of calcite at 220 °C.

Figure 8. SEM images of (a) newly-formed La-hydroxylbastnasite and (b) Nd-

hydroxylbastnasite replacing calcite formed at 220 °C.

Figure 9: SEM micrographs showing oriented Nd-kozoite grown onto the (104) surface of
calcite. (a) Overall view of a calcite grain showing the early stages of development of Nd-
kozoite; (b) detail of the calcite surface showing Nd-kozoite crystals attached to the calcite

surface. (d) Calcite surface completely covered by Nd-kozoite crystals.

Figure 10: Schematic diagram showing the epitaxial relationship between kozoite and calcite

crystals.

Figure 11: Reaction pathways towards bastnasite observed during the replacement of calcite
by rare earth carbonates. Continuous lines correspond to observed reactions, while dashed
lines correspond to expected reactions that were not observed in our experiments. Each line

shows the temperature at which the reaction takes place.

Figure 12: Projection of the crystal structures of a (104) slice of calcite and a (001) slice of

kozoite showing the main directions of epitaxy and the repeating periods.
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4 869  with rare earth bearing aqueous solutions. Abbreviations Lan, Koz and HB, stand for lanthanite, kozoite and hydroxylbastnasite, respectively.
> 870
6 871
; La system Molar ratio Ca/La ~ 1 Nd system Molar ratio Ca/Nd ~ 1 Dy system Molar ratio Ca/Dy ~ 1
T Time % calcite Phase % calcite Phase % calcite Phase
9 (°C) (days) | consumed formed Morphology consumed formed Morphology consumed formed Morphology
10 7 0 - -
11 14 6
12 21 8 0 - - 0 - -
13 21 42 10 Lan Thin platy .
14 crystals Thin plat Fibrous
1 145 15 2 Lan c s?alsy <1 Koz aggregates with
5 ry some branching
16
17 1 0 __ __ 0 - -
18 2 0 8 Spindle, 0 _ _
19 5 33 Small prisms 12 oriented
20 7 55 52
0 %0 9 89 Koz Elongated 88 Koz spindle, some 60 .
prisms, . Fibrous
14 99 . 96 oriented, more 94 .
22 20 sometimes olongated Koz aggregates with
23 o8 100 oriented 100 9 100 some branching
24
25 0.25 0 - - 0 - - 0 - -
26 0.75 3 2 1
27 1 9 2
28 1.5 11 12 . 7 .
29 05 175 14 Koz Elongated 16 Koz Splndle, some 12 Fibrous .
. oriented, more Koz aggregates with
30 11 prisms _
13 elongated some branching
31
32 154 100 > 98% Koz 100 > 99% Koz 100
< 2% HB <1% HB
33
34 1 Koz Elongated
35 2 Koz prisms
36 5 16 % Koz Elonaated Spindle, some Tabular and
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7 P HB rectangular crystals
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Table 2. Unit cell parameters of original calcite and the La-, Nd- and Dy-bearing carbonate minerals crystallised in the experiments.

Mineral Space group La-system Nd-system Dy-system
R 3c
Caloite a=b=4989A _ _ _
c=17.062 A
Vol = 367.78 A3
a= 8.978(2)? a =8.893(2) ﬁ
. b = 9.558(2) b =9.440(3)
Lanthanite Pbnb ¢ =17.035(4) A ¢ = 16.924(5) A -
Vol = 1461.8 A3 Vol = 1420.7 A3
a=5.036(2) A a=4.953(1)A a = 4.839(6) A
Kozoite Prmen b = 8.587(3) A b = 8.482(2) A b = 8.444(4) A
c =7.403(2) A c=7.221(1) A c=6.984(1) A
Vol = 320.1 A3 Vol = 303.3 A3 Vol = 285.3 A3
a=12.629(8) A a=12.336(2) A
hydroxylbastnasite P 62c c =10.046(3) A c=9.918(1) A -
Vol = 1386.4 A3 Vol = 1309.0 A3
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Reaction pathways towards the formation of bastnasite: replacement of calcite by rare

earth carbonates.

1

Adrienn Maria Szucs - 2, Alexandra Stavropoulou1, Claire O'Donnell1, Seana Davis ', Juan

Diego Rodriguez-BIanco1 3

TICRAG, Department of Geology, School of Natural Sciences, Trinity College Dublin, Ireland.

2szcsa@tcd.ie; 3J.D.Rodriguez-BIanco@tcd.ie

Synopsis

The interaction of rare earth bearing (La, Nd, Dy) fluids with calcite at ambient and
hydrothermal conditions (25-220 °C) results in the solvent-mediated surface precipitation and
subsequent pseudomorphic mineral replacement of calcite by rare earth carbonates, following
the crystallisation sequence lanthanite [REE,(CO3);-8H,0] > kozoite [orthorhombic
REECO;(OH)] = hydroxylbastnasite [hexagonal REECO;(OH)]. Kozoite grows oriented onto

the calcite surface, forming an epitaxy.
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Description of Supporting Information

Supporting information includes (1) opitical images of calcite crystals after reaction with a Nd-
bearing solution, and (2) Ca content (atomic%) in REE-bearing carbonates determined with

energy dispersive spectroscopy (EDS) analysis using scanning electron microscopy (SEM) .
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Figure 1: Powder XRD patterns of La-lanthanite with calcite, La-kozoite and La- hydroxylbastndsite obtained
as final products of the experiments carried out at 21, 50 and 220 °C, respectively.
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27 Figure 2: Powder XRD patterns of Nd-lanthanite with calcite, Nd-kozoite and Nd-hydroxylbastnasite,

28 obtained as final products of the experiments carried out at 21, 50 and 220 °C, respectively.
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Figure 3: Powder XRD pattern of Dy-kozoite obtained as the final product of the experiment carried out at
95 ©oC.
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45 Figure 4: Powder XRD patterns showing the full replacement of calcite by Nd-kozoite at 50 °C. (a) 0 days,
46 (b) 0.75 days h, (c) 1.75 days, and (d) 11 days.
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Figure 5.: SEM micrographs of the surface of calcite grains exposed to La-bearing solutions at 95 °C. (a)
After 0.75 days of reaction, some crystals of kozoite-(La) are scattered on the surface of calcite. (b) Kozoite-
(La) crystals quickly cover the available surface after 1.75 days. (b) The full calcite grain is replaced by
Kozoite-(La) after 13 days.
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31 Figure 6.: SEM micrographs showing: (a) The surface of calcite completely covered by lanthanite-(La) after
32 42 days of reaction (b). Detail of lanthanite-(La) crystal aggregates. (c) Scattered crystals of lanthanite-(Nd)
33 on the surface of calcite after 145 days of reaction. (d) Morphology of lanthanite-(Nd) single crystals.
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Figure 7: SEM micrographs of (a) newly-formed kozoite-(La) with random orientation of the surface of
calcite; (b) kozoite-(La) with some individual crystals oriented on calcite; (c) kozoite-(Nd) oriented on the
(104) surface of calcite; (d) detail of single crystals of kozoite-(Nd) oriented on the (104) surface calcite; (e)

DyCO3(OH) overgrowth on calcite (f) DyCO3(OH) with prismatic shapes crystallised on surface of calcite at
220 °C.
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45 Figure 8: SEM images of (a) newly-formed bastnasite-(La) and (b) bastnasite-(Nd) replacing calcite formed
46 at 220 °C.
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Figure 9: SEM micrographs showing oriented kozoite-(Nd) grown onto the (104) surface of calcite. (a)
Overall view of a calcite grain showing the early stages of development of kozoite-(Nd); (b) detail of the
calcite surface showing kozoite-(Nd) crystals attached to the calcite surface. (d) Calcite surface completely
covered by kozoite-(Nd) crystals.
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Figure 10: Schematic diagram showing the epitaxial relationship between kozoite and calcite crystals.
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Figure 11: Reaction pathways towards bastnasite observed during the replacement of calcite by rare earth
carbonates. Continuous lines correspond to observed reactions, while dashed lines correspond to expected
reactions that were not observed in our experiments. Each line shows the temperature at which the reaction

takes place.
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45 Figure 12: Projection of the crystal structures of a (104) slice of calcite and a (001) slice of kozoite showing
46 the main directions of epitaxy and the repeating periods.
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