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Abstract
Apatite containing 14 wt% TREO (total rare earth oxide) and coexisting with calciobritholite with 

37.2 wt% TREO has been synthesized at 800 °C and 10 kbar from a felsic melt with the addition of 
NaCl. The analysis of the experimental products with regression analysis of time-resolved (RATR) 
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) data allowed to estimate 
the composition of the coexisting phases. The results suggest that equilibrium has been established 
during the run and both apatite and calciobritholite contained REE in [Si4+REE3+] to [Ca2+P5+] solid 
solution, whereas the coupled substitution [Na1+REE3+] to [2Ca2+] was insignificant despite crystalliza-
tion from an alkaline, Na-rich melt. The coexistence of the apatite and calciobritholite and available 
experimental data allowed the miscibility gap to be constrained between apatite and calciobritholite, 
and suggest complete miscibility between apatite and britholite above 950 °C. The melt that produced 
coexisting apatite and calciobritholite was characterized by a significant Cl content of (0.51 wt%) and 
elevated REE (526 ± 19 ppm Ce) and low-P content (112 ± 49 ppm). The change of the accessory 
mineral association from monazite to apatite and calciobritholite with the addition of NaCl illustrates 
the importance of halogens for mineral associations. The partition coefficients of britholite are similar to 
those of apatite and are distinguished mainly by a higher preference for REE and Th. Henry’s law was 
not acting for the total REE content in the melt because of the buffered system; however the partition 
coefficients could still be used for the prediction of the relative REE patterns for melts that generated 
high-REE apatite and/or calciobritholite. These results have implications for the interpretation of the 
phosphate associations in alkaline volcanic and plutonic rocks.
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Introduction
Britholite is a mineral with an apatite structure and a general 

formula (Na,Ca,REE)10(Si,P)6O24(OH,F,Cl)2 defined by the preva-
lence of REE over Ca. An intermediate species, calciobritholite, 
distinguished from apatite by Si > P also has been proposed 
(Pekov et al. 2007). Britholite and calciobritholite are quite com-
mon minerals in alkaline rocks and some REE deposits (Pekov et 
al. 2007; Lorenz et al. 2019). Symplectites composed of apatite 
matrix and inclusions of REE-rich minerals including britholite, 
monazite, and other REE minerals have been observed in a series 
of localities such as the Misery syenitic intrusion, Canada (Petrella 
et al. 2014), Rodeo de los Molles deposit, Argentina (Lorenz et 
al. 2019), Nolans Bore, Australia (Anenburg et al. 2018), and the 
Mushgai-Khudag Complex, Mongolia (Nikolenko et al. 2018). 
These symplectites have been interpreted as products of the de-
composition of a high-temperature solid solution between apatite 
and britholite (Anenburg et al. 2018; Lorenz et al. 2019). Synthetic 
britholite is important for material science as it has been proposed 
as an actinide host for nuclear waste disposal and is a typical phase 

in slags after industrial REE extraction (Lan et al. 2021).
Apatite is one of the most common accessory minerals and 

the REE patterns of apatite are an essential petrologic indicator 
(Belousova et al. 2002; Zirner et al. 2015; Chakhmouradian et al. 
2017; O’Sullivan et al. 2020; Yudovich et al. 2022). Substitution 
mechanisms involving Na and Si have been identified for REE in 
apatite (Pan and Fleet 2002). The substitution mechanism for REE 
likely has a significant effect on the REE thermodynamic proper-
ties in apatite, which are critical for the modeling of the behavior 
of REE during magma evolution, metamorphism, subduction 
zone devolatilization (Li and Hermann 2017), and nuclear waste 
disposal (Janots et al. 2008).

Analysis of the products of experiments with accessory miner-
als could be a challenging endeavor because of the small grain size 
and complex composition of the phases (Bussweiler et al. 2020; 
Stepanov et al. 2020). Laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) is the method of choice for the 
analysis of REE in geological samples; however, the fine-grained 
experimental products are often beyond the technique’s spatial 
resolution. Therefore, a method of regression analysis of time 
resolved (RATR) LA-ICP-MS data has been developed (Rubatto 
and Hermann 2007; Stepanov et al. 2012, 2020). Here, we report 
the results of an experiment conducted with the aim to investigate 
the effect of NaCl on mineralogy of REE-bearing felsic melt. The 
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