
A novel mechanism controls Li mineralization in
granitic pegmatite
Xin Zhang  (  zhangxin869@nxu.edu.cn )

Ningxia University
Hui Zhang 

Chinese Academy of Sciences
Yong Tang 

Chinese Academy of Sciences
Zheng-Hang Lv 

Chinese Academy of Sciences
Shen-Jin Guan 

Kunming University of Science and Technology
Meng-Tao Wang 

Chinese Academy of Sciences

Article

Keywords: Mechanism of Li mineralization, granitic pegmatite, Li isotope, �uid exsolution

Posted Date: April 4th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1508012/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1508012/v1
mailto:zhangxin869@nxu.edu.cn
https://doi.org/10.21203/rs.3.rs-1508012/v1
https://creativecommons.org/licenses/by/4.0/


A novel mechanism controls Li mineralization in granitic pegmatite

Xin Zhang1*, Hui Zhang2*, Yong Tang2, Zheng-Hang Lv2, Shen-Jin Guan3, Meng-Tao Wang2

1School of Geography and Planning, Ningxia University, Yinchuan 750021, PR China

2Key Laboratory of High-Temperature and High-Pressure Study of the Earth’s Interior, Institute of

Geochemistry, Chinese Academy of Sciences, Guiyang 550002, PR China

3Faculty of Land Resources Engineering, Kunming University of Science and Technology,

Kunming 650093, PR China

*Corresponding authors

Correspondence and requests for materials should be addressed to Xin Zhang (email:

zhangxin869@nxu.edu.cn)

mailto:zhangxin869@126.com;


Abstract

Granitic pegmatite Li deposits account for approximately half of global Li production, while the

Li mineralization mechanism remains enigmatic. Here we present Li isotope data on the albite

from 8 textural zones of the well-characterized Koktokay No. 3 Li-Be-Nb-Ta-Rb-Cs mineralized

pegmatite in Xinjiang, China. Our results reveal that there coexists two important processes during

the internal evolution of the pegmatite: (1) fluid exsolution and (2) Li unloading. The former

facilitates Li enrichment and the later results in spodumene crystallization. These “fluid

transportation” processes can be indicated by a negative correlation between δ7Li value and Li

content. Globally, the statistical geochemical data of Li mineralized pegmatites have also yielded a

negative linear correlation between δ7Li value and Li content in both of whole rock and separated

mineral samples, providing compelling evidence that “fluid transportation” is the key mechanism

responsible for Li mineralization in granitic pegmatites. This finding is of great significance for Li

metal deposit modeling, highlighting an urgent need to better understand the dynamic processes of

magmatic-hydrothermal interaction during the crystallization of pegmatite magma.
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Introduction

Lithium metal is in high demand because of recent technological advances have made it an

indispensable raw material in the nuclear, electronic, optical, ceramic, and glass industries1.

Granitic pegmatite is essentially an igneous rock characterized by extremely coarse but variable

grain size2,3. This rock is commonly enriched in incompatible lithophile elements and thus has

been considered as an important economic source of Li rare metal4.

Finding the mechanism responsible for Li mineralization in granitic pegmatite is essential for Li

metal deposit modeling and mineral exploitation, and this issue has prompted a long-standing

scientific discussion. Experimental studies from Webster et al.5 revealed that the distribution

coefficients of rare-metal elements between aqueous fluids and melts of topaz rhyolite

composition increase as the CI concentration of the fluid increases, indicating that rare-metal

elements may become differentiated as potentially facilitated by the movement of Cl-rich aqueous

fluids. Later, Shearer et al.6 argued that moderate to high degrees fractional crystallization (up to

70~90%) of volatile-rich magmas can produce extreme rare-element enrichments in pegmatites on

the basis of a case study of the Harney Peak granite-pegmatite system in the Black Hills. Veksler

et al.7 found experimental evidence of three coexisting immiscible fluids in synthetic granitic

pegmatite and suggested that hydrosaline melts can be effective agents for enhanced ore formation

in pegmatites. More recently, London3 proposed that constitutional zone refining via the creation

of a boundary layer liquid, chemically distinct from but continuous with the bulk melt at the

crystallization front, may be the key mechanism controlling rare-metal elements enrichment

during the evolution of pegmatite magma. While, Thomas and Davidson8 considered that there

exists supercritical silicate melt/fluid in the evolution of pemgatite magmas and emphasized its

important role that plays in rare-metal elements enrichment.

The characteristic textural development and internal mineral-assemblage zoning of granitic

pegmatite are generally ascribed to the effects of non-granitic components that act as fluxes in the

melt or in the separate fluid9, or to the effects of liquidus undercooling of granitic melts10. Several

experimental studies have successfully reproduced the pegmatite textures11‒14. It is interesting that

in well-evolved zoning granitic pegmatites Li mineralization usually occurs in the intermediate



zones, but not in the border zone, wall zone or core zone3,4,15, such as the Koktokay No. 3

pegmatite in China16,17, the Tanco pegmatite in Canada18,19 and the Bikita pegmatite in Zimbabwe20.

These indicate that key mechanism controlling Li accumulation and mineralization lies in the

crystallization processes of pegmatite magma. Thus, a systematic investigation into the migration

of Li through the whole internal evolutionary processes of a granitic pegmatite may provide new

clues.

Lithium has two stable isotopes, 6Li and 7Li. The large mass difference (~15%) between these two

isotopes produces large isotopic fractionation especially during low-temperature alteration21,

chemical diffusion22 and fluid interaction23. For these reasons, Li isotope can be employed as a

sensitive indicator for precisely tracking the processes related to Li migration. The Koktokay No.

3 pegmatite (Figure 1) is the largest Li-Be-Nb-Ta-Rb-Cs rare-metal deposit in the Altay orogenic

belt, and is world-famous for its complete and highly-differentiated internal mineral-assemblage

zoning16,17. Here we present Li isotopic and trace elemental data on the albite from 8 textural

zones of this pegmatite, with suitable precision to identify possible mechanism for Li

mineralization.

Results and discussion

Li isotopic compositions of sample

Albite is the most important rock-forming mineral in granitic pegmatite3,4, and Li isotopic

fractionation between alkali feldspar and pegmatite is negligible24 (ΔLiAfs‒pegmatite < 0.6‰). Thus,

δ7Li of albite in different textural zones can help to constrain the chemical evolution of pegmatite

magma. The Li isotopic and elemental data of samples are given in Table S1, Table S2 and Table

S3. The δ7Li has a broad range of 0.55‒11.15‰ and so we are able to document Li isotope

heterogeneity well beyond analytical uncertainty. As shown in Figure 2a, the δ7Li exhibits a

pattern of three-stage evolution from Zone I to VIII: (1) a sharp increase in Zone I‒II, (2) a

gradual decrease in Zone III‒VI, and (3) a sudden increase in Zone VII‒VIII. It is necessary to

assess possible processes that might have perturbed the primary δ7Li of the pegmatite magma and

finally have produced this δ7Li variation pattern.



Internal fluid exsolution

Low-temperature alteration of rock generates secondary minerals with high Li content and heavy

δ7Li21. Assimilation of this material may result in an increase in δ7Li and could alter the chemical

composition of rock. Yet, no marked difference can be found with the trace element patterns of the

samples from Zone I‒II, Zone III‒VI and Zone VII‒VIII (Figure S1). In addition, the prevailing

petrogenetic models of pegmatite have suggested that when the outer zones crystallized the

internal system would become closed3,9. So it is unlikely that assimilation of exotic materials can

change the chemical composition of the rock in the internal zones. Besides of these, the low loss

on ignition (LOI) (0.03‒0.29%, Table S2) indicates that the samples are fresh and have not been

affected by metamorphism. These lines of evidence can exclude the possibility of low-temperature

alteration in our samples.

It is also important to consider possible high-temperature fractionation of Li isotope. Magmatic

differentiation is incapable of producing notable Li isotopic fractionation25. While,

diffusion-driven fractionation of Li isotope has been observed in erupted igneous rocks26 as well

as in the country rocks of pegmatite17. Nevertheless, our data do not show a systematic variation

on δ7Li that is consistent with the diffusion model from Teng et al.22. Thus, high-temperature

fractionation can not account for the Li isotopic characteristics of our sample.

Dehydration could produce remarkable Li isotopic fractionation25,27, and heavier 7Li preferentially

enters into the fluids, leading to the residual melts ultimately become isotopically light21,28-30.

Fluid interaction has been considered as a common process of the internal evolution4,8,9 and

wall-rock alteration31 of granitic pegmatite. It is noted that the partition coefficient of Cs between

fluid and albite (DCsfluids/Ab) is ~250 in the temperature range of 700‒800 °C32. In agreement with

this temperature range, the crystallization temperature of Zone I‒III was 700‒900 °C as suggested

by a fluid inclusion study from Lu et al.17. The implication of such large partition coefficient is

that Cs would be removed from albite into fluid during fluid exsolution. As shown in Figure 2b,

the Cs contents of our sample show decreasing trends from Zone II to I and from Zone II to III,

providing evidence that the decreases of δ7Li from Zone II to I and from Zone II to III have been

most possibly caused by fluid exsolution. This can be confirmed by the positive linear correlation



between δ7Li and Cs (Figure S2). As a consequence, the outward migration of fluid promoted the

wall-rock alteration, and the more dramatic change of Cs content (ΔCsII‒I = 39.65 μg/g) than that

of Rb (ΔRbII‒I = ‒4.02 μg/g) from Zone II to I is consistent with previous estimates that the

migration ratio of Cs is higher than that of Rb31. Regarding to the inward migrating fluids, they

would participate in the later evolutionary processes. Therefore, these data have revealed that the

internal fluid exsolution of the studied pegmatite probably started in Zone III. As a supplement,

greisenization of microcline has been observed in Zone III (Figure S3) showing solid evidence for

fluid metasomatism.

“Fluid transportation” controls spodumene crystallization

Fluid exsolution could also affect Li content33. Experimental study shows that the Li partition

coefficient between fluid and melt (DLifluids/melt) ranges from 0 to 5.2 in the pressure range of

200‒400 MPa and temperature range of 770‒950 °C, and it systematically increases with the

increase in mCl‒ of fluid5. This has been further confirmed by a recent study that the DLifluids/melt

could reach to a maximum of 35±15 in a moderate salinity fluid (mCl‒ = 3.0)34. According to Lu et

al.17, the mCl‒ of fluid in Zone I and III of the studied pegmatite ranges from 5.5 to 12.6, and thus

the DLifluids/melt might be at a high level and probably have exceeded 35±15. In terms of these, it is

believable that the decreases of Li from Zone II to I and from Zone II to III (Figure 2c) were

produced by fluid exsolution, and as a result, a large amount of Li had been leached from the melt

into the fluid.

The gradual decreasing of δ7Li in Zone IV‒VI suggests that the fluid exsolution has lasted during

the formation of these zones (Figure 2a), while it is strange that the contents of Cs and Li show

increasing trends (Figure 2b‒c). The problem here lies in that if the fluid exsolution was in

progress the Cs and Li contents of melt would have been reduced. The increases in Cs and Li

provide evidence that considerable amounts of Cs and Li had been introduced into the melts. This

can be achieved by two processes: (1) crystallization fractionation35, and (2) unloading from the

fluid. As shown in Figure S4, the Cs and Rb contents do not successively decrease with the K/Cs

and K/Rb ratios from Zone I to VIII but exhibit multi-stage evolutionary patterns, which are

inconsistent with the Rayleigh fractional crystallization model35. Moreover, the Cs and Li contents



vary greatly in Zone IV‒VI (Figure 2b‒c), which might have been more likely caused by fluid

interaction rather than by crystallization fractionation. Theoretically, the unloading of Li from

fluid into melt requires a decrease in DLifluids/melt. Likewise, the study of the liquid-vapor inclusions

in spodumene and quartz of the pegmatite suggests that the mCl‒ of fluid has dropped to 0.71‒1.68

in Zone IV‒VI17. According to the model from Webster et al.5, the DLifluids/melt is only

approximately 0.3‒0.7 within this mCl‒ range, which is satisfiable for Li unloading. For these

reasons, the increasing of Li in Zone IV‒VI strongly indicates that considerable amounts of Li

might have unloaded from the fluids and concentrated into the melts.

The average Li2O content of Li-rich pegmatites is close to 0.5 wt.%36, suggesting that Li

mineralization requires a Li content of ~2333 ppm in melt. The partition coefficient of Li between

feldspar and felsic melt covers a broad range of 0.09‒0.6837‒39, and the calculated Li content of

melt for the samples from Zone V‒VI is 111‒11103 ppm, of which most have exceeded the 2333

ppm. This indicates that the melts in Zone V‒VI of the studied pegmatite were capable of Li

mineralization. Indeed, a massive crystallization of spodumene has been observed in Zone V‒VI

(Figure 1).

Here, it is necessary to reconsider the effect of Li unloading on the δ7Li of melt. Essentially, Li

unloading is a chemical diffusion process. Because of the mass difference between Li isotopes, 6Li

diffuses up to 3% more rapidly than 7Li40. Hence, in theory, the Li unloading could also produce a

decrease in δ7Li of melt, which may be confused with the effect of fluid exsolution. It is a fact that

a massive crystallization of spodumene occurs in Zone V‒VI (Figure 1). Because the

crystallization of spodumene could settle large amounts of Li, the Li content of melt would have

been reduced correspondingly. However, the Li contents of our sample show an increasing trend

from Zone IV to VI successively (Figure 2c). The only explanation for this is that there was a

sustainable introducing of Li into the melts, and the imports had exceeded the exports that

produced by spodumene crystallization. It is clear that fluid exsolution leaches Li from melt into

fluid and the unloading process can result in an increase in Li of melt. Thus, if the fluid exsolution

was not in progress, this reaction chain would have inevitably been broken, which could be

indicated by a termination of spodumene crystallization or a decrease in Li of melt. As it is not the



case, we are confident that the decreasing of δ7Li from Zone II to VI was dominantly caused by

fluid exoslution, which is important for maintaining the crystallization of spodumene in Zone

V‒VI.

According to above lines of evidence, it has been revealed that there coexists two critical

processes during the internal evolution of the Koktokay No. 3 pegmatite: (1) fluid exsolution and

(2) Li unloading. The former facilitates Li enrichment and the later results in spodumene

crystallization. These “fluid transportation” processes played the pivotal role in controlling Li

mineralization.

The late evolutionary stage of pegmatite magma

The final change of δ7Li is an increase in Zone VII‒VIII (Figure 2a). The Cs and Li contents show

gentle decreasing trends and become less varied in these zones (Figure 2b‒c), indicating that the

Li unloading was not robust and the melt-fluid interaction was not pronounced. The Li

fractionation coefficient between pegmatite and muscovite (ΔLipegmatite‒Ms = δ7Lipegmatite ‒ δ7LiMs) is

~1.8‰24. As such, the crystallization of muscovite in Zone VII (Figure 1) is the most likely cause

of the increase in δ7Li of albite. With the crystallization of muscovite, the Li content in fluid

increased, leading to the crystallization of lepidolite in Zone VIII. This is consistent with the field

observations and is the best explanation for the decreasing of Li in Zone VII‒VIII (Figure 2c).

Global Li mineralized granitic pegmatites

In summary of our study, it is appealing that during the internal evolution of pegmatite magma

fluid exsolution causes the decreasing in δ7Li of melt and Li unloading leads to the increasing in

Li of melt. As such, the “fluid transportation” can be indicated by a negative correlation between

δ7Li value and Li content (Figure 3a). Here, we have collected Li isotopic data of global granites

and Li mineralized pegmatites (DR1). The results show that there is also a negative correlation

between δ7Li and Li both in the whole rock and separated mineral samples of pegmatite (Figure

3b), providing compelling evidence that “fluid transportation” is the key mechanism responsible

for Li mineralization in granitic pegmatite. This finding is of great significance for Li metal

deposit modeling and mineral exploration, implying that the intensity of fluid action in pegmatite



Li deposits can be used as a new indicator for evaluation the degree of mineralization and

prediction of ore prospecting.

Methods

In this study, the samples of 8 zones of the Koktokay No. 3 pegmatite were collected in the mined

open pit (Figure 1), and each sample is more than 5 kg. The samples were crashed to 80 mesh, and

albite minerals were separated under a binocular microscope. The pure albite mineral grains were

then crashed to 200‒400 mesh. Major element, trace element and Li isotope compositions were

measured at the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,

Chinese Academy of Sciences (IGCAS).

Major and trace elements. Major elements of samples were determined by using a

wavelength-dispersive X-ray fluorescence spectrometry with analytical deviations less than 1%.

Loss on ignition was obtained through heating a 1 g sample powder at 1100 °C for 1 h. The

international standards BHVO-2 and AGV-2 were applied to control analytical quality (Table S4).

Trace elements were analyzed by using an inductively coupled plasma mass spectrometry

(ICP-MS). The samples were digested by HF + HClO4 acid in bombs. The international standard

GBPG-1, the Chinese National standard GSR-1 and the laboratory standard W-2 were applied to

control analytical quality (Table S5). Sample preparations, instrument operating conditions and

calibration procedures are applied by Qi and Grégoire41.

Li isotopes. The procedure for sample preparation and chemical separation followed the published

articles42‒46. Approximately 100 mg of each rock powder was digested in Teflon® beakers with 3

ml concentrated HF and 0.5 ml 6M HNO3 for 24 h on a hot plate at 130 °C. Then, the residue was

re-digested with 1ml 6M HCl for 24 h on a hot plate at 130 °C. After evaporation of the solution,

the residue was re-dissolved and dried down three times in 6M HNO3 to remove fluorides

completely. Finally, the samples were put on the hot plate and make sure all the solution was

evaporated. The cation-exchange resin (BioRad® AG50W-X8, 200‒400 mesh) was cleaned by

repeated flushing with 5 ml of 6 M HCl and 5 ml of deionized water, then with 5 ml of 6 M HNO3

and 5 ml of deionized water. A conditioning agent (5M HNO3 : methanol = 1 : 4) was prepared

before loading of a sample. At first, 1.5 ml of the conditioning agent was loaded to moist the column.

Then, 0.18 ml 5M HNO3 was added into the beakers to make samples dissolved (not on hot plate),



followed by added 0.72 ml 100% methanol into the beakers. The samples were quickly put into the

column, and the entire protocol used for Li separation is listed in Table S6. All separations were

monitored with ICP-MS analysis to guarantee both high Li yield (> 99.8% recovery) and low

Na/Li ratio (Na/Li < 0.5). The total procedural blank was less than 0.03 ng of Li, indicating that

the influence of the chemical separation procedures on the Li in the sample was negligible (<

0.1%). The collected Lithium sample solution was evaporated until dry in a clean evaporator and

then dissolved in 5% HNO3, in preparation for the MC-ICP-MS method. Lithium isotopic

compositions were measured on a Thermo Scientific Neptune Plus MC-ICP-MS, with 7Li and 6Li

measured simultaneously in separate Faraday cups. Each sample analysis is bracketed by

measurements of the L-SVEC47 (a Li carbonate standard) having a similar Li concentration, and

the results are calculated as δ7Li = {[(7Li/6Li)sample/(7Li/6Li)L-SVEC] ‒ 1} × 1000. Two Li standards

(Li-UMD-1 and IRMM-016) are routinely analyzed during the course of each analytical session.

Our average δ7Li results are +54.6±0.8‰ (2σ, n = 8) for UMD-1, and +0.1±0.3‰ (2σ, n = 8) for

IRMM-016. Five international reference rock materials (JG-2, AGV-2, BHVO-2, BCR-2 and G-2)

were measured to monitor the reproducibility and accuracy of the analytical procedure. Repeat

analysis of these rock standards yielded 0.41±0.38‰ (2SD, n = 7) for JG-2, 8.10±0.57‰ (2SD, n

= 7) for AGV-2, 4.54±0.37‰ (2SD, n = 7) for BHVO-2, 2.97±0.34‰ (2SD, n = 7) for BCR-2 and

‒0.02±0.41‰ (2SD, n = 7) for G-2, which are consistent with previously published results (see

Supplementary Materials). The data are presented in Data Repository File DR1.
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Figure legends

Figure 1. Geological maps of the Koktokay No. 3 pegmatite showing (a) the internal

mineral-assemblage zoning and (b) field occurrence of the mined open pit (Ab: albite, Qtz: quartz,

Mc: microcline, Ms: Muscovite, Spd: spodumene, Lpd: lepidolite).



Figure 2. Isotopic and elemental compositions of samples. a Variation on Li isotope of the

samples of Zone I‒VIII showing a decrease in Zone II‒I, a decrease in Zone III‒VI, and an

increase in Zone VII‒VIII. b Variation on Cs content of the samples of Zone I‒VIII showing a

decrease in Zone II‒I, a decrease in Zone II‒III, an increase in Zone IV‒V, a decrease in Zone

V‒VI and an increase in VII‒VIII. c Variation on Li content of the samples of Zone I‒VIII

showing a decrease in Zone II‒I, a decrease in Zone II‒III, an increase in Zone IV‒VI and a

decrease in Zone VII‒VIII. The decreasing of δ7Li, Cs and Li from Zone II to I indicates the

external fluid exsolution. The decreasing of δ7Li, Cs and Li in Zone II‒III indicates the initiation

of the internal fluid exsolution which had leached Li from the melt into the fluid. The decreasing

of δ7Li in Zone IV‒VI indicates that fluid exsolution had lasted during the formation of these



zones. The increasing of Li in Zone IV‒VI indicates that a large amount Li had unloaded from the

fluid and concentrated into the melt, and these processes had facilitated the crystallization of

spodumene in Zone V‒VI. The change of δ7Li between Zone VI and VII may be a sign of the

termination of fluid exsolution.



Figure 3. Li vs. δ7Li diagrams of our samples (a) and of global granite and pegmatite samples (b)

showing that the decreasing of δ7Li has a strong correlation with the increasing of Li for both of

the pegmatite separated mineral and whole rock samples, indicating that “fluid transportation” is

the key mechanism controlling Li mineralization in granitic pegmatite (The data are given in Data

Repository File DR1).
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