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Abstract
The Nanyangshan Li-Cs-Ta (LCT) pegmatite is the largest of hundreds of pegmatite dikes in the 

eastern Qinling orogenic district, North China. The Nanyangshan pegmatite is strongly zoned into a 
contact zone, border zone, wall zone, intermediate zone, and core, with Li mineralization occurring 
predominantly in the intermediate zone. Inward through the intermediate zone, Li mineralization is 
divided into subzones of Spd (spodumene), Mbs (montebrasite), Elb (elbaite), and Lpd (lepidolite). 
Lithium minerals include spodumene, montebrasite, lithiophilite, elbaite, lepidolite, and possible for-
mer petalite. Paragenetic assemblages of Li minerals are variable, with spodumene ± Li-phosphates 
(montebrasite and lithiophilite), Fe-rich elbaite, lepidolite, and possible former petalite in the Spd 
subzone; Li-phosphates (main montebrasite and rare lithiophilite) + spodumene + Fe-bearing elbaite 
+ lepidolite in the Mbs subzone; Fe-poor elbaite + lepidolite ± montebrasite in the Elb subzone; and 
lepidolite ± Fe-poor elbaite in the Lpd subzone. Whole-rock contents of Li2O, P2O5, B2O3, and F are 
consistent with the high contents of various Li minerals. Spodumene was formed first and dominantly 
from a Li-saturated melt in the Spd subzone (1.66 wt% Li2O). This subzone graduates into the P-rich 
Mbs subzone (3.75 wt% P2O5) with montebrasite gradually succeeding Li-aluminosilicates, followed 
by the appearance of abundant Fe-poor elbaite in the Elb subzone (1.04 wt% B2O3), reflecting the 
consumption of P in the melt. Lepidolite formed after early-formed Li phases in the F-rich Lpd subzone 
(2.03 wt% F), as indicated by replacement textures. Among the numerous LCT pegmatites worldwide, 
the Li mineralization sequence can be suggested as Li-aluminosilicates (commonly spodumene and 
less commonly petalite) → Li-phosphates (montebrasite-amblygonite and triphylite-lithiophilite) → 
elbaite → lepidolite, and can be regarded as a general sequence for Li mineralization.
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Introduction
Lithium (Li), as the lightest “energy metal,” is widely used 

in emerging technologies (e.g., rechargeable batteries), nuclear 
fusion technologies, and even medicine (Gourcerol et al. 2019; 
Bibienne et al. 2020). Natural Li resources are derived mainly from 
pegmatites and sedimentary rocks as well as evaporative brines. 
Lithium pegmatites are commonly considered Li-Cs-Ta (LCT)-
type pegmatites, which account for 50–60% of global Li produc-
tion (Bowell et al. 2020; USGS 2021). These pegmatites typically 
contain a series of primary Li minerals, including spodumene, 
petalite, lepidolite, elbaite, and montebrasite, with the variable 
contents of these minerals constituting the basis for distinguishing 
rare-element pegmatite subtypes, such as spodumene-, petalite-, 
lepidolite-, elbaite-, and montebrasite-subtype pegmatites (Černý 
and Ercit 2005). This division reflects the nature of the evolution 
of Li pegmatites. The spodumene subtype is the most common 
and produces the largest hard-rock Li deposits, such as the Green-
bushes pegmatite in Australia (Linnen et al. 2012) and the Jiajika 
pegmatite in western China (Huang et al. 2020).

Furthermore, LCT-type pegmatites commonly display complex 
internal zonation, reflecting the occurrence of complex Li mineral 
assemblages rather than one dominant Li mineral in the pegmatite. 
It is commonly noted in the literature that a series of Li minerals 
(such as aluminosilicates, borosilicates, and phosphates) may be 
identified in a single pegmatite body. Some studies have shown 
relationships between different Li phases, such as transformation 
from petalite to spodumene with decreasing temperature (London 
2008) or an increasing abundance of montebrasite–amblygonite 
relative to spodumene with enrichment of P2O5 in the melt (London 
and Burt 1982a; London et al. 1999). However, whether a continu-
ous crystallization sequence of Li minerals exists and what factors 
control the stability of paragenetic Li minerals are still unresolved, 
and such an understanding is essential because of the high levels 
of interest in Li exploitation.

The Nanyangshan pegmatite is one of the largest of hundreds 
of pegmatite dikes in the eastern Qinling orogenic district, North 
China (Lu et al. 2010). As a typical LCT-type pegmatite, it exhibits 
strongly developed internal zoning and is extensively mineralized 
in Li and other rare elements. In this study, we identify a series of Li 
mineral assemblages in successive internal zones of the pegmatite, 
i.e., spodumene, montebrasite, lithiophilite, elbaite, lepidolite, 
and possible former petalite. This pegmatite is, therefore, a good 
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