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A B S T R A C T   

Relative contribution of magmatic and hydrothermal processes to rare metal enrichment has been a key issue for 
the alkaline-associated rare metal deposits. Till now, our understanding on the rare metal concentration of 
extrusive peralkaline magmatic systems is rather limited. We try to address this issue by studying the Tudiling 
trachyte Nb-Ta-Zr-REE deposit in the South Qinling (SQ), which is well endowed with abundant alkaline- 
associated rare metal deposits. Four lithofacies (i.e., trachyte, trachytic tuff, trachytic phyllite and trachytic 
ignimbrite) with rare metal mineralization were thoroughly investigated on their emplacement ages, whole-rock 
geochemistry, and Nb-REE mineralogy to decipher the evolution of the system and the concentration mecha
nisms for the rare metals. Zircon U-Pb dating indicates that the former three lithofacies developed during the 
Early Silurian (445–442 Ma) and are coeval with their intrusive counterparts, i.e., the Miaoya and Shaxiongdong 
syenites in the SQ. They share similar element distribution patterns (Nb-Ta, Zr-Hf, LREE enrichments, and Sr, P, 
Ti depletions) and moderately depleted Nd isotopes (εNd(t) values: 2.3–3.1), indicating a common mantle 
source. In contrast, the trachytic ignimbrite erupted during the late Jurassic (157 ± 1.9 Ma) and has enriched Nd 
isotope compositions (εNd(t) values: − 2.9–− 2.8), implying an enriched mantle source, which had probably been 
modified by the residuals of the Mianlue oceanic sediments. Their bulk-rock rare metal concentrations indicate 
that the former three lithofacies are characterized by Nb-Ta-Zr mineralization/enrichment with the phyllite 
containing the highest grades, while the latter one has REE mineralization as well as Nb-Ta-Zr mineralization/ 
enrichment. Our geochemical and mineralogical results suggested that rare metal enrichment in these trachytic 
rocks was initially attributed to the partial melting of an enriched mantle source and subsequent protracted 
fractional crystallization of alkaline basaltic magmas. Effects of late-stage hydrothermal alteration on rare metal 
upgrading are highly dependent on rock structures and distinct on the intensively altered phyllite and ignimbrite.   

1. Introduction 

Rare metals have critical uses in the modern industrial development 
and are increasingly required for a variety of technological applications, 
such as medical instrumentation, defensive systems, alloys, and elec
tronics (e.g., Chakhmouradian and Wall, 2012). Nevertheless, the global 
supply for rare metals is currently limited (e.g., Weng et al., 2015). To 

alleviate the supply–demand contradiction, prospecting new rare metal 
deposits is urgent. It is well recognized that majority of rare metal de
posits worldwide have affinity with carbonatites and intrusive alkaline 
and peralkaline rocks (i.e., syenite, peralkaline granite and pegmatite) 
(Chakhmouradian and Zaitsev, 2012), which have been the major tar
gets for rare metal exploration. Till now, our understanding on the 
mechanism of the rare metal mineralization in these systems is rather 
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limited. Due to the incompatibility of rare metals during most magmatic 
evolution, their enrichment can be initially attributed to protracted 
fractional crystallization (e.g., Chakhmouradian and Zaitsev, 2012; 
Chandler and Spandler, 2020; Schmitt et al., 2002; Spandler and Morris, 
2016) and low-degree melting of enriched mantle sources (e.g., 
Chakhmouradian and Wall, 2012). Other processes, like liquid immis
cibility (e.g., Spandler and Morris, 2016; Thomas et al., 2006; Williams- 
Jones and Migdisov, 2014; Williams-Jones et al., 2012), magmatic 
crystal accumulation (e.g., Sheard et al., 2012), hydrothermal meta
somatism (e.g., Dostal et al., 2014; Salvi and WilliamsJones, 1996; 
Williams-Jones et al., 2012), and weathering (e.g., Chakhmouradian 
and Wall, 2012; Li et al., 2020), may have upgraded rare metal con
centrations. However, for the peralkaline magmatic systems of different 
locations, the leading processes that promote the rare metal minerali
zation are variable and highly dependent on their rock compositions and 
occurrences. 

While most peralkaline rocks with rare metal mineralization are 
intrusive, there are some notable examples of extrusive peralkaline rare 
metal deposits, such as the Toongi deposit (Spandler and Morris, 2016), 
the Brockmans deposit (Ramsden et al., 1993; Taylor et al., 1995a; b), 
and the Peak Range deposit (Chandler and Spandler, 2020) in Australia, 
the Foxtrot deposit in Canada (Miller, 2015), and the Round Top deposit 
in America (Pingitore et al., 2014). The former two deposits are mainly 
associated with peralkaline trachytes while the latter three are related to 
peralkaline rhyolites. Compared with intrusive peralkaline rocks, these 
extrusive counterparts were emplaced at shallow depth and experienced 
rapid cooling to generate volcanic textures, and thus preserved the 
primary magmatic textures and mineral compositions of peralkaline 
magmas (e.g., Spandler and Morris, 2016). Previous studies suggested 
that the contribution of magmatic and hydrothermal processes to rare 
metal enrichment shows some variations between different extrusive 
peralkaline magmatic systems. For instance, the rare metal mineraliza
tion at Toongi was suggested to have resulted from protracted fractional 
crystallization of the alkaline magmas under low fO2 and H2O-activity 
conditions and subsequent liquid immiscibility (Spandler and Morris, 
2016). The mineralization at Brockmans was predominantly controlled 
by the alteration of the magmatic precursor minerals, i.e., zircon and 
columbite, and the resultant rare metal remobilization by fluorine-rich 
deuteric fluids (Ramsden et al., 1993). As for the Peak Range, Foxtrot 
and Round Top deposits, their concentrations of rare metal to the eco
nomic grades represented the combined products of protracted frac
tional crystallization of alkaline magmas and subsequent hydrothermal 
alteration and weathering (Chandler and Spandler, 2020; Miller, 2015; 
Pingitore et al., 2014). 

The South Qinling (SQ) has become a potential metallogenic belt for 
rare metal resources since the discovery of the large-scale Miaoya (MY) 
syenite-carbonatite Nb-REE deposit in 1980s (Li, 1980). Subsequently, 
several medium-to-large-scale alkaline-associated rare metal deposits, 
including the Shaxiongdong (SXD) syenite-carbonatite Nb-REE deposit, 
and the Tudiling, Tianbao, Zhujiayuan, Shuanghekou and Haoping 
trachyte Nb(-Ta-Zr-REE) deposits, were successively found in the 
Wudang Uplift and the North Daba Mountains, making the SQ one of the 
most important rare metal metallogenic belts in China. Previous studies 
on the rare metal deposits of the SQ mainly focused on the rare metal 
mineralization related to syenites, like the MY deposit (e.g., Çimen et al., 
2018; Li, 1980; Qiu et al., 2017; Su et al., 2019; Xu et al., 2010, 2015, 
Ying et al., 2017, 2020; Zhang et al., 2019a; Zhu et al., 2017; Zhang 
et al., 2019b), and the SXD deposit (e.g., Chen et al., 2018; Xu et al., 
2008; Zhang et al., 2019b), while investigations on these trachyte 
associated cases in the SQ were relatively limited (e.g., Nie et al., 2020; 
Xiong et al., 2018; Yang et al., 2017). To reveal the relative contribution 
of magmatic and hydrothermal processes to the rare metal concentration 
in the extrusive peralkaline magmatic systems, this study focuses on the 
newly-discovered large-scale Tudiling trachyte Nb-Ta-Zr-REE deposit, 
and investigates the timing, petrogenesis, and source nature of the four 
ore-bearing trachytic lithofacies, and mineralogy and textures of Nb- 

REE minerals to reveal their rare metal concentration mechanisms. 
These results would be crucial to deciphering the rare metal minerali
zation of the Tudiling deposit and add fresh information for under
standing the rare metal concentration in the extrusive peralkaline 
magmatic systems. 

2. Regional geology 

The Qinling orogen is part of the Central China Orogenic Belt and 
sandwiched between the North China Craton to the south and the South 
China Block (SCB) to the north (Fig. 1A). Tectonically, the SQ is sepa
rated from the North Qinling (NQ) and the SCB by the Shangdan and 
Mianlue suture zones, respectively (Fig. 1B). During the Early Devonian, 
the northward subducted Shangdan Ocean closed, leading to the 
assemblage of the NQ and the SCB (Dong et al., 2011; Dong and Santosh, 
2016). The Mianlue Ocean opened up through an intraplate rifting 
during the middle Devonian and continued to expand until the 
Carboniferous, separating the SQ from the northern margin of the SCB as 
an independent micro-plate (Zhang et al., 2001; 2004). From the 
Permian to the Early Triassic, the Mianlue Ocean subducted northwards 
beneath the SQ and became extinct during the middle-to-late Triassic, 
triggering the collision between the SQ and the SCB (Dong et al., 2011; 
Dong and Santosh, 2016). In the Early Jurassic, the SQ and NQ 
conversed into post-collision collapse, accompanied by the formation of 
fault-bounded basins in the uplifted area of the Mianlue suture zone and 
the SQ (Dong et al., 2011; Meng and Zhang, 2000). 

The SQ possesses a Precambrian basement, unconformably covered 
by the Sinian to Mesozoic sedimentary rocks and intruded by the Silu
rian syenites and carbonatites, and the Triassic to the Early Cretaceous 
granitoids (Dong et al., 2008, 2011; Dong and Santosh, 2016; Zhang 
et al., 2001) (Fig. 1B). The Proterozoic basement complexes mainly 
consist of the Paleoproterozoic plutonometamorphic rocks and the 
Meso-to-Neoproterozoic volcanic-sedimentary assemblages (Ling et al., 
2008; Zhang et al., 2000, 2001). The cover rocks include the Neo
proterozoic clastic and carbonate rocks, Cambrian-Ordovician lime
stones, Silurian shales, Devonian-Carboniferous clastic rocks, and a few 
Permian-Lower Triassic sandstones (Zhang et al., 2001). 

3. Deposit geology and samples 

3.1. Deposit geology 

The Tudiling trachyte Nb-Ta-Zr-REE deposit is located in the south
western margin of the Wudang Uplift of the SQ. The strata in the deposit 
include the mid-late Proterozoic (Nanhua Period) Yaolinghe and 
Wudang Groups, the Sinian Jiangxigou and Huohua Formations, the 
Cambrian Yangjiabao, Zhuangzigou and Zhushan Formations, the Silu
rian Meiziya Formation and Quaternary (Fig. 2). The Proterozoic strata 
are composed of metavolcanic rocks and metasedimentary rocks, and 
the Sinian strata consist of clastic rocks and carbonate rocks, and the 
Cambrian strata contain limestone, slate and phyllite. The Silurian 
Meiziya Formation is the major ore-hosting strata and contains abun
dant trachytic rocks and metamafic rocks hosted by the argillaceous and 
silt slate (Fig. 2) (according to the Nb-Au investigation and evaluation 
report of the Zhushan-Zhuxi region in Hubei). 

The magmatic rocks in the mining zone are predominantly trachytic 
rocks with lesser metadiabase/metagabbro and orthophyre in its 
southwestern part (Fig. 2). The trachytic rocks are closely associated 
with Nb-Ta-Zr-REE mineralization and are the major host rocks of ore 
metals. The distribution of these trachytic rocks is mainly controlled by 
fractures of the east–west and north–north-west directions. Till now, a 
total of eight orebodies have been identified in the mining zone and 
occur as layered and lenticular beds within the trachytic rocks. Most 
orebodies are distributed along the bedding of the strata and the 
trachytic rocks with rare metal mineralization have four lithofacies, i.e., 
trachyte (subvolcanic lithofacies, orebody III and V), trachytic 
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ignimbrite (overflowing facies, orebody II and VIII), trachytic tuff 
(eruptive facies, orebody VI) and trachytic phyllite (meta-sedimentary 
facies, orebody I, IV and VII) (Fig. 2). 

3.2. Samples and petrography 

Representative samples of the four trachytic lithofacies (eight 
trachyte samples (19NG-01 to -09), eight trachytic tuff samples (19TD- 
01 to -08), four trachytic phyllite samples (19TD-18 to -21) and four 
trachytic ignimbrite samples (19TD-22 to -26)) were collected from the 
orebodies I, II, III, and VI (sampling locations shown in Fig. 2), respec
tively. All the trachytic lithofacies have experienced hydrothermal 
alteration to variable extents. Their petrographic observations are 
described as follows: 

Trachyte is of porphyritic texture and massive structure (Fig. 3A). 
The phenocrysts are predominantly orthoclase (10 vol%) and albite (5 
vol%), which are euhedral tabular in shape and 0.5–2.0 mm in size. The 
matrix consists of albite (40 vol%), sericite (40 vol%), ilmenite (3 vol%), 
and limonite (3 vol%) (Fig. 3B). Albite in matrix is xenomorphic and <
0.05 mm in size. Sericite is scaly and represents the alteration of 
orthoclase and albite. Limonite is mainly distributed along albite 
phenocryst margins. 

Trachytic tuff is of pyroclastic texture and massive structure, and 
consists of albite (50 vol%), orthoclase (20 vol%), sericite (20 vol%) and 
minor biotite, ilmenite and limonite. Orthoclase pyroclasts are sub
hedral tabular in shape and ~ 0.2 mm in size (Fig. 3C). Albite pyroclasts 
are anhedral and <0.05 mm in size (Fig. 3D). Sericite is scaly in shape 
and mostly clusters as groups and may represent tephra recrystallization 

(Fig. 3D). 
Trachytic phyllite is of microgranular crystalloblastic texture and 

phyllitic structure (Fig. 3E). It is mainly composed of sericite (50 vol%) 
and albite (37 vol%) with minor quartz (5 vol%), Fe-sulfate (3 vol%) and 
limonite (3 vol%) (Fig. 3F). Sericite displays oriented arrangement along 
microfold structures due to metamorphic stress (Fig. 3F). Albite crystals 
are subhedral-to-euhedral in shape and vary from 0.05 to 2 mm in size. 
Quartz grains are granular and occur as crystalloblasts, while Fe-sulfates 
and hematite are distributed along the micro-fractures. 

Trachytic ignimbrite is of tuffaceous texture and flow structure, and 
consists of crystal pyroclasts (85 vol%) and cements (10 vol%) (Fig. 3G). 
Crystal pyroclasts are predominantly albite and sericite, which are 
subangular and 0.05–0.5 mm in size (Fig. 3H). The cements are mainly 
composed of Fe-Mn oxides, albite and sericite. 

Though the four trachytic lithofacies exhibit distinct textures and 
structures, they share common ore mineral phases, i.e., the Zr-rich 
mineral (zircon), Nb-rich minerals (columbite and ilmenorutile) and 
REE-rich minerals (apatite, monazite, allanite and bastnaesite) (Fig. 4). 
Scanning electron microscope (SEM) observations suggest that the 
trachytic ignimbrite has more REE-rich minerals than the other three 
lithofacies, consistent with their higher REE concentrations (illustrated 
in a later section). Zircon is the major Zr-bearing mineral phase, and 
displays two occurrences, i.e., zircon clusters (Fig. 4A) and anhedral 
zircon grains (Fig. 4E and H). Columbite and ilmenorutile predominate 
the Nb-rich mineral phases. Columbite usually displays metasomatism 
relationship with ilmenite and ilmenorutile (Fig. 4C and D). Sometimes, 
it shows well intergrowth with monazite (Fig. 4B and C). Ilmenorutile 
also has two occurrences, i.e., metasomatic product of ilmenite (Fig. 4C) 

Fig. 1. (A) Topography of China and adjacent regions, showing the major tectonic units and location of South Qinling (red box); (B) Geological map of South Qinling, 
showing the locations of Tudiling Nb-Ta-Zr-REE deposits and the other rare metal deposits in the South Qinling, modified after Wang et al. (2017). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and disseminated anhedral grains (Fig. 4D). REE-rich mineral phases 
include apatite, monazite, allanite, and bastnaesite. Apatite is of large 
size (50–200 μm) and shows as an anhedral grain (Fig. 4F). Monazite is 
mostly fine-grained and has three occurrences, i.e., intergrown with 
columbite (Fig. 4B and C), scattered monazite grains (Fig. 4F) and 
monazite clusters (Fig. 4G). Allanite and bastnaesite represent meta
somatic products of the augite in Fig. 4H, and some allanite show 
intergrowth relationship with albite (Fig. 4I). 

4. Analytical methods 

4.1. Whole-rock geochemical analyses 

Whole-rock samples were firstly examined using optical microscopy. 
Representative samples were selected and crushed into 200-mesh 
powder for geochemical analyses. The major and trace elements are 
analyzed at the State Key Laboratory of Isotope Geochemistry, 
Guangzhou institute of geochemistry, Chinese Academy of Sciences 
(GIGCAS). Major elements were determined using the standard X-ray 
fluorescence (XRF, Rigaku RIX 2100) method, with analytical precision 
better than 4%. Trace elements were analyzed using a Thermo Fisher 
iCAP RQ inductively coupled plasma mass spectrometry (ICP-MS). 
Analytical precision for most elements is better than 5%. 

To track the source signatures of the Tudiling trachytic rocks, whole- 
rock Sm–Nd isotopic analyses of selected samples were determined. 
Sample powders were first dissolved in Teflon capsules with HF + HNO3 
acid. Secondly, REEs were separated using cation columns, and then Nd 
fractions were further separated using HDEHP-coated columns. Nd iso
topic compositions were analyzed on the Neptune Plus multi-collector 

mass spectrometer at GIGCAS, following procedures similar to those of 
Wei et al. (2002) and Liang et al. (2003). Measured 143Nd/144Nd ratios 
were normalized to 146Nd/144Nd = 0.7219. The 143Nd/144Nd ratio of the 
Standard Shin Etsu JNdi-1 determined during this study was 0.512115 
± 0.000010 (2SD). 

4.2. Zircon in-situ U-Pb isotopic analyses 

Representative samples were selected from each of the four trachytic 
lithofacies. Zircon grains were separated through crushing rock samples 
to about 80 mesh powder, desliming in water, followed by density 
separation, magnetic separation and handpicking, then mounted in 
epoxy and polished to nearly a half section to expose internal structures. 
Cathodoluminescence (CL) and optical microscopy images of zircon 
grains were obtained in order to ensure that the least fractured, 
inclusion-free zones in zircon were analyzed. Zircon U–Pb dating was 
undertaken by using the laser ablation inductively coupled plasma 
spectrometry (LA-ICPMS) (Resonetics Resolution S-155 laser plus Agi
lent 7900), at the CAS Key Laboratory of Mineralogy and Metallogeny, 
GIGCAS. NIST SRM 610 glass (Pearce et al., 1997), zircon 91500 stan
dard (Wiedenbeck et al., 1995), and Plesovice zircon standards (Slama 
et al., 2008) were used as external standards. All analyses were carried 
out at a laser energy of 60 mJ, with a beam diameter of 29 μm and a 
repetition rate of 6 Hz. Integration of background and analytical signals, 
and time-drift correction and quantitative calibration for trace elements 
and U-Pb isotopes, were undertaken by using the software Iolite_v4.2 
(Paton et al., 2011). Concordia diagrams and weighted mean calcula
tions were made using Isoplot_v3.75 program (Ludwig, 2012). 

Fig. 2. Geological map of the Tudiling trachyte Nb-Ta-Zr-REE deposits with the eight orebodies marked (modified after Xiong et al. (2018)), showing the sampling 
locations of the four trachytic lithofacies. 
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4.3. SEM observation and energy dispersive spectrometer (EDS) analyses 

Carbon-coated thin sections of representative samples were used for 
SEM observation and mineral phase identification. These analyses were 
done with the Phenom TM scanning electron microscope at the CAS Key 
Laboratory of Mineralogy and Metallogeny, GIGCAS. Backscattered 
electron images (BSE) of interested areas were taken under 15 kV and 
image mode. EDS analyses of interested points were done with a 3-μm 
defocused beam under 15 kV and point analysis mode. The EDS analysis 
results are provided in the Supplementary Materials. 

5. Results 

5.1. Zircon U–Pb dating 

Zircon U–Pb data for the four trachytic lithofacies are presented in 
Table 1 and plotted in Fig. 5, and zircon crystal features and dating 
results are described as follows. 

Zircon crystals from the trachyte (sample 19NG-03) are transparent 
and light brown with irregular shapes, and show evident oscillatory 
magmatic zonings without inherited cores on their CL images (Fig. 5A). 
The zircon crystals are of large size (50–200 μm) for the crystal long axis. 
Their U and Th contents are 452144 ppm (551 ppm on average) and 

Fig. 3. Petrographic observations of the (A− B) trachyte, (C− D) trachytic tuff, (E− F) trachytic phyllite and (G− H) trachytic ignimbrite from the Tudiling, South 
Qinling. Mineral abbreviations: Or orthoclase, Ab albite, Ser sericite, Ilm ilmenite, Lm limonite, Qz quartz. 
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Fig. 4. Backscattered electron (BSE) images of major Nb-REE minerals from the Tudiling trachytic rocks, showing their occurrences and spatial relationship with 
adjacent minerals. Their corresponding EDS analysis results are provided in the Supplementary materials. Mineral abbreviations: Ab albite, Aln allanite, An anorthite, 
Ap apatite, Aug augite, Bast bastnaesite, Col columbite, Ilm ilmenite, Ilm-rt ilmenorutile, Mnz monazite, Or orthoclase, Ser sericite, Zrn zircon. 
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Table 1 
Laser ablation ICP-MS zircon U–Pb data of the Tudiling trachytic rocks.  

Sample Concentrations and ratios Isotope ratios Apparent ages (Ma) 

U 
(ppm) 

Th 
(ppm) 

Th/U 
ratio 

Pb 
(ppm) 

206Pb/238U 
ratio 

2SE 207Pb/235U 
ratio 

2SE rho 206Pb/238U 
age 

2SE 207Pb/235U 
age 

2SE 

19NG-03 (Trachyte)             
19NG-03- 

01 
410 233 0.57 27.91 0.071 0.002 0.548 0.019 0.26 441 9 441 12 

19NG-03- 
02 

654 944 1.44 56.25 0.072 0.002 0.556 0.015 0.20 446 9 447 10 

19NG-03- 
03 

483 462 0.96 32.35 0.072 0.002 0.529 0.022 0.23 450 10 428 15 

19NG-03- 
04 

376 210 0.56 26.06 0.071 0.002 0.557 0.020 0.26 441 9 446 13 

19NG-03- 
05 

560 346 0.62 39.66 0.072 0.002 0.556 0.014 0.19 447 9 447 9 

19NG-03- 
06 

514 399 0.78 36.50 0.072 0.002 0.545 0.017 0.25 450 9 440 11 

19NG-03- 
07 

348 325 0.93 22.35 0.072 0.002 0.551 0.022 0.33 449 10 446 15 

19NG-03- 
08 

818 1171 1.43 70.76 0.072 0.002 0.560 0.013 0.36 450 9 451 8 

19NG-03- 
09 

85 1246 14.74 26.66 0.071 0.002 0.567 0.034 0.05 442 12 450 23 

19NG-03- 
11 

250 173 0.69 18.16 0.071 0.002 0.560 0.022 0.10 441 10 448 15 

19NG-03- 
12 

118 54 0.45 10.21 0.072 0.002 0.572 0.038 0.06 449 12 453 25 

19NG-03- 
13 

291 161 0.55 20.84 0.072 0.002 0.576 0.022 0.28 448 10 459 14 

19NG-03- 
14 

1883 3539 1.88 173.0 0.074 0.002 0.571 0.013 0.52 459 9 457 9 

19NG-03- 
15 

67 1347 20.07 26.37 0.070 0.002 0.559 0.044 0.04 439 13 444 30 

19NG-03- 
16 

332 228 0.69 23.76 0.072 0.002 0.549 0.020 0.17 448 10 442 13 

19NG-03- 
17 

908 1165 1.28 64.06 0.072 0.002 0.558 0.016 0.45 448 10 449 11 

19NG-03- 
18 

381 214 0.56 26.45 0.070 0.002 0.553 0.017 0.19 438 9 445 11 

19NG-03- 
21 

191 263 1.37 17.59 0.070 0.002 0.538 0.024 0.03 436 10 432 16 

19NG-03- 
22 

2144 4070 1.90 206.9 0.074 0.002 0.584 0.011 0.38 461 9 466 7 

19NG-03- 
23 

632 675 1.07 50.51 0.072 0.002 0.553 0.014 0.15 446 9 446 9 

19NG-03- 
24 

755 1057 1.40 65.31 0.071 0.001 0.558 0.014 0.37 441 9 449 9 

19NG-03- 
25 

532 613 1.15 42.07 0.071 0.002 0.553 0.016 0.34 445 9 448 11 

19NG-03- 
26 

869 716 0.82 65.64 0.071 0.002 0.547 0.015 0.27 439 9 442 10 

19NG-03- 
27 

310 217 0.70 23.14 0.071 0.002 0.565 0.020 0.05 444 10 452 13 

19NG-03- 
28 

45 17 0.37 3.78 0.070 0.002 0.564 0.053 0.07 437 14 437 34 

19NG-03- 
29 

596 631 1.06 50.09 0.071 0.002 0.558 0.016 0.27 442 9 449 10 

19NG-03- 
30 

645 618 0.96 50.23 0.071 0.002 0.576 0.015 0.18 444 9 461 10 

19NG-03- 
31 

439 377 0.86 34.20 0.070 0.002 0.558 0.017 0.24 437 9 449 11 

19NG-03- 
32 

143 93 0.65 10.62 0.072 0.002 0.534 0.031 0.00 448 11 429 20 

19NG-03- 
33 

515 459 0.89 43.80 0.072 0.002 0.572 0.016 0.22 447 9 457 10 

19NG-03- 
34 

218 133 0.61 18.73 0.072 0.002 0.576 0.021 0.11 450 10 459 14 

19NG-03- 
35 

1205 1341 1.11 89.79 0.072 0.002 0.552 0.015 0.31 447 9 446 10 

19NG-03- 
36 

401 290 0.72 30.42 0.072 0.002 0.570 0.017 0.19 447 10 457 12 

19NG-03- 
37 

623 675 1.08 42.82 0.073 0.002 0.539 0.022 0.44 456 12 437 15  

(continued on next page) 
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Table 1 (continued ) 

Sample Concentrations and ratios Isotope ratios Apparent ages (Ma) 

U 
(ppm) 

Th 
(ppm) 

Th/U 
ratio 

Pb 
(ppm) 

206Pb/238U 
ratio 

2SE 207Pb/235U 
ratio 

2SE rho 206Pb/238U 
age 

2SE 207Pb/235U 
age 

2SE 

19TD-03 (Trachytic tuff)            
19TD-03- 

01 
51 126 2.46 4.61 0.071 0.002 0.557 0.056 0.22 440 12 430 36 

19TD-03- 
02 

750 664 0.89 44.50 0.072 0.001 0.563 0.030 0.26 448 6 452 19 

19TD-03- 
03 

254 136 0.53 16.81 0.070 0.001 0.534 0.031 0.11 436 7 433 21 

19TD-03- 
04 

263 2162 8.23 40.92 0.070 0.002 0.552 0.036 0.19 440 8 444 24 

19TD-03- 
05 

351 196 0.56 18.87 0.072 0.001 0.556 0.036 0.01 449 8 446 24 

19TD-03- 
06 

717 2528 3.52 104.85 0.070 0.001 0.565 0.027 0.27 439 6 455 18 

19TD-03- 
07 

424 387 0.91 31.30 0.071 0.001 0.560 0.028 0.19 442 6 449 18 

19TD-03- 
08 

328 301 0.92 24.25 0.071 0.001 0.565 0.029 0.04 444 6 452 19 

19TD-03- 
09 

236 200 0.85 20.94 0.070 0.001 0.534 0.032 0.01 438 8 432 21 

19TD-03- 
10 

505 343 0.68 25.00 0.072 0.003 0.533 0.035 0.55 450 16 431 23 

19TD-03- 
11 

858 185 0.22 45.19 0.070 0.001 0.531 0.026 0.10 437 6 433 17 

19TD-03- 
12 

556 568 1.02 41.59 0.071 0.002 0.532 0.028 0.27 443 9 432 19 

19TD-03- 
13 

468 1913 4.09 59.05 0.071 0.002 0.534 0.030 0.40 443 10 432 20 

19TD-03- 
14 

493 2395 4.86 69.77 0.071 0.002 0.562 0.030 0.31 444 9 451 20 

19TD-03- 
15 

273 205 0.75 25.58 0.074 0.002 0.571 0.038 0.07 462 10 456 25 

19TD-03- 
16 

597 985 1.65 66.31 0.075 0.002 0.572 0.035 0.55 468 12 457 23 

19TD-03- 
17 

844 1406 1.67 75.57 0.073 0.002 0.548 0.029 0.52 453 10 445 20 

19TD-03- 
18 

280 151 0.54 21.72 0.071 0.001 0.539 0.033 0.19 442 9 435 22 

19TD-03- 
19 

286 124 0.43 22.31 0.073 0.002 0.553 0.035 0.05 453 9 445 23 

19TD-03- 
20 

533 112 0.21 26.37 0.071 0.002 0.561 0.039 0.61 443 14 446 23  

19TD-18 (Trachytic phyllite)            
19TD-18- 

01 
18 23 1.27 1.45 0.071 0.003 0.528 0.084 0.16 442 14 388 55 

19TD-18- 
02 

53 1742 32.62 23.86 0.071 0.003 0.598 0.078 0.14 442 15 459 48 

19TD-18- 
03 

54 19 0.34 3.94 0.071 0.003 0.567 0.047 0.16 441 16 444 31 

19TD-18- 
04 

58 42 0.73 4.31 0.071 0.002 0.557 0.053 0.04 444 14 438 35 

19TD-18- 
05 

73 1588 21.85 25.03 0.071 0.002 0.604 0.060 0.19 445 14 467 38 

19TD-18- 
06 

498 3944 7.92 82.06 0.072 0.001 0.547 0.018 0.21 445 9 441 12 

19TD-18- 
07 

607 696 1.15 51.19 0.072 0.001 0.548 0.016 0.47 446 8 442 10 

19TD-18- 
08 

688 857 1.25 51.65 0.071 0.001 0.569 0.018 0.20 441 7 455 12  

19TD-25 (Trachytic ignimbrite)            
19TD-25- 

01 
639 311 0.49 14.45 0.0242 0.0005 0.168 0.010 0.01 154 3 157 8 

19TD-25- 
02 

2062 520 0.25 44.01 0.0249 0.0003 0.171 0.004 0.28 158 2 160 4 

19TD-25- 
03 

955 514 0.54 18.36 0.0244 0.0007 0.178 0.012 0.44 156 4 166 10 

19TD-25- 
04 

807 222 0.28 21.07 0.0242 0.0004 0.177 0.011 0.29 154 2 165 9 

19TD-25- 
05 

988 402 0.41 26.50 0.0245 0.0007 0.166 0.012 0.39 156 4 156 10 

19TD-25- 
06 

803 561 0.70 17.68 0.0252 0.0006 0.173 0.007 0.34 161 4 161 6 

19TD-25- 
07 

832 468 0.56 18.53 0.0250 0.0005 0.177 0.009 0.23 159 3 165 7 

(continued on next page) 
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54–4070 ppm (719 ppm on average), respectively. Their Th/U ratios 
range from 0.37 to 20.07, mostly consistent with those (> 0.4) of the 
magmatic zircon (>0.4). Thirty-three U–Pb analyses of zircon grains 
yield a concordant U–Pb age of 446 ± 2 Ma, MSWD = 0.9 (Fig. 5B). Their 
206Pb/238U ages range from 436 Ma to 461 Ma and return a weighted 
mean age of 445 ± 2 Ma, MSWD = 0.9 (Fig. 5C). 

Zircon crystals from the trachytic tuff (sample 19TD-03) have similar 
appearance with those from the trachyte (Fig. 5D). Their U and Th 
contents are 51 – 858 ppm (453 ppm on average) and 112 – 2528 ppm 
(754 ppm on average), respectively. Their Th/U ratios range from 0.21 
to 8.23. Nineteen U–Pb analyses of zircon grains yield a concordant 
U–Pb age of 441 ± 2 Ma, MSWD = 1.8 (Fig. 5E). Their 206Pb/238U ages 
range from 436 Ma to 453 Ma and yield a weighted mean age of 442 ± 3 
Ma, MSWD = 1.9 (Fig. 5F). 

Zircon crystals in the trachytic phyllite (sample 19TD-18) are also of 
irregular shape with evident oscillatory magmatic zonings (Fig. 5G), 
similar to those in the trachyte and trachytic tuff. Their U and Th con
tents are 18–688 ppm (256 ppm on average) and 193944 ppm (1114 
ppm on average), respectively and their Th/U ratios range from 0.34 to 
32.62, mostly consistent with those of the magmatic zircon (>0.4). Eight 
U–Pb analyses of zircon grains yield a concordant U–Pb age of 446 ± 3 
Ma, MSWD = 1.1 (Fig. 5H). Their 206Pb/238U ages range from 441 Ma to 
446 Ma and yield a weighted mean age of 445 ± 4 Ma, MSWD = 0.6 
(Fig. 5I). 

Zircon crystals from the trachytic ignimbrite (sample 19TD-25) are 
subhedral-to-euhedral in shape and small in size with 40–60 μm for the 
crystal long axis, showing evident oscillatory magmatic zonings 
(Fig. 5J). Their U and Th contents are 413–2062 ppm (862 ppm on 
average) and 222–561 ppm (437 ppm on average), respectively and 
their Th/U ratios range from 0.25 to 0.77. Fifteen U–Pb analyses of 
zircon grains yield a concordant U–Pb age of 157 ± 3 Ma, MSWD = 3.4 
(Fig. 5K). Their 206Pb/238U ages range from 151 Ma to 161 Ma and re
turn a weighted mean age of 157 ± 1.9 Ma, MSWD = 4.7 (Fig. 5L). 

Above all, the trachyte, tuff and phyllite have consistent zircon U–Pb 
ages and developed during the early Silurian (445–442 Ma), while the 
trachytic ignimbrite yields a zircon U–Pb age of 157 ± 1.9 Ma and 
formed during the late Jurassic period. Additionlly, the Silurian zircons 
exhibit different REE distribution patterns from those of the Jurassic 
ones (Fig. 6A and Supplementary Table S1), with the latter possessing 
obvious negative Eu anomalies (Eu/Eu*: 0.10–0.37, Fig. 6B), further 
indicating that they represent two different zircon groups. 

5.2. Whole-rock compositions 

To better understand the source nature, genesis and mineralization 
mechanisms of the four trachytic lithofacies, we undertook whole-rock 
element and Nd isotopic analyses of these trachytic samples. Major 
and trace element compositions are presented in Table 2 and Nd isotopic 
data are listed in Table 3. Major element data for all the samples were 
recalculated on an anhydrous basis before being used for diagram 
plotting. 

5.2.1. Major elements 
All the samples have SiO2 contents of 51.44 wt% to 60.24 wt%, and 

high alkaline (Na2O + K2O) contents of 10.04 wt% to 13.19 wt%. Based 
on the standard total-alkali-silica (TAS) classification diagram of Le 
Maitre et al. (1989), most Tudiling samples are plotted in the trachyte 
field, with the rest dispersed in adjacent fields, i.e., phonolite, teph
riphonolite, and trachyandesite (Fig. 7A). In comparison, the MY and 
SXD syenites have relatively lower SiO2 contents (50.09 wt% to 52.99 wt 
%) (Xu et al., 2008; Zhu et al., 2017), and are mostly plotted in the 
phonolite and tephriphonolite fields (Fig. 7A). The calculated peralka
line indices [PI = molar (Na2O + K2O)/Al2O3)] range from 1.29 to 1.66, 
indicating that these samples are exclusively peralkaline (PI > 1). They 
have Al2O3 and FeOT contents varying from 20.97 wt% to 25.90 wt% 
and 0.90 wt% to 5.62 wt%, respectively. On the Al2O3 versus FeOT 

classification scheme after MacDonald (1974), all the Tudiling trachytic 
samples fall in the comenditic trachyte field (Fig. 7B). 

Regardless of the above similarities, the four lithofacies show some 
differences in their FeOT, MnO, MgO, Na2O, K2O, and loss on ignition 
(LOI) contents. Among the three Silurian lithofacies, the phyllite sam
ples have the highest Na2O, MgO and LOI contents but the lowest K2O 
contents (Table 2). The positive correlation between Na2O and LOI but 
negative correlation between K2O and LOI indicate that the hydrother
mal alteration has led to the Na2O gain but K2O loss relative to the fresh 
samples (Fig. 8A and B), consistent with the petrographic observation of 
intensive albitization in these trachytic rocks (Fig. 3A–F). As for the 
Jurassic trachytic ignimbrite, they contain much higher FeOT, MnO, 
Na2O, P2O5 and LOI contents but lower K2O contents than those of the 
Silurian trachytic rocks (Table 2). The correlations between Na2O and 
K2O contents and LOI contents for the trachytic ignimbrite (Fig. 8A and 
B) indicate the Na2O loss and K2O gain during hydrothermal alteration, 
consistent with the widespread sericitization in the ignimbrite (Fig. 3G 
and H). 

Table 1 (continued ) 

Sample Concentrations and ratios Isotope ratios Apparent ages (Ma) 

U 
(ppm) 

Th 
(ppm) 

Th/U 
ratio 

Pb 
(ppm) 

206Pb/238U 
ratio 

2SE 207Pb/235U 
ratio 

2SE rho 206Pb/238U 
age 

2SE 207Pb/235U 
age 

2SE 

19TD-25- 
08 

886 494 0.56 19.66 0.0253 0.0005 0.171 0.007 0.25 161 3 160 6 

19TD-25- 
09 

702 456 0.65 16.01 0.0249 0.0007 0.169 0.008 0.36 158 4 158 7 

19TD-25- 
10 

705 471 0.67 21.23 0.0238 0.0004 0.168 0.008 0.33 151 2 157 7 

19TD-25- 
11 

1033 525 0.51 19.45 0.0247 0.0006 0.178 0.010 0.27 157 4 166 9 

19TD-25- 
12 

668 518 0.77 12.01 0.0250 0.0005 0.177 0.009 0.30 159 3 165 8 

19TD-25- 
13 

867 473 0.55 21.48 0.0235 0.0005 0.162 0.014 0.00 150 3 151 12 

19TD-25- 
14 

413 243 0.59 12.47 0.0249 0.0007 0.181 0.013 0.05 158 4 169 11 

19TD-25- 
15 

598 337 0.56 12.86 0.0253 0.0006 0.189 0.010 0.01 161 4 175 9 

19TD-25- 
16 

838 478 0.57 20.77 0.0250 0.0009 0.182 0.010 0.15 159 5 169 9  
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5.2.2. Trace and REE elements 
Primitive mantle-normalized trace element and chondrite- 

normalized REE distribution patterns are given in Fig. 7C and D. All 
these trachyte samples are characterized by pronounced enrichments in 
Nb, Ta, Zr, and Hf but depletions in Sr, P, and Ti. Niobium contents in all 
these samples are higher than the lowest industrial grade (Nb2O5 con
tents: 0.08 wt%) and increase from the trachyte (543–618 ppm), 
trachytic ignimbrite (898–1260 ppm), trachytic tuff (939–1132 ppm) to 
trachytic phyllite (1570–1690 ppm) (Table 2 and Fig. 7E). Tantalum 
contents in the trachytic tuff and phyllite reach the lowest industrial 
grades (Ta2O5 contents: 0.01 wt%), varying from 76.55 ppm to 102.5 
ppm and from 131.0 ppm to 138.8 ppm, respectively (Table 2 and 
Fig. 7E). The Nb/Ta ratios of most samples (except for the trachytic 
ignimbrite samples: 23–40) vary between 12 and 16.5, mostly within the 
typical ranges of continental crustal (12–13) and bulk silicate Earth 

(BSE) Nb/Ta ratios (14) (e.g., Münker et al., 2003) (Fig. 7E). Meanwhile, 
these samples display Zr enrichment with Zr concentrations from 316 
ppm to 1670 ppm for the trachyte, and from 612 ppm to 1110 ppm for 
the trachytic tuff, and from 2410 ppm to 2610 ppm for the trachytic 
phyllite, and from 984 ppm to 1800 ppm for the trachytic ignimbrite, 
respectively (Table 2 and Fig. 7F). The Zr/Hf ratios of these samples 
cluster in two ranges, i.e., 38–59 (trachyte and trachytic ignimbrite 
samples) and 78–89 (trachytic tuff and trachytic phyllite samples), 
significantly higher than the chondritic value (34.4) (e.g., Münker et al., 
2003) (Fig. 7F). The element pairs Zr/Hf and Nb/Ta ratios for most 
trachyte samples deviate from the chondritic values (34.4 and 19.9, 
respectively), which may be attributed to extreme fractionation or hy
drothermal alteration (e.g., Huang et al., 2011; Niu, 2012). 

As for their REEs, the trachytic ignimbrite samples possess the 
highest ΣREE contents (5221–6024 ppm), reaching the REE cut-off 

Fig. 5. Zircon CL images, laser spot locations and zircon U-Pb Wetherill plots and weighted mean 206Pb/238U age plots for the trachyte (A–C), trachytic tuff (D–F), 
trachytic phyllite (G–I), and trachytic ignimbrite (J–L) at Tudiling. 
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grade (REO contents: 0.5 wt%), while the other three types have 
significantly lower ΣREE contents ranging from 138 ppm to 703 ppm. 
Chondrite-normalized REE patterns indicate all the trachytic rocks are 
enriched in the light REEs (LREEs) relative to the heavy REEs (HREEs), 
with (La/Yb)N ratios from 13.01 to 62.82 for trachyte, 89.66 to 117.21 
for trachytic ignimbrite, 64.14 to 86.24 for trachytic phyllite, and 
261.66 to 318.45 for trachytic ignimbrite, respectively. All the trachyte 
samples display slightly to moderately negative Eu anomalies (δEu: 
0.63–0.94) with the ignimbrite possessing the lowest δEu values 
(0.63–0.67), implying that plagioclase fractional crystallization 
happened to varying extent before the emplacement of these trachytic 
rocks. 

Additionally, we applied the LOIs as the hydrothermal alteration 
indicator to plot against variations of fluid-mobile elements (Fig. 8C and 
D) and ore elements (Fig. 8E–H). Whole-rock Zr concentrations were 
used as the indicator for magma differentiation to decipher their co
variations with the other incompatible elements and ore metals 
(Fig. 9A–E). Their correlations would be carefully discussed in the sec
tion 6.2. 

5.2.3. Samarium-Nd isotopic compositions 
The εNd(t) values of the selected samples from the four trachytic 

lithofacies were calculated to their corresponding zircon weighted mean 
206Pb/238U ages. Their εNd(t) values range from 2.3 to 3.4 for the 
trachyte, from 2.4 to 2.7 for the trachytic tuff, from 2.6 to 2.8 for the 
trachytic phyllite and from − 2.9 to − 2.8 for the trachytic ignimbrite, 
respectively (Table 3). 

6. Discussion 

6.1. Genesis of the Tudiling trachytic rocks 

Previous studies on peralkaline magmatic rocks have led to general 

consensus that the peralkaline magmas can either be produced through 
protracted fractional crystallization of mafic/ultramafic magmas (e.g., 
Macdonald, 2012; Peccerillo et al., 2007), or represent partial melts of 
the crustal components, triggered by the thermal effect of upwelling 
mafic/ultramafic magmas (e.g., Avanzinelli et al., 2004; Trua et al., 
1999). Meanwhile, both processes may be influenced by different de
grees of crustal assimilation and/or magma mixing (e.g., Macdonald 
et al., 2015). The four trachytic lithofacies at Tudiling have evolved 
intermediate compositions (Table 2 and Fig. 7A), and thus their for
mation required magma ponding and differentiation at a shallow crust 
depth before eruption or emplacement at/near the surface. Zircon U–Pb 
dating indicates that the four trachytic lithofacies developed during two 
episodes of peralkaline magmatism, i.e., the early Silurian (445–442 
Ma) and the late Jurassic (157 Ma). Phanerozoic tectonic re
constructions place the SQ to be an intraplate setting of the northern 
margin of the SCB during the early Silurian and be a post-collision 
orogen due to the closure of the Mianlue ocean during the late 
Jurassic (e.g., Dong et al., 2008; Meng and Zhang, 2000; Zhang et al., 
2001; 2004). Both settings could have provided an extensional geo
dynamics for the generation of these peralkaline magmas. In the 
following parts, we discuss the petrogenesis of the two episodes of 
trachytic magmatisms separately. 

The trachyte, trachytic tuff and trachytic phyllite developed during 
the early Silurian episode (445–442 Ma), and are coeval with their 
intrusive counterparts in the SQ, i.e., the MY syenite (442.6 ± 3.7 Ma, 
Zhu et al. (2017)) and SXD syenite (441.8 ± 2.2 Ma, Xu et al. (2008)). 
The three trachytic rocks share similar trace element (Nb, Ta, Zr, and Hf 
enrichments, but Sr, P, and Ti depletions), and REE (LREE enrichment 
and lacking ore-grades of ΣREE concentrations) patterns with the MY 
and SXD syenites (Fig. 7C and D). Moreover, the Silurian trachytic rocks 
display moderately depleted Nd isotope compositions (εNd(t) values: 
2.3–3.4), which are within the range (εNd(t) values: 2.7–5.7, Zhu et al. 
(2017) and Xu et al. (2008)) of the MY and SXD syenites (Fig. 9F). The 
uniform and moderately depleted Nd isotopes in these Silurian per
alkaline magmatic rocks preclude significant crustal assimilation and 
mixing of crust-derived magmas. Meanwhile, the evolved intermediate 
compositions of the Silurian trachytic rocks were most likely to repre
sent the differentiated products of the mantle-derived magmas via 
protracted fractional crystallization. Actually, the Silurian mantle- 
derived rocks, like the Gaoping diabase (432 Ma, phlogopite 40Ar/39Ar 
plateau age, Huang et al. (1992)), the Zhengping diabase (451 ± 4 Ma, 
zircon U-Pb age, Xiang et al. (2016)) and the Langao lamprophyre (432 
Ma, Xu et al. (2001)) have also been reported in the SQ. They are also 
characterized by moderately depleted εNd(t) values (1.8–4.0) as well as 
low (87Sr/86Sr)i compositions (0.70346–0.70365) (Huang et al., 1992; 
Xiang et al., 2016; Xu et al., 2001). Moreover, field observations indicate 
that some metagabbro/metadiabase have intruded into the strata of the 
southwestern Tudiling district and distributed near these trachytic rocks 
(Fig. 2). These Silurian mafic/ultramafic rocks in the SQ may represent 
the analogue of the mantle-derived magmas to generate the Silurian 
peralkaline rocks via protracted fractional crystallization. With regards 
to the mantle source nature of these Silurian peralkaline rocks, no 
consensus has been reached. Xu et al. (2008) and Zhu et al. (2017) 
suggested that their low initial Sr isotope compositions and high εNd(t) 
values approximate those of the HIMU components and some EMI 
components may have been involved due to the Pb isotope variations in 
their corresponding carbonatites. Chen et al. (2018) considered their 
mantle source represented the mixing product of two mantle compo
nents, i.e., the PREMA and a distinct radiogenic Pb reservoir. In this 
study, we would not make further deduction on the mantle source na
ture for the lack of other isotope information on the Tudiling trachytic 
samples, but it is expected that the Silurian trachytic rocks share a 
common mantle source with these coeval syenites and mafic/ultramafic 
rocks in the SQ (Fig. 10A). 

Compared with the Silurian trachytic rocks, the Jurassic ignimbrite 
samples have higher FeOT (2.94 wt%–5.62 wt%), MnO (0.51 wt%–1.53 

Fig. 6. (A) Zircon REE patterns and (B) Zircon Eu/Eu* vs. Ce/Ce* for the four 
trachytic lithofacies at Tudiling. 
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Table 2 
Whole-rock major, ore metal and trace element compositions of the Tudiling trachytic rocks.  

Sample 
No. 

19NG- 
01 

19NG- 
02 

19NG- 
04 

19NG- 
05 

19NG- 
06 

19NG- 
07 

19NG- 
08 

19NG- 
09 

19TD- 
01 

19TD- 
02 

19TD- 
03 

19TD- 
04 

19TD- 
05 

19TD- 
06 

19TD- 
07 

19TD- 
08 

19TD- 
18 

19TD- 
19 

19TD- 
20 

19TD- 
21 

19TD- 
22 

19TD- 
23 

19TD- 
25 

19TD- 
26 

Rock 
types 

Trachyte Trachytic Trachytic phyllite Trachytic ignimbrite 

Major elements 
(wt.%)                        

SiO2 59.68 59.55 59.19 58.58 59.23 58.92 58.30 58.83 57.80 59.01 60.24 60.00 59.52 59.35 58.86 58.28 55.97 57.49 58.40 56.04 57.22 51.44 56.30 57.73 
TiO2 0.43 0.42 0.47 0.51 0.40 0.41 0.43 0.46 0.40 0.38 0.40 0.40 0.39 0.39 0.39 0.39 0.42 0.42 0.42 0.41 0.38 0.44 0.55 0.37 
Al2O3 21.88 22.54 23.35 22.37 22.91 22.95 22.84 23.30 24.07 22.42 22.16 22.81 22.21 22.68 22.78 23.23 25.90 24.27 24.48 24.65 23.25 25.25 20.97 23.05 
FeOT 2.32 1.75 1.32 2.81 1.52 1.11 1.63 1.62 2.46 2.24 2.03 1.96 2.35 1.97 2.47 2.36 1.39 1.45 0.90 2.58 3.68 4.12 5.62 2.94 
MnO 0.08 0.08 0.08 0.08 0.06 0.06 0.07 0.07 0.05 0.05 0.05 0.05 0.06 0.04 0.06 0.04 0.04 0.04 0.04 0.05 0.63 0.60 1.53 0.51 
MgO 0.18 0.24 0.26 0.23 0.33 0.34 0.22 0.23 0.24 0.21 0.21 0.24 0.21 0.32 0.23 0.28 1.01 0.95 0.93 1.04 0.26 0.39 0.19 0.19 
CaO 0.11 0.11 0.16 0.20 0.12 0.12 0.12 0.12 0.15 0.15 0.23 0.18 0.20 0.12 0.14 0.15 0.12 0.13 0.11 0.11 0.40 1.39 0.44 0.64 
Na2O 5.88 5.66 4.59 5.08 4.36 4.10 4.84 4.55 4.56 4.81 5.11 5.03 5.14 5.29 4.88 4.61 5.29 5.63 5.99 5.27 6.96 4.72 8.06 7.58 
K2O 6.77 7.06 7.98 7.71 8.83 8.96 8.26 8.29 7.81 7.88 7.39 6.65 7.41 7.47 7.81 8.22 5.47 5.26 5.14 5.66 3.91 6.00 1.99 3.14 
P2O5 0.06 0.05 0.06 0.19 0.06 0.04 0.05 0.05 0.11 0.12 0.17 0.13 0.16 0.05 0.10 0.11 0.17 0.20 0.11 0.17 0.29 0.49 0.44 0.41 
LOI 1.87 1.71 1.65 1.78 1.83 1.88 2.11 2.17 1.83 1.70 1.60 1.65 1.58 1.83 1.75 1.91 3.13 3.04 2.57 3.46 2.35 3.72 2.46 2.10 
Total 99.94 99.86 99.74 100.14 100.21 99.48 99.51 100.30 100.06 99.56 100.18 99.73 99.84 100.15 100.06 100.16 99.70 99.67 99.94 100.16 100.15 99.35 99.43 99.59  

Ore metals (wt.%)                        
ZrO2 0.13 0.15 0.04 0.21 0.22 0.23 0.19 0.17 0.14 0.15 0.11 0.08 0.11 0.09 0.10 0.13 0.35 0.35 0.35 0.33 0.16 0.13 0.24 0.15 
Nb2O5 0.08 0.08 0.08 0.09 0.09 0.08 0.09 0.09 0.16 0.14 0.15 0.21 0.16 0.13 0.17 0.15 0.24 0.24 0.23 0.22 0.13 0.13 0.18 0.13 
Ta2O5 0.005 0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.010 0.010 0.010 0.013 0.010 0.009 0.011 0.010 0.017 0.017 0.016 0.016 0.005 0.004 0.004 0.005 
TREO 0.02 0.02 0.02 0.03 0.04 0.04 0.04 0.03 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.09 0.08 0.07 0.07 0.62 0.71 0.71 0.65  

Trace elements 
(ppm)                        

Li 35.19 40.63 29.98 35.89 34.03 35.24 37.38 39.38 19.05 17.70 15.09 16.17 17.17 18.13 18.35 20.52 21.28 19.91 19.08 21.77 17.61 26.62 11.18 15.04 
Be 7.67 8.56 11.07 9.32 13.11 13.73 14.55 15.09 18.60 17.37 16.10 15.73 16.50 17.55 17.89 21.19 31.30 29.23 28.58 30.54 15.02 23.56 8.37 13.38 
P 243 210 266 900 260 180 214 191 536 541 745 626 752 206 435 495 788 925 506 778 1308 2201 2080 1965 
Sc 3.81 4.18 1.99 5.61 6.01 6.00 5.11 4.81 3.76 3.87 3.09 2.55 3.12 2.59 2.90 3.45 8.62 8.59 8.74 8.05 5.22 5.82 6.65 5.08 
Ti 2480 2411 2694 2960 2321 2426 2571 2709 2327 2181 2283 2312 2260 2261 2246 2268 2439 2409 2390 2336 2106 2442 3070 2057 
V 32.0 36.7 48.6 44.3 42.1 43.4 42.3 43.4 32.0 29.4 25.7 29.1 28.4 31.3 31.2 38.1 31.6 31.3 31.4 34.2 70.4 206.2 36.6 123 
Cr 0.36 0.39 0.90 0.61 0.40 1.74 0.34 0.48 0.13 1.20 0.21 0.13 0.14 0.25 0.64 0.26 0.11 0.21 0.15 0.85 0.50 0.51 0.57 0.56 
Co 0.21 0.21 0.24 0.08 0.47 0.51 0.74 0.70 1.29 0.77 0.48 0.19 0.46 0.20 1.53 0.24 0.22 0.38 0.24 0.25 1.10 1.42 1.54 1.26 
Ni 0.61 0.76 14.31 0.66 0.69 0.85 0.32 0.44 0.52 0.35 0.67 0.41 0.24 0.24 0.36 0.42 0.27 0.32 0.28 0.39 1.15 1.36 5.16 2.42 
Cu 2.81 1.10 0.75 1.68 1.18 1.04 6.05 6.90 3.01 3.20 1.73 1.30 3.50 0.82 3.03 1.64 0.48 0.20 0.15 0.68 1.03 0.04 2.18 1.13 
Zn 123.9 72.2 103.2 57.0 60.7 72.2 55.9 58.7 84.8 85.4 85.0 67.9 88.8 62.4 88.2 87.7 39.3 40.1 36.8 48.7 175 208 195 304 
Ga 34.1 37.8 44.5 41.2 47.9 50.4 50.3 51.3 74.0 69.5 64.9 68.0 67.3 71.8 71.7 80.4 100.6 95.0 90.8 97.2 126 172 123 124 
Rb 139 153 167 166 165 172 165 168 258 251 223 225 235 237 252 274 252 236 229 253 105 159 41.46 84.76 
Sr 384 412 288 356 313 312 215 216 292 302 330 302 320 266 290 293 381 423 371 394 947 1376 752 1222 
Zr 995 1133 316 1547 1634 1668 1381 1258 1032 1105 801 612 840 641 759 933 2609 2554 2610 2413 1191 984 1798 1133 
Hf 12.12 13.72 4.24 19.68 21.0 20.9 17.2 15.9 20.8 20.5 20.7 13.1 14.5 16.9 12.9 20.8 58.9 59.2 60.7 52.9 13.6 12.4 20.3 12.7 
Nb 552 543 543 618 608 572 614 602 1101 999 1063 1489 1116 939 1165 1021 1689 1681 1636 1569 910 898 1264 933 
Mo 1.64 1.42 0.92 1.48 5.32 2.65 2.68 2.72 8.06 6.04 6.61 4.58 7.57 3.78 7.47 1.68 6.26 10.15 5.62 6.83 3.84 0.42 6.71 1.34 
Sn 2.67 3.07 3.38 3.00 3.65 3.77 3.30 3.40 7.47 6.84 6.35 6.70 6.67 8.05 7.13 8.97 11.80 11.11 10.80 10.94 2.94 5.29 1.81 2.78 
Sb 0.19 0.08 0.12 0.09 0.19 0.27 0.08 0.07 0.16 0.13 0.14 0.14 0.13 0.17 0.13 0.15 0.33 0.30 0.28 0.51 0.07 0.08 0.10 0.07 
Cs 0.56 0.68 0.57 0.74 0.50 0.50 0.26 0.26 2.12 1.97 1.67 1.82 1.88 1.98 2.05 2.20 6.00 5.58 5.37 5.92 2.20 3.11 1.04 1.78 
Ba 998 1049 1497 1295 2574 2738 2079 2149 2266 2222 2168 2060 2063 2272 2181 2262 3565 3368 3214 3480 4320 5950 2540 3501 
La 35.6 46.8 53.6 64.8 75.8 90.3 83.8 76.9 152 150 136 145 147 151 142 151 208 189 152 181 1740 2018 2126 1847 
Ce 62 85 92 103 128 154 138 127 241 239 221 233 233 247 225 243 328 301 250 284 2503 2836 2740 2617 
Pr 6.36 8.71 9.45 10.10 12.48 15.08 13.49 12.40 22.94 22.83 21.31 22.55 22.27 24.19 21.89 23.75 30.77 28.97 24.72 27 215 248 254 226 
Nd 20.79 27.85 30.59 32.82 40.17 49.61 44.22 40.68 74.00 73.58 68.43 72.49 71.79 78.42 69.07 76.76 98.77 96.19 87.87 86.72 614 700 724 644 
Sm 3.46 4.14 4.54 4.97 6.06 7.29 6.77 6.34 9.95 9.98 9.21 9.68 9.88 9.49 9.17 10.24 12.65 13.06 13.31 11.60 56.61 64.21 65.70 59.25 
Eu 1.02 1.17 1.10 1.44 1.68 2.00 1.90 1.77 2.25 2.34 2.20 2.23 2.32 2.12 2.09 2.39 2.97 3.18 3.25 2.76 12.03 13.76 14.08 12.57 

(continued on next page) 
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wt%), P2O5 (0.29 wt%–0.49 wt%), Th (124–144 ppm) and ΣREEs 
(5276–6085 ppm) contents, consistent with their higher volumes of Fe- 
Mn-oxides (Fig. 3G and H) and monazite in their mineral compositions 
(Fig. 4F and G). The trachytic ignimbrite samples exhibit enriched Nd 
isotope compositions (εNd(t) values: − 2.9–− 2.8, Table 3 and Fig. 9F), 
implying two possible origins, i.e., continental crust-derived or enriched 
mantle-derived. The Jurassic trachytic ignimbrite samples do not follow 
the magma differentiation trend constructed by the Silurian trachytic 
samples (Fig. 9A–C), precluding a continued evolution from the Silurian 
trachytic samples. Moreover, the partial melting and contamination of 
the crustal components unlikely occurred because most continental 
crust-derived components are generally poor in Fe, Mn, and P, and no 
Fe-Mn-P deposits have ever been explored near the Tudiling district. 
During the late Jurassic, the trachytic ignimbrite developed in a post- 
collision extensional setting due to the subduction and closure of the 
Mianlue ocean slab during the Permian to the middle Triassic (Dong 
et al., 2011; Dong and Santosh, 2016). As a result, the mantle source of 
the Jurassic trachytic ignimbrite may have been modified by the re
siduals of the Mianlue ocean sediments (Fig. 10D). Meanwhile, the 
oceanic sediments were likely rich in Fe-Mn and LREE contents (e.g., Fe- 
Mn nodules) and have significantly negative δEu anomalies (e.g., Eld
erfield et al., 1981; Nagasawa et al., 1979), and hence their addition to 
the mantle source may provide a reasonable interpretation for the 
unique features and enriched mantle source of the Jurassic ignimbrite. 

6.2. Mechanism of the Tudiling Nb-Ta-Zr-REE enrichment 

Three Silurian trachytic rocks are characterized by Nb-Ta-Zr 
enrichment/mineralization with the phyllite possessing the highest 
grades of rare metal concentrations, whereas the Jurassic ignimbrite 
displays Nb-Ta-Zr-REE enrichment/mineralization (Table 2). This is 
consistent with the petrographic observation that the phyllite contains 
more Nb-Ta-Zr-rich mineral phases and the ignimbrite has more REE- 
rich mineral phases than the rest lithofacies (Fig. 4). Among these ore 
minerals, columbite of medium sizes (50–100 μm) represents the major 
primary Nb(-Ta)-rich mineral (Ta content: ~5.80 wt%, see EDS results 
in Supplementary Materials), and displays evident metasomatism rela
tionship with ilmenite and ilmenorutile (Fig. 4C and D). In the phyllite, 
some tiny and anhedral ilmenorutile grains disperse along the micro
folds and microfractures, implying significant Nb re-mobilization and 
precipitation. Zircon and apatite of large grains represent the major 
primary Zr and REE-rich minerals, respectively, and most of them have 
been subjected to hydrothermal metasomatism to some extents (Fig. 4A 
and F). Monazite grains are mostly anhedral, small in size, and stardust- 
like in distribution, and represent the REE-rich secondary minerals. 
They display close spatial relationship with the albitization and serici
tization, indicating they were the reprecipitation products of REE-rich 
fluids. Other secondary REE minerals (bastnaesite and allanite) occur 
as the metasomatic phase of early-crystalized minerals, like augite 
(Fig. 4H), or display intergrowth relationship with albite (Fig. 4I), 
further implying that hydrothermal metasomatism may have caused 
rare metal mobilization and reprecipitation at Tudiling. 

The broad positive correlations between incompatible elements (Y, 
Ce, Th, Nb, and Ti) and Zr (Fig. 9A–E) for both the Silurian and Jurassic 
trachytic samples favors the initial Zr-Nb-REE enrichment through 
protracted magmatic differentiation. The high REE and Th concentra
tions in the Jurassic trachytic samples may have been inherited from an 
enriched mantle source modified by the residues of the Mianlue ocean 
sediments. Moreover, no evidence for liquid immiscibility exists, as has 
been suggested as a critical magmatic differentiation process for 
upgrading rare metal concentrations in the Toongi peralkaline systems 
(Spandler and Morris, 2016). Petrographic observation indicates that 
most of the Tudiling trachytic rocks have been subjected to varying 
degrees of hydrothermal alteration, which had likely affected the 
chemical compositions of these rocks to some extent. As for the Silurian 
trachytic rocks, the phyllite is more intensively altered than the trachyte Ta
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and trachytic tuff, as was reflected in the higher LOI contents (Table 2 
and Fig. 8) and more secondary minerals in the phyllite (Fig. 3G–H and 
Fig. 4E). On the alteration indicator plots (Fig. 8A–D), for the Silurian 

trachytic rocks, their Na2O, Rb and Ba contents increase but K2O con
tents decrease from the intensively altered phyllite to the less altered 
trachytic rocks, supported by the petrographic observation of the 

Table 3 
Whole-rock Nd isotope compositions of the Tudiling trachytic rocks.  

Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2σ (143Nd/144Nd)i εNd(t) TDM,1 (Ma) 

Trachyte         
19NG-01 3.46 20.79 0.10596 0.512491 0.000008 0.51218 2.3 933 
19NG-02 4.14 27.85 0.09200 0.512505 0.000009 0.51224 3.4 808 
19NG-05 4.97 32.82 0.09371 0.512499 0.000009 0.51223 3.1 828  

Trachytic tuff        
19TD-01 9.95 74.00 0.08128 0.512431 0.000004 0.51220 2.5 828 
19TD-03 9.21 68.40 0.08140 0.512427 0.000005 0.51219 2.4 833 
19TD-06 9.49 78.40 0.07318 0.512419 0.000004 0.51221 2.7 794  

Trachytic phyllite        
19TD-18 12.65 98.77 0.07771 0.512435 0.000005 0.51221 2.8 801 
19TD-19 13.06 96.19 0.08232 0.512435 0.000004 0.51220 2.6 829 
19TD-20 13.31 87.87 0.09147 0.512471 0.000005 0.51220 2.7 847  

Trachytic ignimbrite        
19TD-22 56.61 614 0.05573 0.512346 0.000005 0.51229 -2.9 776 
19TD-23 64.21 700 0.05544 0.512352 0.000004 0.51229 -2.8 769 
19TD-25 65.70 724 0.05486 0.512351 0.000005 0.51229 -2.8 768 

Note: (147Sm/144Nd)CHUR = 0.1967 (Jacobsen and Wasserburg, 1980) and (143Nd/144Nd)CHUR = 0.512638 (Goldstein et al., 1984) were used for the calculations. λSm 
= 6.54 * 10− 12 year− 1. 

Fig. 7. The geochemical classification diagram for 
Tudiling trachytic rocks. (A) Chemical compositions 
of the four trachytic lithologies plotted on the total 
alkali–silica (TAS) diagram of Le Bas et al. (1986). (B) 
Peralkaline compositions for the Tudiling trachytic 
rocks plotted on the Al2O3 vs. FeOT classification 
scheme for oversaturated peralkaline rocks (Mac
Donald, 1974). (C) Trace element and (D) REE dis
tribution patterns of the Tudiling trachytic rocks. The 
major and trace elements of the MY syenite (Zhu 
et al., 2017) and the SXD syenite (Xu et al., 2008) 
(grey shaded areas) were applied for comparison. The 
primitive mantle and chondrite values for normaliza
tion refer to Sun and McDonough (1989). (G) Ta vs. 
Nb and (H) Hf vs. Zr concentration plots for the 
Tudiling trachytic rocks.   
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widespread albitization in the Tudiling trachytic rocks (Fig. 3). Mean
while, such hydrothermal alteration may have upgraded Zr-Nb-Ta-REE 
enrichment as indicated by the broad positive correlation between the 
Zr-Nb-Ta-Ce contents and LOI for the Silurian samples (Fig. 8E–H), 
providing a reasonable interpretation for the higher grades of Nb-Ta-Zr- 
REE concentrations in the phyllite. As for the Jurassic trachytic 

ignimbrite, their K2O, Rb, and Ba contents are positively but Na2O 
contents are negatively correlated with their LOI contents (Fig. 8A–D), 
indicating that hydrothermal alteration caused Na loss but K gain in the 
altered rocks, similar to the alteration mechanism of the Toongi high Th- 
U trachytic samples reported by Spandler and Morris (2016). In contrast, 
the ignimbrite samples have nearly consistent Zr, Nb, Ta and Ce contents 

Fig. 8. Scatterplots of the geochemical indicators of hydrothermal alteration for the Tudiling trachytic rocks. (A) Na2O vs. loss-on-ignition (LOI), (B) K2O vs. LOI, (C) 
Ba vs. LOI, (D) Rb vs. LOI, (E) Zr vs. LOI, (F) Nb vs. LOI, (G) Ta vs. LOI and (H) Ce vs. LOI. 
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regardless of the LOIs variations (Fig. 8D and E), implying that the 
alteration did not upgrade the Zr-Nb-REE concentrations in the ignim
brite. This observation is also consistent with Spandler and Morris 
(2016)’s conclusions that such hydrothermal alteration had only caused 
relatively limited and localized rare metal mobilization in the trachytic 
ignimbrite. 

6.3. Implications for rare metal mineralization of extrusive peralkaline 
systems 

Together with previous investigations on the peralkaline magmatic 
systems, our results confirmed that melting of an enriched mantle source 
and protracted fractional crystallization of alkaline magmas play a 
leading role in the initial enrichment of rare metals. Hydrothermal 
alteration could cause rare metal mobilization from primary Nb-REE 
minerals, but may have distinct effects on the different lithofacies. For 
instance, based on the study of the Brockman volcanic-hosted rare-metal 
deposit, Ramsden et al. (1993) proposed that the alteration and remo
bilization of magmatic precursor minerals (mainly columbite and 
zircon) by F-rich deuteric solutions had played a dominant role in 

causing the rare metal mineralization in the Niobium tuff. In contrast, 
Spandler and Morris (2016) emphasized that the Ca-rich hydrothermal 
fluids had only triggered limited and localized remobilization of rare 
metals and had not upgraded rare metal concentrations in the Toongi 
deposit. In the Tudiling case, the hydrothermal alteration was expected 
to have triggered Zr, Nb, Ta, and REE remobilization in primary ore 
mineral phases (Fig. 4 and Fig. 10B) by SO4

2--rich and fluorine-rich 
hydrothermal fluids (the occurrences of Fe sulfates, sericite, bastnae
site and allanite in phyllite, Fig. 3F and Fig. 4) and led to the repreci
pitation of tiny secondary Nb-REE minerals (Fig. 4 and Fig. 10B and C). 
Nevertheless, the effects of hydrothermal alteration on rare metal 
upgrading are highly dependent on the rock structures and distinct on 
the intensively altered phyllite and ignimbrite. The trachytic phyllite 
was structurally intensively altered during phyllitization and developed 
plenty of microfolds and microfractures, providing sufficient space for 
the precipitation of the secondary ore minerals (Fig. 10C). In contrast, 
the Jurassic trachytic ignimbrite is structurally pyknotic (Fig. 3G and H), 
and lacks in sufficient space for the mobilization and precipitation of 
ore-bearing fluids. Hence, the hydrothermal alteration had only led to 
very localized mobilization of rare metals and no extra rare metal inputs 

Fig. 9. Scatterplots of ore and other incompatible elements for the Tudiling trachytic rocks. (A) Y vs. Zr, (B) Ce vs. Zr, (C) Th vs. Zr, (D) Nb vs. Zr, (E) Ti vs. Zr and (F) 
εNd(t) vs. Zr. In Fig. 9F, the grey shaded regions represent the εNd(t) ranges of the MY and SXD syenites and the Silurian mafic rocks. 
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Fig. 10. Schematic diagram showing the generation of the peralkaline magmas and related rare metal enrichment/mineralization. (A) Evolution of the Silurian 
trachytic rocks at Tudiling and syenites at MY and SXD. (B) Cartoon showing the alteration of the precursor magmatic minerals (i.e., orthoclase, zircon, apatite and 
columbite) and the reprecipitation of tiny secondary ore minerals (i.e., monazite and ilmenorutile). (C) Abundant precipitation of secondary ore minerals along the 
microfolds and microstructures during the phyllitization. (D) The evolution of the Jurassic trachytic ignimbrite at Tudiling. 

Table 4 
Comparisons between the Tudiling trachyte deposit and the MY and SXD syenite deposits in the SQ and other extrusive peralkaline rock rare metal deposits inves
tigated worldwide.  

Deposit Location/Country Peralkaline rock types Grades (wt.%) Ore 
tonnages 

References 

Tudiling South Qinling, China Trachyte 0.17% ZrO2, 0.08% Nb2O5, 0.005% Ta2O5, 
& 0.03% TREO 

122.5 Mt 
(105 Kt 
Nb2O5, 
2.7 Kt 
Ta2O5) 

Xiong et al. (2018) 

Trachytic tuff 0.10% ZrO2, 0.16% Nb2O5, 0.01% Ta2O5, & 
0.06% TREO 

Trachytic phyllite 0.34% ZrO2, 0.24% Nb2O5, 0.02% Ta2O5, & 
0.08% TREO 

Trachytic ignimbrite 0.17% ZrO2, 0.14% Nb2O5, 0.004% Ta2O5, 
& 0.67% TREO 

Miaoya Syenite(-carbonatite) 0.09% ZrO2, 0.12% Nb2O5, 0.003% Ta2O5, 
& 0.14% TREO 

—— Zhu et al. (2017) 

Shaxiongdong Syenite(-carbonatite) 0.08% ZrO2, 0.05% Nb2O5, 0.001% Ta2O5, 
& 0.07% TREO 

—— Xu et al. (2008)  

Brockmans Western Australia Trachytic tuff 0.79% ZrO2, 0.3% Nb2O5, 0.1% Y2O3, & 
0.023% Ta2O5 

22 Mt Ramsden et al. 
(1993) 

Toongi New South Wales, 
Australia 

Trachyte 1.93% ZrO2, 0.89% TREO, O.46% Nb2O5, 
0.03% Ta2O5, & 0.04% HfO2 

73.2 Mt Spandler and Morris 
(2016) 

Peak Range Queensland, 
Australia 

Augite/hornblende trachyte, Arfvedsonite/ 
hornblende/Aegirine rhyolite 

0.55% ZrO2, 0.13% TREO, 0.09% Nb2O5, 
0.012% HfO2, & 0.005% Ta2O5 

593 Mt Chandler and 
Spandler (2020) 

Foxtrot Labrador, Canada Pantellerite/comendite 1.3% ZrO2, 1.07% TREO, & 0.08% Nb2O5 3.4 Mt Miller (2015) 
Round Top 

Mountain 
Texas, America Rhyolite 0.06% TREO 231 Mt Pingitore et al. 

(2014) 

Note: The rare metal mineralization of the Miaoya and Shaxiongdong deposits are related to both syenite and carbonatite, but only the syenite related rare metal grades 
are employed for comparison. 
TREO is short for Total rare earth oxides. Kt: kiloton; Mt: million tons. 
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occurred in the ignimbrite. 
The Tudiling trachytic rocks have Nb-Ta concentrations reaching the 

lowest industrial grades and Zr concentrations close to Zr cut-off grade, 
which are much higher than those of the MY and SXD syenites near the 
Tudiling (Table 4). Such differences may be attributed to the higher 
degree of magmatic differentiation of the Silurian Tudiling trachytic 
rocks than that of the MY and SXD syenites, as indicated by their higher 
whole-rock Zr contents in the Tudiling trachytic rocks. Alternatively, the 
MY and SXD syenites might simply represent the products of mantle 
partial melting without any differentiation. Additionally, distinguished 
from the other peralkaline rock associated rare metal deposits in the SQ, 
the Tudiling deposit has obvious Ta mineralization (predominantly 
hosted in columbite with Ta contents of ~ 5.8 wt%) in the trachytic tuff 
and phyllite (Table 4). This may be partly due to the higher solubility of 
Ta relative to Nb in high-fluorine hydrothermal fluids (Keppler, 1993; 
Xiong et al., 1998), leading to economically viable Ta enrichment after 
the precipitation of Ta-bearing complexes under low temperature con
ditions. Estimated from the surface exposure area and the true thickness 
of the eight orebodies, the Tudiling deposit contains a total ore reserve 
of 122.7 million tons (105 kilotons Nb2O5 and 2.7 Kilotons Ta2O5) 
(Xiong et al., 2018), making the Tudiling deposit a potential large-scale 
Nb-Ta deposit. However, when compared with typical trachyte rare 
metal deposits, such as the Brockman and Toongi deposits in Australia, 
the Tudiling deposit exhibit significantly lower grades of rare metals but 
much higher tonnages of ore reserves (Table 4). The REE mineralization 
of the Tudiling is mainly related to the Jurassic trachytic ignimbrite, 
which has similar REE grades to the Brockman and Toongi trachytes 
(Table 4). However, the distribution of the Jurassic trachyte ignimbrite 
is currently not well constrained, and its TREO reserves of the Tudiling 
need further investigations. The Tudiling deposit is only a representative 
of the trachyte associated Nb(-Ta-Zr-REE) deposits in the SQ, and the 
other cases, such as the Tianbao, Heihuzhai, Zhujiayuan, Shuanghekou 
and Haoping deposits had also been explored and cluster in the Northern 
Daba Mountains and Wudang Uplift of the SQ. In the near future, with 
the increasing demand for rare metals and the advance of rare metal 
extraction techniques, we believe that these rare metal resources in the 
SQ could become an important supply for rare metal exploitation. 

7. Conclusions 

(1) The four trachytic lithofacies at Tudiling formed during two ep
isodes, i.e., 445–442 Ma (early Silurian) and 157 Ma (late Jurassic). The 
Silurian trachytic rocks (i.e., trachyte, trachytic tuff and trachytic 
phyllite) are coeval and geochemically similar with their intrusive 
counterparts, i.e., the MY and SXD syenites. These Silurian alkaline 
rocks developed due to protracted fractional crystallization of mantle- 
derived magmas. The Jurassic trachytic ignimbrite is geochemically 
distinct and has higher FeO, MnO, Th and REE contents and enriched Nd 
isotope compositions. It may have been generated by partial melting of 
an enriched mantle source, modified by residuals of the Mianlue oceanic 
sediments. 

(2) Rare metal enrichment in these trachytic rocks were initially 
attributed to the melting of an enriched mantle and subsequent pro
tracted crystallization fractionation of alkaline mafic magmas. Effects of 
hydrothermal alteration on rare metal upgrading are highly dependent 
on the rock structures and distinct on the intensively altered trachytic 
phyllite and ignimbrite. The phyllite had developed plenty of microfolds 
and microfractures during phyllitization, providing sufficient space for 
the input and precipitation of mobilized rare metals. 
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