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Abstract:  

Naturally occurring rare earth element (REE) bearing carbonate minerals contain different REEs, yet 

efforts to synthesise and understand their formation mechanisms have hitherto used single REE end-

member experiments. In synthesising a mixed La-Nd carbonate, we document how the presence of 

two REEs affects the overall crystallisation process. We find that the mixed REE carbonate has a 

broadly similar crystallisation pathway as its end-members but with key differences. The process 

begins with the precipitation of amorphous spherical nanoparticles which mature into macrocrystals 

via an intermediary polymorphous phase. The resulting phase is identified as lanthanite, a naturally 

occurring REE carbonate mineral. The mixed carbonate has unit cell parameters and phase transition 

times in between that of its La and Nd end-members. Unlike the end-members, the crystallisation 
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process of mixed REE carbonates has a consistent two-stage transition process between the 

nanoparticulate and the final phase. They also have a distinct and homogeneous morphology 

compared to their end-members. These results highlight the importance of considering multiple REEs 

simultaneously when studying the precipitation mechanisms of REE carbonates.  

Keywords:  

Rare Earth Carbonate; Aqueous Geochemistry; Time resolved; mixed REE; Precipitation; Lanthanite 

1. Introduction 

Rare earth elements (REEs) or lanthanoids as per the International Union of Pure and Applied 

Chemistry (IUPAC) nomenclature are a series of 15 f-block elements from La to Lu (IUPAC, 2005). 

They are integral to many technological innovations used in the green energy transition (Bobba et al. 

2020) as well as in consumer and military goods (Krishnamurthy and Gupta, 2016; Van Gosen et al. 

2017; Wilburn, 2012). As a result, demand for these elements has been rising, and is expected to 

continue to rise in the near to mid future (Roskill, 2021). The REE-bearing minerals of economic 

interest are principally REE fluorcarbonates (e.g. bastnäsite) and phosphates (e.g. monazite, 

xenotime), the fluorcarbonates being of slightly greater commercial interest (Zheng and Greedan, 

2003).  

Despite their name, REEs are not rare in terms of Earth’s crustal abundances but rather rarely occur in 

large, easily exploitable, economic concentrations (Krishnamurthy and Gupta, 2016; Rudnick and 

Gao, 2003; Weng et al. 2015). Many of the world’s large (>1.7 x 10
6
 REE tonnes) REE deposits are 

associated with carbonatite rocks with mineralisation from weathering or hydrothermal alteration and 

precipitation of REE carbonates and fluorcarbonates (Broom-Fendley et al. 2017; Ling et al. 2013; 

Ngwenya, 1994; Smith et al. 2016; Walters et al., 2011). REE carbonate minerals are often found as 

an accessory phase in such deposits (Bhushan and Kumar, 2013; Thi et al., 2014; Zhongxin et al., 

1992).  

The induced precipitation of REE carbonates is a step sometimes used in ore beneficiation processes 

to refine REEs (Krishnamurthy and Gupta, 2016; Castor and Hendrick, 2006; Wang et al. 2017). 
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Additionally, the selective precipitation of REE carbonates is an effective way to extract REEs from 

toxic acid mine drainage waters (Hassas et al., 2021). Amorphous REE carbonate nanoparticles are 

useful for their magnetic (Coey et al. 1975) and optical properties (Zhou et al. 2020) and have been 

used to synthesize ceramic electrolytes for solid oxide fuel cells (Accardo et al. 2019). Some REE 

carbonates are used as chemical homologues for actinides in the nuclear industry (Kim et al. 2018; 

Runde et al. 1992). A better understanding of the precipitation pathway of REE carbonates has 

advantages for the field of geology and material science as well as implications for more efficient 

REE processing and environmental remediation.  

Single-REE carbonates have been synthesised using a range of methods (Jansen et al. 1959; 

Nagashima et al. 1973; Liu et al. 1999; Refat, 2004). In more recent studies, the crystallisation and 

precipitation process of these minerals is being investigated with increasing assiduity (Han 2020; 

Koryttseva and Navrotsky, 2020; Szucs et al. 2021; Vallina et al. 2014; Yu et al. 2020) as REE 

bearing carbonates are becoming more relevant to technologically advanced goods. However, an 

often-overlooked parameter is the effect of the presence of multiple REEs in the starting solution on 

the crystallisation process of REE carbonates. Studies on precipitating REE carbonates from leached 

low-grade REE ores (Leng et al. 2000; Liu and Ma 1998; Zhang et al. 1995) happen to incorporate 

multiple REEs into their starting solutions, due to their natural provenance. These works primarily 

focus on the precipitation and subsequent REE concentration for commercial purposes; therefore, the 

REEs used in the experiments and their impact on the crystallisation process remained undiscussed. 

Goncharov et al. (2022) investigated the thermodynamic properties of a mixed La-Nd carbonate 

synthesised at high temperatures, with the focus being on the end product. 

We study the low temperature crystallisation pathways of a mixed La-Nd carbonate at 50:50 and 

compare the process to that of its single REE carbonate end-members. We use a synthesis method and 

overall approach similar to the REE carbonate experiments conducted by Rodriguez-Blanco et al. 

(2014) and Vallina et al. (2015) as their work provides a useful basis for comparison to single REE 

carbonates.  
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We find that the mixed REE carbonate has a similar crystallisation pathway to that of its end-member 

REE counterparts. There are however specific characteristics and behaviours only exhibited in the 

mixed La-Nd experiments, such as the presence and timings of a two-stage REE uptake into the solid 

phase as well as a distinct final morphology. The resulting crystals of the mixed La-Nd experiments 

are mixed La-Nd lanthanite crystals which are structurally and compositionally similar to the naturally 

occurring lanthanite-Nd mineral (Nd, La)2(CO3)3·8H2O.  

2. Materials and methods 

2.1 Synthesis of REE carbonates 

Lanthanum and neodymium carbonates, as well as a mixed La-Nd carbonate, were synthesised 

following the approach of Rodriguez-Blanco et al. (2014) and Vallina et al. (2015). The La and Nd 

end-member carbonates were synthesised by adding in equal volumes a 0.01M Na2CO3 solution to a 

0.01M REE(NO3)3 solution at 30
o
C  2

o
 with constant stirring. The mixed La-Nd experiment was 

synthesised by including the respective La and Nd nitrates in equal volumes and combining this with 

0.01M Na2CO3 whilst maintaining the same REE:CO3 ratio of 1:1 as in the end-member REE 

experiments. This resulted in a REE(NO3)3 starting solution comprising of 0.01M La(NO3)3 and 

0.01M Nd(NO3)3 at a 50:50 La:Nd ratio. The pH was recorded for the starting solutions and 

immediately upon their mixture. The REE nitrate solutions had a pH of 3.5, 3.8, 3.9 ± 0.2 for the La, 

Nd and mixed solution respectively. The sodium carbonate solution had a pH of 9.9 ± 0.2. Upon 

mixing of the starting solutions, the pH of the mixed experiment was measured at 5.8 ± 0.2. 

2.2 Real-time and standalone analyses  

Following mixing of the starting solutions, and under constant stirring, time resolved absorbance 

measurements of the solution were recorded to monitor the evolution of the solution. A Camspec 

M501 UV-Vis spectrophotometer was used to record the absorbance values at 450 nm every 10 

seconds and each synthesis was replicated a minimum of 7 times. Through a custom exterior panel to 

the UV-Vis, an entry and exit tube was connected to the cell holder allowing the circulation of liquid 

around the cell. An external impeller pump (Huber Ministat 125) circulated heated water to maintain a 

reaction temperature of 30
o
C  2

o
. The starting solutions were also pre-heated separately to 30

o
C  2

o
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prior to mixing. A total of 3.5mL of pre-heated reactant was pipetted into a 1cm cuvette pre-placed 

inside the machine. The Na2CO3 solution was always added to the REE solution. The cell was then 

covered with a piece of Parafilm “M” and capped with a plastic push-down cap do mitigate 

evaporation loss. The sample was continually stirred throughout the measurement by a magnetic 

stirrer inside the UV-Vis. Stirring speed had little to no impact on the sample evolution but it was 

important that the sample was stirred (A.1).  

To generate more material for further analysis, larger volumes (up to 40 mL) of starting solution were 

used and the samples were prepared outside of the UV-Vis spectrophotometer using the same method. 

Aliquots of the solution were extracted at set times throughout the growth process, with a minimum of 

one duplicate for all mixtures. Following Rodriguez-Blanco et al. (2008), the solution was filtered 

through a 0.2 µm membrane filter; the filter was then washed with ethanol to remove excess water 

and left to air dry. The filtration and washing were completed in under a minute.  

The synthetic REE carbonate was analysed by Scanning Electron Microscopy (SEM), X-Ray 

Diffraction (XRD) and Transmission Electron Microscopy (TEM) coupled with Selected Area 

Electron Diffraction (SAED). A Zeiss SIGMA HD VP Field Emission SEM was used to image the 

material. The sample was coated with a thin 30-60 second gold coat and imaged at 7-10keV. A lower 

keV was used as the sample was susceptible to charging. A Bruker D2 Phaser diffractometer 

(wavelength = 1.540 Å; 2Θ= 5-60
o
) was used to obtain XRD data and the software GSAS II was used 

to determine unit cell parameters. TEM imaging and selected area electron diffraction (SAED) 

patterns were obtained from a Tecnai G2 20 Twin TEM at 200keV, where samples were loaded onto 

300 mesh carbon formvar coated TEM grids from an ethanol suspension using a microliter pipette. In 

order to obtain images with minimal exposure to the electron beam, the image was focused in one 

place and quickly moved to another to obtain a fresh image. The software ImageJ was used to 

measure the dimensions from the SEM and TEM imaging of the material. 

REE partitioning in the precipitated material was determined by isolating the solid phase at set times 

using centrifuge filters. The solution was prepared as outlined above, but instead of filtering the 

aliquots with membrane filters, up to 2.5mL of solution was placed in a 3000MWCO centrifugal 
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filtration tube. The tube was then placed in a centrifuge equipped with a 45 degree fixed angle rotor. 

The sample was centrifuged at 5500 rpm for 10 minutes where the filtered sample was removed as the 

supernatant. 10% nitric acid was added to the top half and the tube was once again placed in the 

centrifuge for 5 minutes. The material collected from this spin was the solid material in the filter now 

dissolved by the acid and was analysed with a Varian Vista-PRO ICP-OES.  

3. Results 

3.1 Real-time sample turbidity monitoring 

A white, cloudy suspension formed immediately upon mixing of the hitherto transparent REE nitrate 

and Na2CO3 starting solutions. This suspension continued to increase in turbidity with time. The entire 

process was monitored by a UV-Vis spectrophotometer and showed an initial period of low 
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absorbance changing to more rapidly increasing absorbance after a characteristic inflection point (Fig. 

1).  

 

La carbonates showed an increase in absorbance at an inflection time between 4 and 11 minutes, with 

an average of 5 minutes (n=12; sd= 1) (Fig. 1). The absorbance evolution of Nd carbonates exhibits 

two distinct behaviours (Type A and Type B, Fig. 1), the occurrence of which does not appear to 

correlate with any measured experimental parameter. Some experiments show a “double-inflection” 

(Type B) whilst others have the same absorbance evolution to that of La (Type A). Type A was 

recorded 6 times compared to 4 times for Type B. Type B sees the absorbance remaining low before a 

sharp c. 15% increase, marking the first inflection in the double inflection. The first inflection is 

followed by a period of absorbance stagnation or slight decline before the main second inflection that 

sees absorbance levels rise rapidly to a maximum. For the Type B Nd experiments, the first inflection 

occurs between 20-40 (avg. 34, n=4; sd=3) minutes and the main inflection occurs between 100-160 

(avg. 122, n=4; sd=18.5) minutes. For Nd experiments with a single inflection absorbance behaviour, 

inflections occur between 70 to 350 (avg. 151, n=6; sd=67) minutes.  

The mixed REE carbonates have a consistent absorbance evolution showing a double-inflection (Fig. 

1). The initial inflection times occur between 13 to 40 (avg. 23, n=6; sd=11) minutes and the main one 

between 95 and 160 (avg. 112, n=6; sd=18) minutes. The variability in the experiments is shown in 

Fig. 1b.  

A representative polynomial fit for each starting solution and a heat map of all the iterations of the 

experiments (Fig. 1b) shows variability between experiments. The variations within repeat 

experiments increase for experiments that take longer to reach a maximum absorbance. The heat map 

Figure 1: (a) Absorbance evolution of REE carbonates. In all cases the origin marks the point of mixing of reactant solutions. For all end-
member La experiments and most Nd experiments, after an induction period, the absorbance inflects (e.g. blue arrow) and increases 
rapidly. The two grey arrows indicate the dual inflection characteristic of all mixed experiments and some Nd experiments. The first 
inflection is followed by a shoulder or hump in absorbance which is followed by a second, steeper rise in absorbance. The Nd carbonate 
experiments shown are separated between the single-inflection (Type A) and double-inflection (Type B) absorbance behaviours.  

(b) Each measured point is displayed with reduced opacity making areas of overlap from repeat experiments darker to create a “heat map” 
of common pathways which also shows the variability between repeated experiments.  A polynomial fit of all the repeated experiments for 
La, mixed and Nd carbonates is superimposed on the heat map. n indicates the number of repeat experiments and deg is the degree of the 
polynomial fit. Individual traces in Fig. A.2 
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shows the La carbonate behaviour to be more consistent compared to the Nd experiments (Fig. 1). 

The latter exhibit a range of absorbance evolution behaviours (e.g. single vs. double inflections), some 

of which overlap with the lines of the mixed experiments (Fig. 1).  

3.2 Structure and morphology of immediate precipitates  

For both the end-member and mixed experiments, the initial cloudy precipitate was analysed by XRD 

and SAED. This material was collected and filtered within 30 seconds of the mixing of the starting 

solutions, when the absorbance levels are a stagnant low (Fig. 1).  

The precipitates analysed by XRD showed no distinct Bragg peaks, but rather broad humps centred at 

18°, 30° and 45°2θ (Fig. 2). Conversely, the SAED pattern showed evidence of a polycrystalline 

structure (Fig. A.3) and while the TEM images of the material show Moire fringes (Fig. A.3), further 

experiments found that the crystallisation indicated by the Moire fringes was induced by the TEM 

beam (Fig. A.4). Repeated scans of the same sample under XRD showed no X-Ray induced 

crystallisation (Fig. A.5). SEM images show that they also do not grow in size as the sample ages in 

suspension (Fig. A.6).  
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Figure 2: SEM (left) and TEM (right) images for the initial precipitate 
of La, mixed and Nd carbonate. The images show the morphology and 
overall disposition of the nanoparticles. Material analysed by SEM 
were imaged within a 4 days of synthesis and drying whereas the 

TEM images are of material 7 months after drying. XRD patterns of 
the initial precipitates for La, the mixed and Nd samples show broad 
humps. 
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From TEM and SEM images, these nanoparticles appear broadly spherical and range from 10 to 30 

nm in diameter (Fig. 2). Measured from the TEM and SEM images, La particles are on average 24.2 

nm (n=140, sd=5.3) in diameter which is slightly larger than the mixed and Nd particles. The mixed 

experiments average 20.5 nm (n=220, sd=5.5), and Nd are the smallest at 18.3 nm on average (n=156, 

sd=5.8). Once filtered and dried, these nanoparticles are stable for at least 7 months as they retain 

their spherical nanoparticulate morphology (Fig. 2).  

3.3 Crystal growth and evolution beyond the initial precipitates 

For the analysis of mixed precipitates, aliquots of the suspension taken at set times throughout the 

reaction were analysed to reconcile the relationship between the changing absorbance and the 

suspended precipitate properties. Due to the variability between repeat experiments, it was not 

possible to time the sub-sampling of the solution exactly at the inflection point. As such, aliquots were 

taken before (Fig. 3a), approximately around the inflection (Fig. 3b-d) and after (Fig. 3e-f).  

During the initial period of low absorbance, SEM images show the morphologies to be nanoparticles 

(Fig. 2, Fig. 3a) progressively agglomerating into clusters (Fig. 3b). With time, the surficial areas of 

the overall nanoparticulate agglomeration began to exhibit a polymorphous character, with sharper, 

more defined edges (Fig. 3c-e, A.9). This material had multiple shapes and consisted of clusters (up to 

1.5 μm) of agglomerated polyhedra and nanoparticles. SEM images in Figure 3c-e illustrate this 

morphology. XRD analysis of the material show a strong Bragg peak at 10.4 2θ, one at 20.9 2θ and a 

minor peak at 31.6 2θ. The broad peaks seen for the initial precipitate (Fig. 3 inset) are absent, 

suggesting the overall sample to be structurally crystalline and no longer primarily comprised of 

amorphous nanoparticles. The Bragg peaks at 10.4, 20.9 and 31.6 2θ are characteristic of the mineral 

lanthanite, a naturally occurring REE carbonate octahydrate mineral (ICSD-100027; ICSD-188655) 

(Fig. A.8).   
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Figure 3: Evolution of the mixed experiment as monitored by UV-Vis, XRD and SEM. The representative absorbance evolution is shown 

using a polynomial fit and heat-map of all experiment iterations (as in Fig. 1). Circles on the curve correspond to the times at which the 

SEM images are taken. The inset SEM image labelled instant is taken immediately after the mixing of the starting solutions and shows the 

initial spherical nanoparticles. Arrows mark the first and main inflections.  

Inset: XRD patterns for aliquots taken at various times, with the letters corresponding to their times and V for unit cell volume.  Enlarged 

plot shown in A.7. 
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At the times surrounding the main inflection in the absorbance levels (Fig. 3c-d), the material 

observed under SEM is a mixture of the aggregated nanoparticles and polymorphous-appearing 

material (Fig. A.10). The occasional presence of individual fully-formed crystal laths is encircled on 

the images (Fig. 3). The material does not appear to change drastically from one aliquot to the next 

(Fig. 3d-f); the polymorphous material is broadly the same size and the material exhibits a crystalline 

XRD trace.  

At the peak of absorbance and up to 20% of the total time thereafter, the majority of the material still 

has a polymorphous character with only a limited amount of fully formed single crystals (Fig. 3f). 

XRD patterns continue to show a distinct lanthanite signature with sharper peaks. The final mixed 

lanthanite is orthorhombic with a pccn space group and unit cell parameters of a= 8.951Å, b= 9.467Å, 

c= 16.918Å, with a volume of 1430.5Å³. In comparison, the La end-member has unit cell parameters 

of a= 8.927Å, b= 9.529Å, c= 16.985Å, with a volume of 1444.9Å³ and Nd has a= 8.847Å, b= 9.463Å, 

c= 17.046Å, with a volume of 1427.2Å³.  

The La:Nd ratio of the resulting material for duplicate experiments is shown in Fig. 4. Immediately 

upon mixing of the starting solutions, Nd appears to be preferentially incorporated into the solid 

phase. The initial solid nanoparticulate phase contains a c. 45:55 La:Nd distribution compared to the 

Figure 4: La/Nd ratios within the precipitated material, 
illustrating the preferential partitioning of Nd into the carbonate 
phase. The grey marker shows the composition of the starting 

solution. The synthesis for REE partitioning analysis was 
conducted twice and the data shown are the average of the two 
experiments. The error bars for the ICP-OES analytical errors 
are within the size of the markers and have been omitted.  
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initial 50:50 and this partitioning bias is maintained at a constant level throughout the growth process 

(Fig. 4).  

3.4 Crystal morphologies  

 The experimental method produces well-formed and distinct crystals for both REEs and their mixture 

after significant ageing beyond the UV-Vis absorbance peak. For the mixed REE experiment, the 

sample is morphologically- and XRD-crystalline in its entirety after 8 hours, without the presence of 

nanoparticles. Samples aged in aqueous suspension for over 10 days resulted in crystalline products 

(Fig. 5).  

The crystal habits are specific to the starting solution composition and remain consistent throughout 

the experiment (Fig. 5). Morphologies vary from units of a distinct habit to rosettes of these units with 

the same habit. La carbonate crystals appear as symmetrical rosettes (up to 15µm across) comprised 

of lenticular blades or standalone blades/plates of the same shape (Fig. 5a). The form is time-

dependent. Early in the crystallisation process, the blades are individual, with the more mature 

rosettes only appearing later. The Nd carbonate crystals (up to 3µm) are considerably smaller than 

those from La carbonates (Fig. 5c). Nd carbonates also appear as rosettes or as discrete crystals. The 

rosettes differ from the La carbonate examples in that they are made of elongated flat ovoids (Fig. 5c). 

The mixed experiment exhibits a homogeneous morphology of blades with an orthorhombic form or 

cruciforms comprised of these blades (up to 10µm in length and 3 µm wide) (Fig. 5b). 

Figure 5: Fully formed crystals of La (a), the mixed La-Nd (b) and Nd (c) carbonate. Stirred until 
absorbance reaches peak and left in solution for 15, 13 and 17 days respectively. 
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4. Discussion 

4.1 Absorbance measurements to track crystallisation progress 

The UV-vis spectrophotometer provides a real-time measurement of changing absorbance which 

equates to the proportion of light scattered by the precipitate suspension with time. An increase in 

light scattering can be due to the presence of larger particles (Amendola and Meneghetti, 2009; Cheng 

et al. 2010), an increase in particle concentration (Kleizen et al. 1995; Yao et al. 2014), an evolution 

in particle shape or a change from a monodisperse medium to a polydisperse one due to 

agglomeration of the particles (Kourti, 2006). A quantitative relationship between the measured 

absorbance and particle parameters cannot be established for the synthesised experiments, as unlike 

the aforementioned studies, they do not remain spherical throughout the crystallisation process (Fig. 

3). However, results from Melik and Fogler (1982) show that the increase in light scattering can be 

used as a reliable qualitative indicator for an increase in particle size for a proportion of particles 

within the suspension. SEM images taken at various points throughout the process give an indication 

that the inflection may be triggered when much of the XRD-amorphous spherical particles transition 

to polymorphous agglomerates (Fig. 3, A.11, A.12). In addition to being larger on average, these 

agglomerates are also more angular, which would result in greater absorbance values for the same 

material (Begum et al., 2018). Both size and an angular morphology are properties that lead to greater 

light scattering (Amendola and Meneghetti, 2009; Begum et al., 2018). A change in size leads to an 

exponential change in absorbance (Kourti, 2006), which explains some local fluctuations in individual 

experiments (eg. Nd Type B c. 200 minutes or mixed experiment c. 110 minutes in Fig. 1a). 

The inflection times of experiments with the same starting solution vary between repeated 

experiments. Despite the synthesis under controlled and repeatable conditions, there appears to be an 

intrinsic variability to the crystallisation process. The heatmap in Fig. 1b illustrates this. For 

experiments with the double inflection, the main inflection has much less variability compared to the 

first inflection (Fig. 3). This variability increases for experiments with a longer initial nanoparticulate 

phase. All experiments have this variability, but longer experiments reveal it more markedly (Fig. 1b). 

Before the period of steep absorbance rise, the sample can contain spherical nanoparticles, 
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agglomerations thereof, polymorphous material, as well as well-formed crystal blades (Fig. 3, A.10). 

These morphologies all affect the light scattering in different ways and lead to a timing heterogeneity 

in development throughout the sample. As such, the longer the initial phase, the greater the variability 

introduced to the inflection times and propagated throughout the rest of the crystallisation process.   

Previous work on single REE carbonates showed a similar light scattering behaviour with the 

presence of an inflection point proposed to mark the onset of crystallisation with the peak of the 

absorbance measurements marking the end of the crystallisation reaction (Rodriguez-Blanco et al. 

2014; Vallina et al. 2015). Their XRD measurements of the sample at the start of the initial 

nanoparticulate phase show an XRD amorphous material compared to a lanthanite structure for 

material taken at the peak of the absorbance measurements (Rodriguez-Blanco et al. 2014; Vallina et 

al. 2015). Our XRD and SEM analyses of aliquots taken before the inflection and after the peak (Fig. 

3) show crystalline material present before the inflection and nanoparticulate material with sparse 

crystals at, and slightly after, the peak inflection suggesting that the inflection point is not simply 

controlled by the onset of crystallisation. Similarly, the maximum absorbance does not correspond to 

the end of the crystallisation reaction. With newer data acquired at a higher temporal resolution, we 

suggest a more refined interpretation whereby the absorbance and its inflection are used as a 

qualitative indicator for the time when a pivoting number of particles become larger and sufficiently 

crystalline to change the scattering properties of the suspension.  

4.2 Effects of mixed REEs in the starting solution 

4.2.1 Comparison of mixture with end-members 

The timing of the transition from the initial amorphous precursor to the polymorphous aggregates, i.e. 

the inflection time, is specific to the La:Nd ratio in the starting solution (Figure 1). As such, it must be 

an innate property of the REEs and their relative amounts that governs the crystallisation process. 

Previous work by Rodriguez-Blanco et al., (2014) and Vallina et al., (2015) demonstrated that for 

single end-member REE carbonate syntheses the inflection times for each REE carbonate are 

correlated to the ionic potential of that REE. The ionic potential is the ratio of the ionic charge 

(trivalent in this instance) to its ionic radius; a 10-fold coordinated radius is used here for REE in 
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lanthanite (dal Negro et al., 1977; Morrison et al. 2013). Rodriguez-Blanco et al. (2014) associate the 

inflection in the absorbance with the end of the dehydration of the hydrated amorphous precursor and 

the subsequent onset of crystallisation. The REEs with larger ionic potentials, e.g. REEs with lower 

ionic radii, necessitate a greater energy to dehydrate the amorphous nanoparticulate precursor and 

thus have later inflection times, with an increasing linear relationship between inflection times and 

ionic potential for La, Ce, Pr and Nd carbonates (Rodriguez-Blanco et al., 2014).  

For a more direct comparison with the published single REE experiments, we can consider our 

experiments as a La carbonate synthesis heavily doped with Nd, or vice versa. To do this, the 

averaged ionic potential of the starting solution is used for the mixed experiment. In relation to its 

end-members, the mixed experiment has an averaged inflection time proportionally related to its mean 

ionic potential (Fig. 6), suggesting the material to be of homogeneous La-Nd composition. For REE 

doped calcite, Terakado and Masuda (1988) also noted that REEs interact mutually during the 

crystallisation process and do not behave as separate units. In our experiments, the overall 

combination of REEs in the starting solution leads to a corresponding crystallisation behaviour and 

Figure 6: Relationship between averaged inflection time and 

ionic potential. For experiments with two inflections, the upper 

graph utilises the first inflection and the lower one the second, 

main inflection. For experiments with only one inflection, that 

inflection is in both graphs. The mean ionic potential of the first 

precipitate of the mixed experiment is also plotted (green 

diamond); it is within error of the inflection times of the mean 

ionic potential of the starting solution. Note that a linear 

relationship stands regardless of which inflection is used, 

despite the additional difference in inflection times (on the y 

axis). The ionic radii for the ionic potential calculations are 

from Jia (1991). The error bars are one standard deviation of the 

averaged times.  
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inflection time. The relationship between ionic potential and inflection time noted by Rodriguez-

Blanco et al. (2014) applies to the mixed REE carbonates in this study too (Fig. 6).  

The main inflection time (Fig. 1) for the mixed experiment is c. 55% between that of the averaged La 

and Nd times despite the 50:50 starting solution. The inflection times appear to be related to the mean 

ionic potential of the La:Nd ratio of the first precipitate (45:55) rather than that of the starting 

solution, although the starting solution REE distribution dictates the REE content of the first 

precipitates. 

Fully formed mixed crystals have a bladed morphology resembling neither of the end-members (Fig. 

5). These crystals have a similar morphology and size to Ce carbonates, seen in published work and 

replicated in supplementary experiments (Fig A.13; Rodriguez-Blanco et al. 2014). The mixed 

experiment has a similar average ionic potential to that of Ce (2.43 for the mixture vs. 2.42 for Ce; 

compared to 2.38 and 2.48 for La and Nd respectively). As such, there is a possibility that the mean 

ionic potential of the starting solution would not only impact the crystallisation kinetics but could also 

influence the morphology of the final crystals.  

4.2.2 The double-inflections of the mixed experiments 

The inflections in the absorbance evolution of the sample reflect a common mechanism in the 

crystallisation process and their timings are tied directly to the REE composition of the starting 

solution. The absorbance evolution of the La-Nd mixture is distinct compared to that of its La and Nd 

end-members as it consistently possesses two inflections (Fig. 1). The inflections do not translate into 

straightforward morphological changes, but reflect when the particles reach a critical size and 

morphology that leads to the increase of their light scattering. For the mixed experiment, SEM images 

show a slight increase in aggregation of material but a broadly similar morphology of aggregated 

nanoparticles compared to before and after the inflection (Fig. 3). Some macro-crystalline faces co-

exist with distinct nanoparticles and nanoparticle agglomerations (Fig 2, A.10). At the time of the 

main inflection, the material is polymorphous, having gradually transitioned to this morphology after 

the first inflection. The partitioning data shows a constant La:Nd ratio over time, suggesting no 

composition-related controls over the morphology of the particles and therefore light scattering. There 
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is a possibility that the nanoparticulate phase is comprised of two compositionally distinct phases that 

would evolve differently. Radha et al. (2012) suggest this for Ca-Mg carbonates. Due to the intimate 

intermixing of the various particles (Fig. 3), it proved difficult to separate and isolate any material for 

individual analysis. The XRD data of the crystalline mixed REE material shows a single lanthanite 

phase present. This also reduces the possibility of a structurally distinct meta-stable intermediary 

phase, akin to vaterite in calcite precipitation (Christy, 2017; Ogino et al. 1987). 

In reference to Ca carbonate analogues (Bots et al. 2012), we can possibly attribute the reduction in 

absorbance between the two inflections to the dissolution of the nanoparticulate agglomerates as they 

re-dissolve during Ostwald ripening, thereby reducing the amount and size of particles suspended in 

solution. Indeed for Ca carbonate systems, published solubility data show the nanoparticles are more 

soluble than the ensuing, more ordered, vaterite phase at 25°C with Ksp = 10
-6.3

 and 10
-7.9

 respectively 

(Brečević and Nielsen, 1989; Plummer and Busenberg, 1982). A minimal reduction of total particle 

concentration and/or size would lead to a noticeable reduction in the absorbance measurements due to 

the nature of the UV-Vis’ data acquisition process (Kourti, 2006).  

It remains unclear as to why the double inflection is consistent in the mixed experiment but only 

occasional for the Nd end-member. However, the addition of La to the Nd system must be an essential 

factor to result in such a consistent behaviour. 

4.3 Overall crystallisation process 

The aqueous, near-ambient temperature, synthesis of a La-Nd mixed carbonate results in the 

formation of lanthanite with similar composition and structure to natural lanthanite-Nd. We note a 

general process of crystallisation starting with a spherical amorphous nanoparticulate precursor (c. 15-

30nm diameter). These do not grow in size but agglomerate and transition to a meta-stable 

polymorphous phase before finally resulting in well-formed macro-crystals of up to 15µm via 

dissolution-reprecipitation. A crystallisation process with similar stages has been noted for single REE 

carbonates (Kim et al. 2011; Koryttseva and Navrotsky, 2020; Rodriguez-Blanco et al. 2014; Vallina 

et al. 2013), Ca carbonates (Bots et al. 2012; Blue et al. 2017; Giuffre et al. 2014; Koga et al., 1998; 

Liu et al., 2008; Neubauer et al., 2022; Ogino et al., 1987; Radha et al. 2010; Schmidt et al. 2014), Ca-
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Mg carbonates (Politi et al., 2009; Rodriguez-Blanco et al. 2012), Mg carbonates (Zhang et al. 2007) 

and Ca-Mg-Fe carbonates (Romanek et al., 2009).  

The overall crystallisation process is the same for both end-member and mixed REE carbonates and is 

summarised in Figure 7. The differences lie in the relative timings of the steps and the morphological 

differences in the fully-grown crystals. The mixed carbonate’s diameter of the spherical nanoparticles, 

inflection times and unit cell volumes are all in between those of the end-members. The lack of 

published thermodynamic data for mixed REE carbonates and the amorphous nanoparticles precludes 

any modelling of the crystallisation process.  
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4.4 Relevance to natural REE carbonate understanding 

The synthesized mineral, lanthanite, is a naturally occurring REE carbonate mineral with the general 

formula of (REE)2(CO3)3·8H2O), REE = La, Ce, Nd (Anthony et al., 2003). Lanthanite is commonly 

found in carbonatite hosted REE deposits as an accessory phase with apatite and REE fluorcarbonate 

minerals such as synchisite and parisite (Bhushan and Kumar, 2013; Thi et al., 2014; Zhongxin et al., 

1992). In such deposits, hydrothermally deposited bastnäsite is the REE mineral of economic interest. 

Consequently, the formation and/or depositional mechanisms of lanthanite are not well known.  

There are also occurrences of major phase lanthanite minerals hosted in carbonate rich rocks that are 

not associated with larger REE deposits (Cesbron et al. 1979; Coimbra et al., 1989; Coutinho, 1955). 

These minerals are secondary and are often found superficially or filling fractures, never as massive 

Figure 7: Overall evolution of the crystallisation of mixed and end-member REE carbonates. Note the concurrent presence of many 

morphologies and their relationship with crystal structure and light scattering. 

(a) The first precipitates form almost immediately upon mixing of the starting solutions. Under SEM, they are distinct nanoparticles, 

which suggests that the agglomeration observed subsequently is not an artefact of the filtering process.  

(b) They rapidly agglomerate and form small clusters. This material is XRD and TEM amorphous.  

(c) These clusters grow bigger (up to 10µm) and the particles are more compacted together, creating the appearance of a paste comprised 

of hundreds of nanoparticles. The material is determined from XRD analysis to have the structure of the mineral lanthanite. The 

absorbance levels have yet to reach their inflection point. 

(d) With time, the larger agglomerations begin to exhibit a polymorphous character, with a mixture of spherical nanoparticles and 

polyhedra. This is the point where most of the amorphous precursor has transformed into the next phase. The occasional crystal blade 

or lens can be observed among the polymorphous material or isolated on its own.  

(e) The polymorphous material transitions from anhedral to more euhedral forms, and thus scattering and absorbing more light, 

explaining the increase in absorbance after the inflection. A detailed look at the blades reveals ragged edges with the presence of 

amorphous nanoparticles. This suggests that the crystal blades are formed through a dissolution-precipitation process with the 

polymorphous material being a nucleation point.  

(f) The ratio of polycrystalline material and nanoparticles to crystals decreases with time until the sample is comprised exclusively of 

crystals. These crystals are morphologically homogeneous and are comprised of individual blades or rosettes thereof. This transition 

occurs c. 30% of the time after the absorbance levels reach their maximum point.  
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units, and can be associated with calcite and malachite. The naturally formed lanthanite tends to be 

larger than the samples synthesised (up to 1mm) with a platy or tabular habit and sometimes as a 

rosette, akin to the synthesised experiments (Coutinho, 1955).   

Lanthanite is hypothesized to be precipitated from meteoric waters enriched in REE leached from 

neighbouring minerals (Bevins et al. 1985; Cesbron et al. 1979; Coutinho, 1955; Graham et al. 2007; 

Weber, 1992) and carbonates tend to be the precipitant of REEs in such waters (Kim et al. 2018). 

Although there are no exact temperature indicators for the meteoric waters, the temperatures must be 

below 60°C (Vallina et al. 2015; Williams-Jones and Wood, 1992). Experimental work by Vallina et 

al. (2015) showed lanthanite-Nd would not form at 60°C, and lanthanite-(La) was only meta-stable at 

60°C. The REE content in the waters leading to the precipitation of natural lanthanite is unknown and 

to not assume water compositions, we used a 50:50 La:Nd ratio of our experiments. Similarly, nitrate 

was used as a ligand as it is non-complexing, which allows us to isolate the behaviour we observed to 

the REE. Natural systems may contain sulphate or phosphate ligands which may compete for the REE 

(Johannesson et al. 1995) and consequently alter the crystallisation kinetics. The measured solution 

pH of 5.8 following the mixture of the starting solutions would suggest an environment dominated by 

H2CO3 with subordinate HCO3
-
 (Stumm and Morgan, 1995).  

Lanthanite can contain most REEs in minor quantities. Indeed, some Lanthanite-Ce have equal 

amounts of structural La and Nd (just as the mixed experiment) at roughly half the amount as Ce and 

Lanthanite-Nd can have approximately two thirds as much La as Nd (Table 1). It is therefore vital to 

capture this diversity of REE in the synthesis of lanthanite; our mixed REE experiments illustrate that 

there is a distinct difference in precipitation behaviour when there are multiple REEs present 

compared to a single REE.  

The resulting synthesised lanthanite has La:Nd ratios and unit cell parameters within range of end-

member natural lanthanites (Tables 1 and 2). Some natural lanthanites have more Nd in relation to La 

(Table 1), pointing to a precipitating fluid containing potentially a greater amount of Nd compared to 

La, which would be in-line with abundances of REE typically found in groundwater (Noack et al. 

2014).  
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Compared to the end-members, the synthesised mixed lanthanite has both unit cell and compositional 

similarities with natural Lanthanite-Nd. As such, the mixed experiment is a close analogue to natural 

samples, especially when compared to synthesised single REE carbonates. As in our experiments, 

Hassas et al. (2021) used Na2CO3 to precipitate REE as carbonates (La as La2(CO3)3·8H2O; ie. 

Lanthanite) and find the carbonate to be a more effective precipitant for acid mine drainage 

remediation purposes compared with Na2HPO4, Na2SO4 or (NH4)OH. Information on quantifying the 

amounts of a certain REE that can be doped into the structure will be advantageous for selective 

precipitation of REEs, both for environment remediation and ore beneficiation applications. 

Understanding the influence of REE mixtures on REE carbonate precipitation will also yield a better 

understanding of mineralisation processes in nature.  
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Table 1. Comparison of La, Ce and Nd content between this study and natural, non-accessory, lanthanite minerals.  
  

Localit
y Kirigo, Japan Worldwide  -  

Bethlehem, PA, 
USA 

Curitiba, 
Brazil 

Whitianga, New 
Zealand Bastnäs, Sweden 

North Wales, 
UK 

Santa Isabel, 
Brazil 

Author(
s) 

Nagashima et al. 
(1986) Noak et al. (2014) 

Present 
study 

Atencio et al. 
(1989) 

Roberts 
(1980)  Graham et al. (2007) 

Atencio et al. 
(1989) 

Bevins et al. 
(1985) 

Coimbra et al. 
(1989) 

Materia

l Lanthanite-(Nd) 

Averaged 

Groundwater 

Mixed 

sample Lanthanite-(Nd) 

Lanthanite-

(Nd) Lanthanite-(Nd) Lanthanite-(Ce) Lanthanite-(Ce) Lanthanite-(Nd) 

La 13.8 22.9 19.8 15.2 16.6 13.5 9.2 12.4 18.0 

Ce 1 22.9  -   -  - 8.1 21.3 17.8 0.2 

Nd 20.5 34.6 26.6 20 18.8 15.0 10.1 12.9 18.6 

La/Nd 0.67 0.66 0.74 0.76 0.88 0.90 0.91 0.96 0.97 

Table 1: Comparison of La, Ce and Nd content between this study and natural, non-accessory, lanthanite minerals. Values in bold highlight the most abundant REE. Other REEs and trace elements are not 

shown. Values shown as REE wt% of lanthanite. Note the lanthanite from this study has a similar La:Nd ratio to Lanthanite-Nd found in the Bethlehem, PA, USA. 

Table 2: Unit cell parameters of lanthanite from this study and from natural non-accessory lanthanite obtained from the software GSAS II. The unit cell of lanthanite belongs to space group 56, 

pccn. Unit cell parameters show differences in cell volume between Lanthanite-Nd and -Ce and shows the synthesised mixed lanthanite in between the dimensions of La and Nd. The REEs in 

lanthanite have a 10-fold coordination (dal Negro et al. 1977; Morrison et al. 2013). In such a configuration, the ionic radii of La and Ce are quite similar and smaller than that Nd (La3+=1.27; 

Ce3+=1.25; Nd3+=1.21. Jia, 1991). It is expected for Lanthanite-Ce’s unit cell to be larger than that of Lanthanite-Nd and consequently for La Lanthanite to be the largest. Within the same end-

members, there is no trend between unit cell volumes and minor variations in La, Ce and Nd compositions.  

Table 2. Unit cell parameters of lanthanite from this study and from natural non-accessory lanthanite  

Locality Whitianga, New Zealand  -   -  Curitiba, Brazil Santa Isabel, Brazil Bastnäs, Sweden North Wales, UK  -  

Author Graham et al. (2007) Present study Present study Roberts (1980)  Coimbra et al. (1989) dal Negro et al. (1977)  Bevins et al. (1985) Present study 

Material Lanthanite-(Nd) Nd Lanthanite Mixed sample Lanthanite-(Nd) Lanthanite-(Nd) Lanthanite-(Ce) Lanthanite-(Ce) La Lanthanite 

a 8.923Å 8.847Å 8.951Å 8.942Å 8.941Å 8.937Å 8.965Å 8.927Å 

b 9.452Å 9.463Å 9.467Å 9.476Å 9.490Å 9.504Å 9.482Å 9.529Å 

c 16.908Å 17.046Å 16.918Å 16.940Å 16.941Å 16.943Å 16.938Å 16.985Å 

Volume 1426.0Å³ 1427.2Å³ 1430.5Å³ 1435.4Å³ 1437.4Å³ 1439.1Å³ 1439.8Å³ 1444.9Å³ 

La/Nd 0.90  -  0.78 0.88 0.97 0.91 0.96  -  
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5. Conclusions 

The presence of multiple REEs in the starting solution has an impact on the subsequent crystallisation 

process as the mixed experiment consistently exhibited a double-inflection behaviour that the end-

members did not have. REE carbonates synthesised from a mixed REE starting solution have a multi-

step crystallisation process with two inflections and many intermediate steps before reaching a final 

morphologically crystalline form. This is opposed to a more straightforward process seen for end-

member REEs with the amorphous precursor followed by linear crystal growth. For the mixed REE 

carbonates, we also see a fractionation of REEs during the growth process which is related to the 

starting solution. The fully-formed crystals are morphologically homogeneous and distinct from the 

single REE end-members.  

An ideal single-REE bearing solution does not exist in natural geological systems as multiple REEs 

are always present at various concentrations. We demonstrate that REE diversity in syntheses is a 

crucially overlooked aspect in previous work. La and Nd are both light REEs with different but 

broadly similar radii and properties compared to heavy REE; mixtures between REEs with further 

differences should yield a crystallisation process with even more complications. Additionally, a better 

understanding of the crystallisation pathways of mixed REE carbonates of various ratios and REEs 

will lead to a better representation of processes in natural REE forming geological systems.  
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Table 1. Comparison of La, Ce and Nd content between this study and natural, non-accessory, lanthanite minerals. Other REEs and trace 

elements are not shown. (REE wt% of lanthanite) 

Loca

lity Kirigo, Japan Worldwide  -  

Bethlehem, 

PA, USA 

Curitiba, 

Brazil 

Whitianga, 

New Zealand 

Bastnäs, 

Sweden 

North 

Wales, 

UK 

Santa 

Isabel, 

Brazil 

Auth

or(s) 

Nagashima 

et al. (1986) 

Noak et al. 

(2014) 

Present 

study 

Antencio et 

al. (1989) 

Roberts 

(1980)  

Graham et al. 

(2007) 

Atencio et 

al. (1989) 

Bevins et 

al. (1985) 

Coimbra et 

al. (1989) 

Mate

rial 

Lanthanite-

(Nd) 

Averaged 

Groundwater 

Mixed 

sample 

Lanthanite-

(Nd) 

Lanthani

te-(Nd) 

Lanthanite-

(Nd) 

Lanthanite-

(Ce) 

Lanthanite

-(Ce) 

Lanthanite-

(Nd) 

La 13.8 22.9 19.8 15.2 16.6 13.5 9.2 12.4 18.0 

Ce 1 22.9  -   -  - 8.1 21.3 17.8 0.2 

Nd 20.5 34.6 26.6 20 18.8 15.0 10.1 12.9 18.6 

La/N

d 0.67 0.66 0.74 0.76 0.88 0.90 0.91 0.96 0.97 

Table 2. Unit cell parameters of lanthanite from this study and from natural non-accessory lanthanite  

Local
ity 

Whitianga, 
New Zealand  -   -  

Curitiba, 
Brazil 

Santa Isabel, 
Brazil 

Bastnäs, 
Sweden 

North 
Wales, UK  -  

Autho
r(s) 

Graham et al. 
(2007) 

Present 
study 

Present 
study 

Roberts 
(1980)  

Coimbra et 
al. (1989) 

dal Negro et 
al. (1977)  

Bevins et al. 
(1985) 

Present 
study 

Mater

ial 

Lanthanite-

(Nd) 

Nd 
Lanthani

te 

Mixed 

sample 

Lanthanit

e-(Nd) 

Lanthanite-

(Nd) 

Lanthanite-

(Ce) 

Lanthanite-

(Ce) 

La 
Lanthani

te 

a 8.923Å 8.847Å 8.951Å 8.942Å 8.941Å 8.937Å 8.965Å 8.927Å 

b 9.452Å 9.463Å 9.467Å 9.476Å 9.490Å 9.504Å 9.482Å 9.529Å 

c 16.908Å 17.046Å 16.918Å 16.940Å 16.941Å 16.943Å 16.938Å 16.985Å 

Volu

me 1426.0Å³ 

1427.2Å

³ 

1430.5Å

³ 1435.4Å³ 1437.4Å³ 1439.1Å³ 1439.8Å³ 

1444.9Å

³ 
La/N
d 0.90  -  0.78 0.88 0.97 0.91 0.96  -  
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Highlights 

 All naturally occurring REE carbonates contain more than one REE 

 We synthesized a mixed La-Nd carbonate and monitored its crystallisation 

 It has a different crystallisation pathway compared to single REE carbonates 

 The resulting crystals have a homogeneous and mixed REE specific morphology 
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