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Abstract

:

Apatite is an important carrier of rare earth elements (REEs) and phosphorite is a potential REEs resource. However, the influence of hydrothermal fluids on the migration and enrichment of REE in apatite remains controversial. The experimental study of the interaction between REE-bearing fluid and apatite is one of the essential ways to understand the chemical behavior of rare earth elements in apatite. In this study, we conducted the fluid–mineral reaction experimental study (at 400 °C, 50 MPa and 4–16 wt %) between high lanthanum (La) content hydrothermal solution and low REE content to reveal the influence of different salinities on the diffusion of rare earth elements in fluorapatite. Based on in situ geochemical analyses of experimental products, we show that the diffusion coefficients of La in fluorapatite are between 3.24 × 10−15 and 5.88 × 10−15 m2/s. The salinity of the fluid has a great influence on the diffusion coefficient, with the increase of salinity, the diffusion coefficient increase.
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1. Introduction


Rare earth elements (REEs, include yttrium) in natural solutions have attracted much attention due to the importance of chemical tracers for natural fluid–rock (mineral) reactions [1]. The composition of rare earth elements in geological fluids is affected by ion complexation, recrystallization and selective adsorption of minerals [2]. The distribution pattern of rare earth elements in minerals or rocks have been applied to the dating of minerals, the correlation of sedimentary basin rocks, the inference of marine paleochemistry, and the distinction of the biological and abiotic genesis of minerals [3,4,5,6]. Apatite is widely distributed in all kinds of igneous rocks, metamorphic rocks and sedimentary rocks, and it contains more or less rare earth elements, up to 11.14% (RE2O3) [7]. REEs mainly substitutes for Ca in the apatite lattice [8,9,10,11]. Benefit from its concentrations equal to or even higher than any known resource and fewer environmental concerns, REEs resource in apatite may provide a new solution to solve the global rare earth crisis [9,12].



Previous studies on rare earth elements in apatite mainly focused on the geochemical characteristics of the deposit [13,14,15]. Experts imply REE compositions in granular apatite are not easily altered during later burial and diagenesis [10,16,17,18,19]. However, more and more studies suggest that hydrothermal fluid will affect REE distribution in apatite during the long mineralization process [1,20,21,22,23,24,25]. Diffusion, as the basic geochemical behavior of elements, directly restricts the temporal and spatial scales of the migration of trace elements and their isotopes between mineral particles and surrounding media and is the basis of quantitative evaluation of mineral sealing to elements. Therefore, it is necessary to find out the diffusion behavior of REE in related minerals. Few experiments on interaction between REE and minerals (REE almandine, fluorite, diopside, zircon, etc.) mainly carried out under dry conditions, which cannot be applied to the complex geological and metallogenic environment [26,27,28,29].



Apatite can accommodate any trivalent rare earth elements and has no apparent selectivity for these rare earth elements, which indicates that apatite is an arbitrary type of rare earth mineral [27,28]. Therefore, our water–mineral reaction experiments can represent the whole distribution of rare earth elements as long as it is carried out for La. In this study, we conduct the water–mineral reaction experimental study (at 400 °C, 50 MPa and 4–16 wt %) between high lanthanum (La) content hydrothermal solution and low REE content fluorapatite. The experimental apparatus is the titanium alloy autoclave, and the experimental time is 14 days. After the experiment, the La-ICP–MS in-situ analysis and the La-ICP–MS in-situ mapping analysis were used to calibrate the changes of REE contents before and after the experiment. The purpose of this experiment is to reveal the influence of different salinities on the diffusion of rare earth elements in fluorapatite and fills the blank of experimental data, which provides a quantitative parameter for the diffusion and migration of REE in apatite under the hydrothermal condition during the long geological process.




2. Materials and Methods


2.1. Experimental Instruments and Sample Pretreatment


All the experiments and the analysis of the products were completed in the Institute of geochemistry, Chinese Academy of Sciences (Guiyang). The experimental equipment is a self-tight and external heater titanium alloy autoclave (Figure 1) designed by ourselves. The chamber is sealed by a plug and a sealing ring and then pressurized by an outer nut. An external resistance furnace heats the temperature. The pressure is generated by the gasification and expansion of the fluid in the kettle, read out by the pressure gauge. Fluorapatite (FAp) with low content REE from pegmatite of the Keketuohai No.3 vein was selected as the initial material. The total REE content in these apatite grains varies from 0.315 to 0.435 ppm (the specific values are listed in Supplementary Materials Table S1), and the particle size varies from 250 to 450 μm.



Before the experiments, Analytical pure NaCl (produced by Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China and the CAS number is 7647-14-5) and deionized water were used to prepare NaCl-H2O solutions with salinity varying from 4 to 16 wt %. A gold capsule carried out FAp-REE reaction experiment, and the size of the capsule was 4 mm (outer diameter) × 3.8 mm (inner diameter) × 30 mm (length). Before loading, the gold capsule was annealed with an alcohol lamp to reduce the hardness and remove the organic matter from the tube wall. After cooling, the gold capsule was immersed in dilute hydrochloric acid for 24 h to remove the influence of impurities on the capsule wall.




2.2. Experimental Process Control


The temperature is kept at 400 °C, and the pressure is 50 MPa. To ensure the apatite can fully reach the diffusion equilibrium, the experiment should last for 14 days. The initial solution of the experiment was a pure water system and H2O-NaCl system with the concentration of 4 wt %, 8 wt %, 12 wt % and 16 wt %; the experiment numbers were La-4-1–3, La-8-1–2, La-12-1–1 and La-16-1–2. We selected 1000 ppm standard concentration of rare earth solution as the initial solution (Store in 10% wt % HCl solution, produced by Shanghai Aladdin Biochemical Technology Co., Ltd. and the CAS number is 7439-91-0).



The loading processes were as follows: Seal one end of the gold capsule with argon arc welding, then 20 mg of the initial substance was weighed and put into a gold tube, weighed and recorded, and then 180 μL of the initial substance was removed by a pipette NaCl-H2O solution with different salinities and 20 μL rare earth solution was transferred into the gold capsule. The gold capsule was clamped with forceps and quickly sealed by argon arc welding. During the loading process, each step needs to be weighed and recorded to ensure the initial substance and initial solution quality. After the completion of loading, the gold capsule needs to be put into the bake oven for drying for 12 h (110 °C), and then take out and allow to cool. The weight of the gold capsule is weighed by the analytical balance and recorded. If the error is less than 0.5 mg, it is considered that the sample has not leaked, which means that the welding is successful and can be used for subsequent water-rock reaction experiments.



Experimental conditions and process control: for the 50 MPa and 400 °C states, the apatite water–rock experiment is first pressurized to 20 MPa, and then heated to the test temperature within 2–3 h according to a specific heating rate (temperature controller can be programmed to set the temperature), then the pressure is adjusted to the experimental pressure 50 MPa, and the constant temperature is 14 days. To keep the pressure consistent during the experimental progress, we must check it every 4 h. If there appears a pressure drop, the pressure should be compensated in time. If the pressure drop exceeds 5 MPa, the experiment will be considered a failure.




2.3. Sample Analysis after Experiment


At the end of the experiment, the autoclave was cooled by an electric fan and then quenched. After rapid quenching, take out the gold capsule from the autoclave, wash it repeatedly with deionized water, dry it in the oven at 110 °C for 1 h and weigh it with an analytical balance. A successful experiment is if the absolute error of the weight of the gold tube before and after the experiment is less than 0.5 mg. The gold capsule is centrifuged on the centrifuge for 30 min, and then the gold tube is punctured with a steel needle, and a micropipette extracts the solution; the gold capsule is planed with a blade, and the solid product is taken out, which is repeatedly cleaned with deionized water in an ultrasonic oscillator to ensure that there is no residual NaCl crystal on the mineral surface. After cleaning, the solid products were dried and separated. The larger particles were made into targets by epoxy resin and then further analyzed in laser ablation inductively coupled plasma mass spectrometry (LA-ICP–MS).



LA-ICP–MS analysis of apatite can accurately obtain the content information of trace elements in a micro area in situ. All the analysis were completed in the State Key Laboratory of deposit geochemistry, Institute of geochemistry, Chinese Academy of Sciences (Guiyang). The instrument used is the GeoLasPro laser ablation system manufactured by a coherent company in Germany; the specific parameters are listed in Table 1. The standard values are selected from the GeoReM database (http://georem.mpch-mainz.gwdg.de/, 4 February 2021). Companies and icpmsdata completed the off-line processing of analytical data Ca [30,31]. The main differences of mapping analysis technical indexes are: laser ablation beam spot was 7 μm, energy density was 4 mJ/cm2 and the standard sample was NIST610.





3. Results and Discussion


3.1. Experimental Result


After the experiments, at least two apatite grains (partial pictures are listed in Figure 2) of each group were selected for LA-ICP–MS analysis. The result is listed in Table 2 (The initial content before the reaction is deducted). It can be seen that under all brine systems, the content of La in apatite decreased from edge to core, which indicates that under the conditions of high temperature and high pressure, the hydrothermal solution (bearing high content of REE) will metasomatize the crystallized apatite. Due to the different shapes and sizes of mineral particles, the different erosion positions of trace elements in the micro area in situ, and the preliminary analysis, the results may have a slight error. However, the distribution of rare earth elements in minerals can be directly obtained by in-situ surface scanning of rare earth elements in mineral particles. In this study, the LA-ICP–MS mapping analysis of La in apatite after the experiment was carried out, and the results are shown in Figure 3.




3.2. Diffusion Coefficient of La in Fluroapatite


The diffusion coefficient D and temperature T of elements in minerals obey Arrhenius law [32,33]:


D = D0 exp(−E/RT)



(1)







Or:


lnD = lnD0 − E/RT



(2)




where D0 (cm2/s) is the pre-exponential factor, E (kJ/mol) is the diffusion activity energy, t (k) is the absolute temperature and R is the gas constant. According to Arrhenius law, e and d0 are constants independent of temperature and concentration, called diffusion parameters. Cherniak (2000) [34] obtained the diffusion parameters of La in fluorapatite by experiments:


DLa = 2.6 × 10−7 exp (−324 ± 9 kJ/mol/RT) m2/s



(3)







The diffusion coefficient of La is 1.69 × 10−32 m2/s (E = 324 kJ/mol) at 400 °C (673 k). However, the initial material in this experiment is rare earth powder, and the whole experimental process is under dry conditions. REE–apatite interaction experiment is carried out in the hydrothermal system (0.28 M HCl) in this study. Generally, the diffusion of minerals in the hydrothermal system is affected by the solubility of minerals. The higher the solubility of minerals, the more conducive to the diffusion and migration of elements to the mineral centre. Therefore, the diffusion coefficient of elements in a hydrothermal system is much larger than that in a dry environment. Since there was no interaction experiment between rare earth bearing hydrothermal solution and apatite, there was no diffusion data in the hydrothermal system.



By using the element mineral internal diffusion experiment, it can be simulated as the diffusion of elements from a constant concentration source to a semi-infinite medium [34]:





     C  (  x , t  )   =    C 0   (  1 − e r f  (   x    4 D t      )   )     



(4)







C(x, t) is the distance x and time t, C0 is the concentration of elements on the mineral surface and D is the diffusion coefficient. By substituting the experimental data into equation 6.4, the diffusion coefficient of REE in apatite at 400 °C can be obtained. Due to the dissolution and recrystallization of the mineral surface, the original mineral boundary structure may be destroyed, so we substituted the two points (C1 and C2) of the mineral core position to calculate the diffusion coefficient D. According to the calculation results, the diffusion coefficients of La at 400 °C were between 3.24 × 10−15 and 5.88 × 10−15 m2/s. The trend chart of these data under different salinity conditions is shown in Figure 4.




3.3. Geological Implications


Apatite is an important carrier of rare earth elements, and the REE content in some phosphorites can be as high as 18,000 ppm [9]. However, the influence of hydrothermal fluids on the migration and enrichment of REE in apatite remains controversial. Martin and Scher (2004) [16] suggested that REE compositions are not easily altered during later burial and diagenesis. Zhu’s (2017) [35] study also shows that REE enrichment in apatite occurs only in the early stage of diagenesis, and the late hydrothermal solution may have little contribution to REE content in apatite. However, many experts indicate that the hydrothermal process plays an important role in the migration and enrichment of REE in minerals [20,21,22,23,24,25].



From the LA-ICP–MS mapping analysis (Figure 3), clearly shows that the content of La decreased from the edge to the core of mineral particles, indicating hydrothermal solution can change the REE distribution in apatite. According to Figure 4, it can be seen that with the increase of salinity, the diffusion coefficient of La in apatite increased, reached the maximum at 12 wt % and then decreased. The results show that in a specific range of salinity, the rise of salinity was conducive to the diffusion of La in apatite, which may be related to the increase of mineral solubility caused by the growth of salinity. Kusebauch’s (2015) [29] experiment shows that the increase of NaCl in the initial solution will lead to the consumption of OH− in the fluid, resulting in the decrease of pH, while Köhler (2005) [36] suggests that low pH is conducive to the dissolution of apatite and the migration of REE. NaCl is a common component in hydrothermal fluids.





4. Conclusions


The diffusion coefficients of La in fluorapatite (at 400 °C and 4–16 wt %) were between 3.24 × 10−15 and 5.88 × 10−15 m2/s. With the increase of salinity, the diffusion coefficient of La in apatite increased, reached the maximum at 12 wt % and then decreased. The rise of salinity is conducive to the diffusion of La in apatite, which may be related to the increase of mineral solubility caused by the growth of salinity.



Although our study obtains little data on the water–mineral reaction and lacked a broader range of salinity and temperature conditions, the limited data can still enrich water–mineral experimental data, which provides a quantitative parameter for the diffusion and migration of REE in apatite under the hydrothermal condition during the long geological process. In addition, according to our experimental results, the relative migration ability of REE in apatite can be calibrated by the change of salinity within a certain range
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Figure 1. Structural drawing of titanium alloy autoclave. 
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Figure 2. Location of trace element analysis in the micro area in situ. (A): location of La-4 grain 1, (B): location of La-8 grain 1, (C): location of La-12 grain 1, (D): location of La-16 grain 1. 
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Figure 3. Mapping analyses result after water–mineral reaction (FAp-La solution). (A,B): location of La-4 grain 3, (C,D): location of La-12 grain3. 
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Figure 4. Trend chart of the diffusion coefficient and salinity. 
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Table 1. Summary of instruments, analytical conditions and reference materials used for the LA-ICP–MS measurements.
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	Laser Ablation System
	





	Instrument
	GeoLasPro 193 nm



	Energy Density (J/cm2)
	10



	Safety level
	IIIb



	Frequency (Hz)
	10



	Spot Size (μm)
	40



	Confidence level
	95%



	Blank time (s)
	18



	Denudation time (s)
	50



	Detection limit of REE (ppm)
	0.03–0.4



	ICP–MS system
	Agilent 7900



	Monitored isotope
	44Ca, 89Y, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 160Gd, 159Tb, 163Dy, 165Ho, 166Er, 165Ho, 166Er, 169Tm, 172Yb and 175Lu.



	Reference material
	NIST610, NIST612, NIST614 and Durago apatite
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Table 2. Diffusion coefficient of La in apatite (400 °C).
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Samples

	
C1/ppm

	
x1/μm

	
C2/ppm

	
x2/μm

	
D/m2/s

	
D/m2/s (AVG)






	
La-4-1

	
3.45

	
160

	
14.58

	
90

	
3.33 × 10−15

	
3.74 × 10−15




	
La-4-2

	
3.06

	
170

	
8.02

	
100

	
4.67 × 10−15




	
La-4-3

	
0.2

	
190

	
0.89

	
130

	
3.24 × 10−15




	
La-8-1

	
0.33

	
230

	
0.44

	
220

	
4.04 × 10−15

	
3.94 × 10−15




	
La-8-2

	
15.45

	
200

	
48.72

	
150

	
3.83 × 10−15




	
La-12-1

	
9.07

	
240

	
31.63

	
170

	
5.88 × 10−15

	
4.73 × 10−15




	
La-12-2

	
36.71

	
190

	
252.20

	
100

	
3.58 × 10−15




	
La-16-1

	
2.53

	
240

	
10.09

	
120

	
3.57 × 10−15

	
3.33 × 10−15




	
La-16-2

	
0.37

	
240

	
1.20

	
150

	
2.81 × 10−15








AVG represents the average value.
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