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ARTICLE INFO ABSTRACT

Keywords: Accurate dating of the pegmatite is a challenge due to the uncertainty and controversy of crystallization tem-
GeOC‘_lYOHOIOgY ) perature, fractionation model, and cooling mechanism. In this study, the sizable Nanping No.31 pegmatite vein
Nanping pegmatite (southeast China) contain five structural zones that is considered as an ideal example for assessing credible
X;:Et(eiatmg dating method on rare metals pegmatite deposit. The CMS (Chemical composition-Mineral assemblage-Structural
Cassiterite geology) classification is applied on the Nanping pegmatite. The No. 31 vein is identified as pegmatite by CMS

features. New U-Pb dating CGMs (columbite-tantalite group minerals) in five zones have a consistent age (380
10 Ma). Whilst U-Pb dating of apatite and cassiterite from different structural zones show remarkable two group
isotopic ages (370-390 Ma and 145-160 Ma). The much younger age indicated the pegmatite vein has experi-
enced a severe Yanshanian tectono-thermal event at Eastern China. By comparison with apatite, cassiterite and
zircon, CGMs is the most suitable mineral for accurate dating of the pegmatite because the dating results of the
minerals are much stable, even having metamictization caused by high U content or overprinting by late hy-
drothermal activity. This study provided new insight into the dating methods for rare metals pegmatites to
accurate restrict its metallogenetic geodynamical setting.

Columbite-tantalite

1. Introduction

Rare metals including Li, Be, Sn, Nb and Ta are critical to the
emerging high-tech and green industries (e.g., electronics, solar panels,
fiber optics, etc) and are considered as strategic or critical metals by
many countries and organizations in the world (Hou et al., 2020; Eu-
ropean Commission, 2020). The rare metal pegmatite deposit (enriched
in Li, Rb, Cs, Be, Sn, Ta, and Nb) is a crucial rare metal deposit type
(Cerny et al., 2005). Accurate determining of the mineralizing age of the
deposits is a crucial issue to restrict its metallogenetic geodynamical
setting.

Rock-forming minerals (feldspar, muscovite), accessory minerals
(zircon, apatite), and ore minerals (columbite-group minerals, cassit-
erite) in pegmatite can be used in geochronology studies (Tkachev et al.,
2011; McCauley and Bradley, 2014; Jiang et al., 2021). However, the
K-Ar, Ar-Ar, and Rb-Sr isotopic systems in the rock-forming minerals
have low closure temperatures and are easily disturbed. Currently, the
zircon U-Pb isotope system is the most widely used in pegmatite dating
(Ren et al., 2011; Zhou et al., 2015; Ma et al., 2015; Tang et al., 2017; Lv
et al., 2012, 2018a, 2018b, 2021a). Zircon in pegmatite frequently

* Corresponding author.

suffers from metamictization and often experiences recrystallization due
to high U and Th content. It usually leads to loss of radioactive Pb in
zircon crystals, resulting in younger dating results (Lv et al., 2018b).
Furthermore, zircon in pegmatite have abundant mineral inclusions.
These features make it challenging to constrain the geochronology of
pegmatite by using the zircon U-Pb isotopic system. For example, zircon
from Kelumute No.112 pegmatite in Altay, northwestern China, has
complex U-Pb ages. The zircon 2°Pb/238U ages from zone II alone can
be divided into 234 + 4 Ma, 215-216 Ma, and 186 + 3 Ma (Lv et al.,
2012). The geological implication of these ages is unclear.

The columbite-tantalite group minerals [(Fe,Mn)(Nb,Ta)20¢] are
critical ore minerals of niobium and tantalum in rare metal pegmatite
deposit. These minerals can be used for U-Pb dating because of high U
and low Pb contents (Romer and Smeds, 1994, 1996, 1997; Legros et al.,
2019). CGMs U-Pb dating can constrain the emplacement age of the
rocks, even though it is hard to date using zircon U-Pb isotopes (Geisler
et al., 2002, 2007). Researches have indicated that the U-Pb dating of
CGMS is a powerful method for dating CGMs-bearing rocks such as
pegmatite (Romer and Smeds, 1996; Smith et al., 2004; Baumgartner
et al., 2006; Melcher et al., 2015; Deng et al., 2013; Che et al., 2015;
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2019; Van Lichtervelde et al., 2017; Zhou et al., 2018; Kendall-Langley
et al., 2020; Feng et al., 2020). Cassiterite is the dominant tin ore min-
eral and commonly crystallizes in sn-rich pegmatite. Cassiterite (SnO5)
belongs to the rutile group (M*t0,), with moderately high U and low
common Pb in its crystal structure. Its high closure temperature of
500-800 °C (Cherniak, 2006; Huntington and Klepeis, 2018), and
resistance to post-mineralization hydrothermal disturbance (Zhang
et al., 2017) make cassiterite U-Pb dating an effective method to date tin
mineralization and cassiterite-bearing rare metal pegmatite (Yan et al.,
2018; Yuan et al., 2011; Zhang et al., 2017). Apatite is a common
accessory mineral in pegmatite and has been widely used in geochro-
nology because it frequently preferentially incorporates U relative.
However, compared with zircon, CGMs, and cassiterite, apatite has a
relatively lower U-Pb closure temperature (350 °C-500 °C; Chamberlain
and Bowring, 2000; Cherniak and Watson, 2000; Krogstad and Walker,
1994; Huntington and Klepeis, 2018) and more content of common Pb
(Chew et al., 2011). Therefore, it has dating potential, but it may also be
reset the age by later thermal events.

In this work, laser ablation (LA), multicollector (MC) inductively
coupled plasma (ICP) mass spectrometry (MS) were used to date the
above minerals from five structural zones of Nanping No.31 pegmatite
vein, and also try to apply the CMS (Chemical composition-Mineral
assemblage-Structural geology) classification (Dill, 2016) on the No.
31 pegmatite vein. The focus is to evaluate the applicability of different
minerals to dating from different zones in pegmatite, determine the most
suitable dating minerals of pegmatite, and try to constrain the geo-
dynamic setting and consolidation rate of the pegmatite.

111° 113° 115
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2. Geologic setting

The Nanping pegmatite district is in the northeastern portion of the
South China Craton (SCC) (Fig. 1a). The SCC comprises the Yangtze
block in the northwest and the Cathaysian Block in the southwest. The
Jiangshan-Shaoxing fault is the eastern boundary of the Cathaysian and
Yangtze blocks; however, the western boundary of the two blocks has
not been determined (Zhao and Cawood, 2012; Zhang et al., 2015). The
SCC experienced multiple Phanerozoic tectonic thermal events, result-
ing in angular unconformity between the Silurian-Devonian and the
Triassic-Jurassic in the Cathaysian and Yangtze blocks. The Early
Paleozoic orogeny comprises numerous 450420 Ma S-type granites and
medium- to high-grade metamorphism, accompanied by some basic,
andesitic, and I-type granitic magmatism (Wang et al., 2013; Zhang
et al., 2015). In the early Mesozoic, the SCC was affected by the Indo-
sinian orogeny, consistent with the Early Paleozoic orogeny. Many
240-200 Ma S-type granites and a lack of contemporaneous volcanism
or basic magmatism occur (Zhou et al., 2006; Shu et al., 2015). S-type
granites from the above ages are directly derived from the partial
melting of the Precambrian crust or only a small amount of mantle
material (Shu et al., 2015).

The SCC, the Indosinian block, and the Sibumasu block collided and
spliced into eastern Asia in the early Mesozoic. Therefore, the early
Mesozoic orogeny reshaped the entire East Asian tectonic framework.
The understanding of the SCC’s Indosinian orogeny is controversial.
Some scholars proposed that the collision and compression between the
SCC and the surrounding blocks in the early Mesozoic formed the
Indosinian orogeny in South China (Zhou et al., 2006). Other scholars
suggested that the plane subduction of the paleo Pacific plate in the early
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Mesozoic caused the Indosinian orogeny in South China (Li et al., 2006;
Li and Li, 2007; Li et al., 2012). The Yanshanian orogeny comprises
numerous 150-110 Ma I-type granites and contemporaneous volcanism,
accompanied by intense typical magmatic activity (Shu et al., 2009). It
was the strongest Phanerozoic orogeny experienced in the SCC, closely
related to the subduction of the Pacific plate to Eurasia (Zhou et al.,
2006; Li et al., 2014).

3. Geology of the Nanping No.31 pegmatite vein

The exposed strata of Nanping pegmatite province are Proterozoic
metamorphic, Upper Neoproterozoic to Ordovician shallow meta-
morphic sediments, Upper Paleozoic to lower Middle Triassic rock
sequence, Mesozoic Cenozoic volcanic rocks, and sediments. Folds and
faults are developed in the Nanping pegmatite district, in which folds are
primarily developed in a metamorphic basement with a predominant
N-NE strike and faults are dominated N—S (Fig. 2).

More than 500 pegmatite veins are distributed in the Nanping
pegmatite province, with an exposed area of over 250 km?. The mineral
assemblage and mineralization features of the Nanping pegmatites are
summarized in Tang et al., 2017. The No.31 pegmatite is the highest
differentiated and best rare-metal mineralization, and its scale has
reached the super-large Nb-Ta-Sn deposit. According to reserve explo-
rations, this vein contains approximately 260 tons of NbyOs, with an
average grade of 0.016 wt%, and approximately 440 tons of Ta;Os, with
an average grade of 0.028 wt% (https://www.fjsq.gov.cn). Tang et al
(2017) investigated the chronology of columbite-(Fe) and zircon from
zone I in Nanping No.31 pegmatite by LA-ICP-MS U-Pb dating and
revealed that the emplacement age of the Nanping pegmatites occurred
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at approximately 387 Ma.

The No.31 pegmatite (118°06'N, 26°40’E) is a lenticular body,
trending N-NE, 300-600 m long, maximal 5-6 m thick, and approxi-
mately 90 m wide. It is steeply intruded into the schist and granulite of
the Xiafeng formation of the Middle Neoproterozoic whole-rock group
(Fig. 3a). Fig. 3b shows that Qiu and Yang (1985) divided the No.31
pegmatite vein into five mineral symbiotic structural zones from the
edge to the core according to its structure and mineral composition:
Zone 1 comprises quartz (40-60 vol%), muscovite (30-40 vol%), and
albite (10-25 vol%), forming a discontinuous thin shell distributed at
the vein’s edge. The primary rare-metal minerals in the zone are
cassiterite, Nb-Fe-columbite, zircon, and beryl. Zone II typically con-
tains greenish muscovite and saccharoidal albite, distributed discon-
tinuously in zone I or in direct contact with zone V and IV. It can be
further divided into two substructure zones (II , and II ). Zone II ,
comprises saccharoidal albite (over 90 vol%), and II ;, contains quartz
(10 vol%), albite (30 vol%), and green muscovite (50 vol%). Numerous
melanocratic minerals (cassiterite, niobium iron group minerals, and
tin-bearing Mn-tantalite) crystallize between the transition zones of II ,
and II . Zone III primarily comprises cleavelandite and coarse quartz.
Spodumene crystallizes on the inner side, with small amounts of
muscovite, amblygonite-montebrasite, columbite-tantalite-group min-
erals, tungsten—niobium-group minerals, zircon, cassiterite, fluo-

roapatite, and beryl. Zone IV is in the middle of a pegmatite vein and
primarily contains coarse quartz and spodumene. Numerous Nb, Ta, Sn
minerals, and beryl are formed after phosphate metasomatism, filled
between massive quartz and spodumene in this zone. Zone V (quartz
core) comprises blocky quartz and K-feldspar, and accessory minerals
are invisible.

+
+
4+

T+ ++
+ 4+ o+
+ 4+
. PAEE
nlong pluton L++++++++++++++++
T 4 + o+ +++ A+t
Sk +++ + o+ A+
=, JSW G+ + + +
+ 4+
+ 4+
A
o
o4+
I+
4+ o+
+ 4+
+ +
SSHK
TRL

. . Late Paleozoic to
Dikou Formation

+ + +lLate Mesozoic
$

sramites Pegmatite veins
+ + +

Mesozoicsedimentray rocks |+ + +

0 5Km
| IS I
e
O O —
* % *|Early Paleozoic | * ° |Triassic
. + ot o+ o+ .
, *, *,|granites + + + |granites
No.31
/\/ Fault Y -

Fig. 2. Simplified geological map of the Nanping pegmatite district (modified after Yang et al., 1987; Tang et al., 2017). SSK: Shishunken; XYT: Xiyuantou; XK:

Xiken; XQ: Xiqin; JSW: Jushuwang; QZK: Qiuzhuke.


https://www.fjsq.gov.cn

W. Hao-Yu et al.

Ore Geology Reviews 153 (2023) 105280

—»80°

Sample location

577

/Pegmatite veins

No.45

Precambrian schists 0

100 m

200

(C)
Zone III

Zone V

Zone |

Zone IV
(D)

Biotite gneiss, schists
0 20em

Zone V

0

W Zone I: Quartz(40~60vol%)-Muscovite(30~40vol%)-Albite(10~25vol%)

[ Zone II: Saccharoidal albite £ Muscovite
W Zone IV: Quartz-Spodumene-Amblygoniye WMZone V: Blocky quartz-K-feldspar

@ A6283 and A6284 collection location
®A6285, A6286,A6287,A6290 and A6291 collection location
© A6293,A6295,A6297,A6298, A6299 collection locations

®A6301, A6302 and A6303 collection location
®A6304, A6305 and A6306 collection location

W Zone III: Coarse albite-Quartz-Spodumene

Fig. 3. The (a) profile and (b) internal textural zones of the Nanping No.3 granitic pegmatite vein (modified after Yang et al., 1987; Tang et al., 2017). The (b) is the
plan of pegmatite according to the tunnels.

The Xiqin and Jinlong granites limit the distribution of these

pegmatite veins (Fig. 2). Cai (2017) reported the age of Xigin and Jin-

long granites, which are 410 Ma and 220 Ma respectively. The difference

in age and zircon Hf isotopic composition excludes the genetic rela-
tionship between Xiqin, Jinlong granites and Nanping pegmatite (Cai
etal., 2016; Cai, 2017; Tang et al., 2017). The geodynamic setting of the

Table 1
The CMS classification of the pegmatitic rocks from the Cathaysian Block (Nanping and Fanjingshan) and Chinese Altay.
Geodynamic Pegmatitc Shape and Contact Mineral Host rocks Chemical Type Geodynamic reference
unit locations structure relationship association qualifier setting
Cathaysian Nanping- Vein-type lens Sharp Quartz-muscovite- Biotite Sn-Nb-Ta- Pegmatite High Cai et al.,
Block Xikeng- pocket; a few to albite; saccharoidal ~ gneiss, schist P-Be-Li temperature, low 2016; Tang
Xigin hundreds of ablite; pressure, and et al., 2016;
meters in length, cleavelandite-K- relatively stable, Yang et al.,
and several to feldspar; may be post- 2003
thirty meters in cassiterite, orogenic
thickness columbite- extensional
tantalite, beryl,
spodumene, apatite
Cathaysian Taoshulin- Tabular shape Sharp Quartz-microcline- Slates, mafic Li-P-B-sn- Granitic Post-orogenic Lvetal,
Block, Mocaogou with a length muscovite-albite- volcanic rock  Ta-Nb pegmatite extension 2021b
Jiangnan and thickness of schorl; columbite- and granite
Orogen about 1900 m (Mn), cassiterite,
and 0.2-7 m, lepidolite
respectively
Qiongkuer Aweitan Veinlet pocket Gradual K-Ca feldspar, Migmatite, F-B; F-P-B; Pegmatoid Synorogenic Lv et al,
domain Kuertu Schlieren quartz, muscovite, gneiss REE-Nb-F meta- stage 2018b
Tiemulete arborization tourmaline-(Fe), pegmatoid
Nalinsala apatite-(F),
magnetite,
ilmenite, rutile,
almandine,
kyanite, epidote
Kelang basin, Liangkeshu Lens Sharp Ca-K feldspar, Quartz- Mn-Mg-Fe Pseudo- Forearc Jiang,
Qiongkuer quartz, muscovite, biotite, schist pegmatite extensional basin 2012; Lv
domain magnetite, pyrite, and during etal.,
almandine, pyrope, monzonitic subduction 2018b
epidote granite
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Nanping pegmatite is unclear. According to the CMS features of Nanping
No. 31 pegmatite (rich in Nb-Ta-sn-Be-Li; Table 1), if there is no deep
parent granite of pegmatite, the Nanping pegmatite may be generated by
anatexis of the metasedimentary rocks under a post-accretion exten-
sional setting (Dill, 2015; Cai, 2017). More accurate geodynamic setting
of Nanping pegmatite requires more research to constrain.

4. Samples and methodology

The sample locations are remarked in Fig. 3b. Despite the accessory
minerals are invisible in some zones of pegmatite, such as in zone V.
Apatite, cassiterite and CGMs are still obtained by collecting typical bulk
samples in the zone, crushing and flotation. Then, they were mounted
separately in the epoxy resin, and polished until the grain interiors were
exposed using standard methods. Due to the emplacement age of the
Nanping No. 31 pegmatite has reported by Tang et al., 2017, we use all
Concordance data as the result to obtain the weighted mean age rather
than Concordia age in order to objectively show the application, limi-
tation, and accuracy of various methods in different zones. Besides, the
data of all zircon and CGMs in Zone I are from Tang et al., 2017 and Cai,
2017.

Transmitted-light images, reflected-light images, and electron
backscattered diffraction (BSE) images of apatite, cassiterite, and CGMs
were used to avoid the ablation of mineral inclusions during the LA-ICP-
MS. Before LA-ICP-MS analysis, an energy dispersive spectrometer (EDS)
was used to analyze the major elements to ensure the accuracy of the
target mineral selection. For the in-situ U-Pb analysis, all samples were
ablated using a Geo-Laspro 193 nm ArF excimer laser (CompexPro 102F,
Coherent) coupled to a Thermo Scientific Element XR sector field ICP-
MS at the State Key Laboratory of Ore Deposit Geochemistry
(SKLODG), Institute of Geochemistry, Chinese Academy of Sciences
(IGCAS), Guiyang, China.

4.1. Apatite, cassiterite and CGMs BSE cathodoluminescence (CL) EDS

Scanning electron microscopy (SEM) BSE-CL images of apatite,
cassiterite, and CGMs were obtained at the State Key Laboratory of
Nuclear Resources and Environment, East China University of Tech-
nology (Nanchang, Jiangxi), using a Zeiss Gemini Sigma 300 VP scan-
ning electron microscope equipped with a CL detector. An acceleration
voltage of 15 kV, a probe current of ~ 6nA, and a magnification of ~ 100
to 300x were used.

4.2. Apatite U-Pb dating

Apatite U-Pb isotopic analyses were performed at the SKLODG,
IGCAS using a GeoLas Pro 193-nm excimer ArF LA system coupled with
an Agilent 7500a quadrupole-based ICP-MS (Q-ICP-MS). The detailed
analytical procedures are reported in Tang et al. (2021). During LA, a
National Institute of Standards and Technology (NIST) 610 SEM refer-
ence material glass was used to optimize the instrumental parameters.
Using OD 306 as an external standard, the QH apatite standard (~150
Ma, Chew et al., 2016) was used to verify the analytical accuracy and
return the weighted mean 2°°Pb/238U age of 153.3 + 9.1. In each
routine analysis, every 15 sample analyses were followed by twice SRM
610 and OD 306 and once DURANGO and QH, with a repetition of 10
Hz, a laser energy density of 3 J/cm?, and a spot size of 60 um. Each spot
analysis consists of approximately 30 s background acquisition, 60 s
sample data acquisition, and up to 60 s gas blank for flashing sample.
The fractionation correction and U-Pb ages were calculated using
GLITTER 4.0 (GEMOC, Macquarie University). The Concordia and
weighted mean U-Pb age were calculated using the ISOPLOT/EX 4.15
software package.
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4.3. Cassiterite U-Pb dating and trace element

Cassiterite LA-ICP-MS U-Pb dating and trace element analyses were
conducted at the LA laboratory of the SKLODG, IGCAS. The analytical
system comprises a GeoLas Pro 193-nm ArF excimer LA system and an
Agilent 7500x ICP-MS instrument. Helium was used as a carrier gas and
was mixed with argon via a T-connector before entering the ICP-MS.
Cassiterite trace element and U-Pb dating analyses were conducted
separately, with a repetition of 7 Hz, a laser energy density of 8 J/cm?,
and a spot size of 60 pm. The cassiterite standard was AY-4 (the rec-
ommended isotope dilution (ID) thermal ionization (TI) MS age of 158
4+ 0.4 Ma, Yuan et al., 2008). It was used as an external standard for
cassiterite U-Pb dating and returned the weighted mean 2°°Pb/238U age
of 153 + 2.7 Ma. NIST 612 was used for cassiterite trace element
calculation using Sn as the internal standard. The analysis process is
reported in more detail by Zhang et al.,, 2017. The U-Pb age was
calculated using the ISOPLOT/EX 4.15 software package.

4.4. Cgms U-Pb dating

CGMs U-Pb isotopic analyses were performed at the SKLODG, IGCAS
using a GeoLas Pro 193-nm excimer ArF LS system coupled with an
Agilent 7500a Q-ICP-MS. The detailed analysis process was similar to
that of Che et al. (2015). To monitor the stability of the instrument and
to ensure the reliability of the measured results the zircon standards
(91500 and GJ-1) and the coltan standards (Coltan 139) were measured
thrice for every fifteen sample points, and the NIST SRM 610 were
measured twice for every fifteen sample points. In this study,
207p},/206pp,  206py, 23815 " 207(,205;  (235(;_238(;,137.88) and
208py, /232Th rations were corrected using the Coltan 139 as the external
standard. All the measured isotope ratios of Coltan 139 during the
process of sample analysis were regressed and corrected using reference
values for Coltan 139 were set at 2 % (Che et al., 2015). Each spot
analysis consists of approximately 30 s background acquisition, 60 s
sample data acquisition, and up to 60 s gas blank for flashing sample.
The fractionation correction and U-Pb ages were calculated using
GLITTER 4.0 (GEMOC, Macquarie University), and the Concordia and
weighted mean U-Pb ages were calculated using the ISOPLOT/EX 4.15
software package.

5. Results
5.1. Apatite

As shown in Fig. 4a-c, apatite was commonly 100 to 300 pm in
length, with elongation (length-to-width) ratios of 1:1 to 3:1, and no
bands or other phenomena were found in any samples collected from the
five zones in pegmatite.

The apatite U-Pb dating element composition range are listed in the
Table 2 and detailed in the Appendix. Sample A6283 was collected from
zone I, and 17 spots were analyzed on this group’s grains. The analytical
spots gave a Tera-Wasserburg U-Pb lower intercept age of 216.2 + 9.1
Ma (20, n = 17, mean squared weighted deviation (MSWD) = 0.41)
(Fig. 5a).

Samples A6286 and A6290 were collected from zone II. The
analytical spots gave a Tera-Wasserburg U-Pb lower intercept age of
152.6 + 9.8 Ma (26, n = 36, MSWD = 1.4) (Fig. 6a).

Sample A6298 was collected from zone III, and 22 spots were
analyzed on this group’s grains. The analytical spots gave a Ter-
a-Wasserburg U-Pb lower intercept age of 201 + 12 Ma (26, n = 22,
MSWD = 0.82) (Fig. 7a).

Sample A6302 was collected from zone IV, and 12 spots were
analyzed on this group’s grains. The analytical spots gave a Ter-
a-Wasserburg U-Pb lower intercept age of 159.1 + 8.3 Ma (20, n = 12,
MSWD = 0.70) (Fig. 8a).

Sample A6305 was collected from the zone V, and 20 spots were



W. Hao-Yu et al.

EHT=20.00 kV Mag= 940X WD= 6.9 mm Signal A=t EHT = 20.00 kV Mag

Mag= 1.14KX EHT= 1500 kV Mag

: “& Y Cassiterite
CE Cassiterit

EHT= 1500 kV Mag= 1.18KX WD= 126 mm Signal A= CL EHT = 15.00 kV

Mag= 1.15KX

Ore Geology Reviews 153 (2023) 105280

EHT=20.00 kV Mag= 1.04KX

Laser hole

Cassiterite

WD= 11.6 mm s

WD = 12.1 mm EHT= 1500 kV Mag= 838X

Fig. 4. Representative electron backscattered diffraction (BSE) images of apatite and CGMs and cathodoluminescence (CL) images of cassiterite. (a, b, and c) apatite

BSE; (d, e, and f) CGMs BSE; (g, h, and i) cassiterite CL.

Table 2
The U-Pb element composition range of apatite, cassiterite, and CGMs.

Mineral Location  Sample Th (ppm) U (ppm) Th/U
Apatite Zone I A6283 2.32-58.2 19.9-1428 0.03-0.19
Zone II A6286 0.002-116 3.35-697 0.008-2.33
and
A6290
Zone 111 A6298 0.007-41.6  14.1-458 0.002-0.36
Zone IV A6302 0.03-52.4 10-233 0.002-0.34
Zone V A6305 0.003-0.91 4.35-135 0.0002-0.02
Cassiterite  Zone I A6284 <bld-0.05 0.89-2.99 -
Zone II A6287 <bld-0.39 0.29-23.8 -
and
A6291
Zone 111 A6295 <bld-0.09 1.39-6 -
and
A6299
Zone IV A6303 <bld-0.1 1.79-8.14 -
Zone V A6306 <bld-0.03 0.94-2.33 -
CGMs Zone II A6285 0.12-0.8 46.8-227 0.001-0.005
Zone 111 A6293 0.05-0.3 77-658 0.0003-0.001
and
A6297
Zone IV A6301 0.08-0.67 85-233 0.0004-0.004
Zone V A6304 0.09-0.18 31-207 0.0004-0.001

analyzed on this group’s grains. The analytical spots gave a

Tera-Wasserburg U-Pb lower intercept age of 157.5 + 6.3 Ma (20, n =
20, MSWD = 0.93) (Fig. 8b).

5.2. Cassiterite

In hand samples, cassiterite from the Nanping No.31 pegmatite
typically shows euhedral crystal shapes of up to 1 mm. The analyzed
cassiterite samples collected from five zones can be divided into two
types according to age. Cass-1 comes from zones I, III, IV, and V, and
their U-Pb ages are 380 + 20 Ma. Cass-2 only from zone II, and the U-Pb
age is 149.4 + 6.4 Ma. The CL image of Cass-1 is homogeneous and
gloomy (Fig. 4g and i), whereas that of Cass-2 is typically bright with
clear and thin oscillatory parallel zones (Fig. 4h).

The cassiterite U-Pb dating element ranges are listed in Table 2, and
major and trace element composition data are detailed in the Appendix.
Several trace elements show significant differences between cassiterite
from zone II and the others, such as Fe, Mn, Nb, Ta, Zr, and Hf (Fig. 9).
Furthermore, some trace elements in cassiterite from the Nanping No.31
pegmatite vein are moderately high, such as Al (10.5-2762 ppm), Si
(151-9260 ppm), and Ti (34.8-1846 ppm). The concentrations of other
trace elements are very low (e.g., <13 ppm Li, <11 ppm Ga, <2 ppm Ge,
and < 1 ppm Sr). Sample A6284 was collected from zone I. The
analytical spots gave a Tera-Wasserburg U-Pb lower intercept age of
350 + 14 Ma (20, n = 22, MSWD = 0.85) (Fig. 5b).

Samples A6287 and A6291 were collected from zone II. The
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Fig. 5. U-Pb age of the different minerals from zone I in the Nanping No.31 pegmatite. Lower intercept 2°°Pb/238U ages of (a) apatite and (b) cassiterite in the
Tera-Wasserburg diagrams. U-Pb Concordia and weighted average diagrams for (¢) CGMs (the date from Tang et al., 2017) and (d) zircon (the date from Cai., 2017).

analytical spots gave a Tera-Wasserburg U-Pb lower intercept age of
149.4 + 6.4 Ma (20, n = 38, MSWD = 1.4) (Fig. 6b).

Samples A6295 and A6299 were collected from zone III. The
analytical spots gave a Tera-Wasserburg U-Pb lower intercept age of
375 + 11 Ma (20, n = 53, MSWD = 1.3) (Fig. 7b).

Sample A6303 was collected from zone IV. The analytical spots gave
a Tera-Wasserburg U-Pb lower intercept age of 380 + 11 Ma (20, n =
25, MSWD = 1.14) (Fig. 8c).

Sample A6306 was collected from zone V. The analytical spots gave a
Tera-Wasserburg U-Pb lower intercept age of 379 + 22 Ma (20, n = 14,
MSWD = 1.11) (Fig. 8d).

5.3. Cgms

The BSE images show weak compositional zoning in the grains
(Fig. 4d), the bright phase is enriched in U and Ti according to EDS
analysis, and the cracks are slightly developed (Fig. 4e). Fifty-eight spot
analyses on four zoned CGMs show a Ta and Mn increasing trend from
zones III, IV, and V to zone II (Fig. 11). According to the element
composition, the CGMs samples from zone II are tantalite-(Fe,Mn), from
zone III and V are almost columbite-(Fe), and from zone IV are colum-
bite-(Fe), tantalite-(Mn) and two spots are fall into the zone of misci-
bility gap (Fig. 11). The CGMs U-Pb dating element range are listed in

Table 2, and detailed in the Appendix.

Sample A6285 was collected from zone II. The analytical cluster is a
tight, coherent group on the Concordia curve, yielding a weighted mean
206p, /2381 age of 387 + 11 Ma (Fig. 6¢).

Samples A6293 and A6297 were collected from zone III. The
analytical cluster is a tight, coherent group on the Concordia curve,
yielding a weighted mean 2°°Pb/?3%U age of 382.3 + 6.7 Ma (Fig. 7c¢).

Samples A6301 and A6304 were collected from zones IV and V,
respectively. Nine spot analyses of the CGMs samples from zone IV show
a weighted mean 2°°Pb/2%8U age of 383.1 + 11 Ma (Fig. 8e), and those
from zone V show a weighted mean 2°°Pb/228U age of 370 + 4.2 Ma
(Fig. 8f).

6. Discussion
6.1. Dating different minerals in pegmatite

The zircon U-Pb isotope system is the most widely used in pegmatite
dating (Ren et al., 2011; Zhou et al., 2015; Ma et al., 2015; Tang et al.,
2017; Lv et al., 2012, 2018a, 2018b, 2021a). Tang et al. (2017) deter-
mined the Nanping No. 31 pegmatite vein emplacement age of
approximately 387 Ma by U-Pb dating of zircon and CGMs in the zone I
(Fig. 5c and d). However, Cai (2017) obtained significantly younger ages
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when he dating the zircons from zone II and III in Nanping No.31
pegmatite vein (Fig. 6d and Fig. 7d). One of the significant reasons for
this result is that the zircon formed in the core zone or highly-
fractionated pegmatites are commonly rich in Th and U, which might
lead to the metamictization of zircon by radiation damage. It results in a
loss of radioactive Pb and misinterpretation of the dating results (Wu
and Zheng, 2004). Thus, it is necessary to comprehensively utilize
different minerals to evaluate the emplacement age of pegmatites. We
discuss the application, limitation, and accuracy of U-Pb dating of
apatite, cassiterite and CGMs in pegmatite as follows:

6.1.1. Apatite

Apatite U-Pb dating has been successfully applied in some pegma-
tites, e.g., Dwight et al. (2016) reported that the LA-ICP-MS U-Pb age of
apatite (267.6 + 7.9 Ma) is consistent with the *“°Ar/3°Ar plateau age of
muscovite (253 + 2.2 Ma) in the pegmatites of the Oxford district of
Maine. However, the U-Pb apatite age determinations are limited
because of low U and Pb concentrations and high Pbcommon/Pbradiogenic
ratios (Chew et al., 2011), and the age of 207pp/235y vs 206pp/238y
typically have a low concordance rate. For the low concordance rate
data, it is suggested using the Pbcommen-unanchored Tera-Wasserburg
Concordia Discordia intercept ages to reduce the interference of Pbom-
mon and avoid the error caused by deducting Pbeommon (Chew et al.,

2011). The upper intercept represents the age of earth but it is mean-
ingless because of huge errors, and the lower intercept represents the
crystallization ages (Tera and Wasserburg, 1972). Thus, the precision of
apatite age requires several analyses of a suite of cogenetic apatite grains
with a uniformity spread in 2/Pb vs 2%°Pb ratios to define a well-
constrained linear array on the Tera-Wasserburg diagram. But the
analysis spots of apatite in zones I and III are all near the upper intercept,
only one and none spot in the diagrams respectively, failing to constrain
the lower intercept (Fig. 5a and Fig. 7a). Therefore, the lower intercept
age of apatite from zones I and III have errors. Considering the dating
results of other minerals from the same zone, the apatite ages of zones I
and III are meaningless (216.2 + 9.1 Ma and 201 + 12 Ma, respec-
tively), even if they have seemingly reliable MSWD (MSWD = 0.41 and
0.82, respectively).

Furthermore, due to the low closure temperature (380 °C to 600 °C;
Chamberlain and Bowring, 2000; Cherniak and Watson, 2000; Krogstad
and Walker, 1994), the chronological data may be younger and record
the ages of the latest tectonic thermal event whose temperature exceeds
the closure temperature of apatite or the age when the host system
cooling to the closure temperature. The cooling rate of pegmatite is
controversial, which spans from decades to millions of years (Lv et al.,
2018a; London, 2008; 2018). On the one hand, it is assumed the
Nanping pegmatite has a long and slow cooling process, and the
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pegmatite temperature drops to the closure temperature of apatite U-Pb
system at 150 Ma. The conventional closed system may not be able to
maintain such a long span, which requires a “heat source” to supply the
temperature of pegmatite. Mineralogical and geochemical characteris-
tics suggest that Nanping No.31 pegmatite has multiple stages of evo-
lution after magmatic emplacement (Yang et al., 2003). According to the
host stratum estimation, the youngest host stratum of pegmatite is the
Neoproterozoic Dikou Formation. It consists predominantly of fine-
grained amphibolite facies garnet and sillimanite-bearing biotite
gneiss, schist and quartzite. The period of metamorphism and defor-
mation of this stratum is much earlier than pegmatite emplacement
(about 600 Ma, Wan et al., 2006). And the emplacing depth of pegmatite
is 4.9 Km (Cai, 2017), which is impossible to maintain the temperature
of pegmatite for such a long time. From Carboniferous to Jurassic, there
is no evidence of the existence of heat source for pegmatite to maintain
temperature (such as regional metamorphism or plume). Therefore, we
consider that there is no condition for the cooling process of Nanping
pegmatite to last 220 Ma. On the other hand, if the Nanping pegmatite
cools in a relatively short time after emplacement and is in a relatively
low temperature host rock, the significant young age suggests that
apatite U-Pb system was reset by later geological process. The northeast
of Cathaysian Block experienced the strongest orogeny in the Yan-
shanian period (150-110 Ma; Zhou et al., 2006; Li et al., 2014),

consistent with the dating results of apatite in zones II, IV, and V of the
Nanping No.31 pegmatite vein (approximately 150 + 10 Ma). Besides,
based on the investigation of burial and uplift in northeast of the
Cathaysian Block, all the zircon fission track ages (ZFT) are about 100
Ma, and the apatite fission track age (AFT) is 20-40 Ma (Zhao et al.,
2007; Zhang et al., 2012; Shen et al., 2015; Kang et al., 2017; Yang et al.,
2017; Wang et al., 2022). Considering the closure temperature of above
methods (apatite U-Pb: 380-600 °C; ZFT: 140-260 °C; AFT: 70-150 °C;
Huntington and Klepeis, 2018), it is inferred that Nanping pegmatites
experienced a continuous uplift after the peak temperature disturbance
of 150 Ma, and uplift to the near surface at 20-40 Ma. Thus, the
comprehensive evaluation of the dating results of apatite in zone II, IV,
and V indicates that the Nanping No.31 pegmatite vein was affected by
the Yanshanian orogeny and suffered severe thermal disturbances at
145-160 Ma (Fig. 12). Therefore, the dating results of apatite in
pegmatite should be treated with more caution because the apatite may
only date simple postcrystallization histories (rapid thermal relaxation
following magmatic emplacement) (Chew et al., 2011). In other words,
the apatite U-Pb dating in pegmatite would apply to pegmatite
emplaced in the youngest stratum or without suffering tectonic
movement.
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Fig. 9. Binary plots Mn/(Mn + Fe) vs Ta/(Ta + Nb) in the CGMs samples from different zones in the Nanping No.31 pegmatite vein.

6.1.2. Cassiterite

According to the CL characteristics, cassiterites in Nanping No.31
pegmatite vein from five zones are divided into two groups, CASS-1
grains are from zone I, III, IV, V and they are homogeneous (Fig. 4g
and i), while CASS-2 grains are from zone II and show internal oscilla-
tion band. Studies have shown that the reasons for the internal oscilla-
tion band in cassiterite grains are 1) the local fluctuations of
hydrothermal fluid composition near the growing crystal surface; 2)
variations of available lattice sites on different crystal faces during
crystal growth in hydrothermal fluid; and 3) progressive changes in bulk
fluid composition during magmatic-hydrothermal evolution (Farmer
etal., 1991; Wei et al., 2020). Al and Ti are the luminescence activators,
but Fe quenches the luminescence of cassiterite (Remond, 1973; Farmer
et al., 1991), consistent with the trace element composition character-
istics of cassiterite from the Nanping No.31 pegmatite (Fig. 9).
Furthermore, positive correlations among most analyzed elements
(Fig. 9) indicate that these elements were incorporated kinetically under
high crystallization rates rather than by equilibrium incorporation
during cassiterite growth (Rusk, 2012; Mao et al., 2017). The crystal
feature of cassiterite is closely related to the crystallization conditions
(Dill, 1985). For instance, cassiterite from high-temperature deposits
develop stubby prisms with various faces and frequently are twinned;
the cassiterite in pegmatite is a common bipyramid crystal without
prism (Fig. 10a); medium-temperature (hydrothermal) cassiterite crys-
tals are bipyramidal, with elongated faces of the prism (“needle tin” or
“Cornish Type”; Fig. 10b); and the low-temperature hydrothermal
cassiterite crystals are fibrous, collomorphous (“wood tin”, Fig. 10d,
Dill, 2010). Thus, the comparison of CASS-1 (Fig. 10c) and CASS-2
(Fig. 10d) with cassiterite formed various conditions by crystal
morphology under microscope suggests that both the CASS-1 and CASS-
2 are the crystallized in pegmatitic stage. The crystallization mechanism
of zoned pegmatite is controversial (London, 2014; Thomas and
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Davidson, 2015). Melt immiscibility may be a significant factor (Zhang,
2001; Zhang et al., 2021). If the difference between CASS-1 and CASS-2
is initially formed, suggesting that the temperature is almost unchanged
during CASS-1 and CASS-2 crystallization, and the above reasons 1) or
3) may lead to the difference in cassiterite (Farmer et al., 1991; Dill,
1985, 2010; Wei et al., 2020). If the differences caused by later events,
suggesting that the later hydrothermal events have transformed the
Cass-2.

Cassiterite is a tetragonal rutile mineral, and the ionic radiuses of
Pb2t are too large to substitute the octahedrally coordinated tin,
whereas the quadrivalent-loving cassiterite prefers the smaller U**
(Yuan et al., 2008; Cheng et al., 2019). Furthermore, cassiterite crys-
tallized in pegmatite typically has a large particle size, meaning that it
has moderately high closure temperatures of 450 °C to 780 °C, closely
related to the radius of the grain (Cherniak, 2006). Therefore, cassiterite
U-Pb is an accurate method to date the age of pegmatites (Li et al., 2020;
Jiang et al., 2021). The Cass-1 and CGMs have the same age, and the
emplacement time of pegmatite magma is accurately measured between
370 and 390 Ma (Fig. 12). Combined with the dating results of CGMs
from zone II (387 + 11 Ma, Fig. 6¢), it can be inferred that zone II
crystallized simultaneously with other zones. However, the age of Cass-2
(149.4 + 6.4 Ma, Fig. 6b) is coupled with most apatite dating results
(150 + 10 Ma, Fig. 12). Furthermore, the analysis spots of cassiterite
from zone II projected on the Tera—Wasserburg diagram are evenly
distributed, meaning that the data are reliable. Considering the
distinctive CL image, trace element composition, and U-Pb dating re-
sults of the CASS-2, if there is the same hydrothermal event to cause the
oscillation band and reset the U-Pb age of CASS-2, we infer that zone II
may be most severely affected by thermal disturbance than other zones
when the Nanping No.31 pegmatite suffered the Yanshanian orogeny.
During this period, the closure temperature of CASS-2 was exceeded,
resetting the U-Pb closed system and changing the trace element
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Fig. 10. Crystal morphology of cassiterite (under the microscope). (a) Bipyramidal, stubby crystals of cassiterite from South Crofty, Great Britain (Dill, 2010). (b)
Acicular crystals of cassiterite from Kemlas, Germany (Dill, 2010). (c) Stubby crystals of cassiterite from CASS-1. (d) stubby crystals of cassiterite from CASS-2. Cst:

cassiterite; Py: pyrite.
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samples from different zones in the Nanping No.31 pegmatite vein.

compositions. Furthermore, the oscillation band in the cassiterite grains
might have formed in this period, different from previous studies
(Farmer et al., 1991; Wei et al., 2020). The thermal disturbance and
hydrothermal fluid might induce recrystallization in the cassiterite
grains, forming the oscillation band. However, there is no actual evi-
dence to prove the different element content and oscillation band of
CASS-2 are coupled with the same event which reset its U-Pb age. The
impact of Indosinian orogeny on the northeastern Cathaysian Block is
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controversial (Zhou et al., 2006; Li and Li, 2007; Li et al., 2012), in
addition to the intrusion of S-type granites without contemporaneous
volcanism or basic magmatism occur, the thermal history in this period
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cannot be evaluated. The magmatic intrusion of Mesozoic S-type granite
(such as Jinlong granite, 220 Ma, Fig. 2) was reported that it has no
impression on pegmatite (Cai, 2017). Thus, the possibility that other
geological processes at the period causing the different element content
and oscillation band of CASS-2 cannot be excluded.

In conclusion, although cassiterite is a reliable tool in pegmatite
dating, some deficiencies exist, such as that the cassiterite U-Pb system
might be reset under severe geological processes. Thus, we propose that
after detailed mineralogy and trace element analysis and comparison,
the dating results obtained by selecting unaltered cassiterite could more
accurately limit the emplacement time of pegmatite.

6.1.3. Cgms

A matrix effect occurs due to the different zircon element composi-
tions (Black et al., 2004), and the U-Pb dating of CGMs using SIMS
demonstrates major matrix effects that primarily depend on the Nb/Ta
ratio of the CGMs (Legros et al., 2019). However, Che et al. (2015) re-
ported no significant matrix effects in the U-Pb dating of CGMs of
different chemical compositions using LA-MC-ICP-MS and Coltan 139 as
standards. CGMs samples from all zones in Nanping No.31 pegmatite
vein have different major and trace element compositions (Fig. 11).
Yang (2003) investigated the CGMs mineralogical characteristics of
Nanping No.31 pegmatite vein in detail, and proposed that some grains
of CGMs were affected by the later metasomatism stage. However, it
seems not affect the CGMs U-Pb age. Because the variations in Nb-Ta
and Fe-Mn strongly reflect the extent of fractionation of the colum-
bite-tantalite-bearing pegmatite, there is no correlation between the
pegmatite category and age quality, i.e., the columbite-tantalite samples
might render closely constrained ages, independent of the overall type
or internal zone of the parent pegmatite (Romer and Smeds, 1996).
Therefore, the samples of CGMs we analyzed have different major
element compositions (Fig. 11), but a consistent age can be obtained.
Furthermore, like the zircon, the CGMs would suffer radiation damage
when the U content was very high, but it not affects the dating result
(even if U content up to 8000 ppm; Feng et al., 2020).

Since Aldrich et al (1956) attempted U-Pb dating of CGMs, the ID-
TIMS (Romer and Smeds, 1994, 1996, 1997) and LA-MC-ICP-MS
(Smith et al., 2004; Che et al., 2015 and references therein) have been
established, developed, and applied to date the age of CGMs from
various deposits, and many reliable results have been obtained (Melle-
ton et al., 2012; Camacho et al., 2012; Zhou et al., 2021). These results
indicate that LA-MC-ICP-MS is a suitable method for dating CGMs, with
< 5 % error in calculated U-Pb ratios (Che et al., 2015; Legros et al.,
2019). Unlike the ID-TIMS, the LA-MC-ICP-MS can avoid the influence
of uranium mineral inclusions on the dating results. Besides, the closure
temperature of the CGMs U-Pb system (700 °C to 620 °C, lower
amphibolite facies; Romer and Smeds, 1994) is higher than that of
cassiterite and lower zircon and monazite U-Pb. Che et al (2015)
investigated the CGMs of the Nanping No.31 pegmatite and obtained an
age of 391 + 4 Ma (n = 20) during the pioneering work on CGMs LA-MC-
ICP-MS U-Pb dating. Although no evidence existed to verify the reli-
ability at that time, they still proposed that this represented the
emplacement age of pegmatite. The dating results of most zircon,
cassiterite, and all CGMs in our data (Fig. 12) prove the correctness of his
conjecture. CASS-2 and apatite U-Pb ages were reset at 150 + 10 Ma
because of severe thermal disturbances. The CGMs gave reliable
pegmatite crystallization and metallogenic age (Fig. 6¢), indicating that
the Nanping No.31 pegmatite vein was formed over a single magmatic
injection. Notably, although most CGMs have low common Pb contents
and develop highly radiogenic Pb isotopic compositions with time, the
CGMs samples might occasionally have high common Pb concentrations
(Che et al., 2019), causing a Disconcordance age of 207pp /2357 ys
206pp, /238y, Scholars typically use a Tera—Wasserburg diagram to obtain
the intercept ages from uncorrected data, and the impact of this on the
dating results must be further evaluated. Furthermore, the 2°Pb and
206p, jsotopes are much easier affected by the background and common
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Pb compositions than?3®U. Thus, 2°°Pb/?*8U ages are recommended
(Che et al., 2015; Legros et al., 2019). In conclusion, we propose that
CGMs U-Pb dating can provide reliable age constraints in pegmatite.

6.2. The age of different zones in pegmatite

Due to the dating results of the minerals from five zones, it is obvious
that in the Nanping No.31 pegmatite vein, the minerals located in the
zone II are easily disturbed by later geological processes (Fig. 12), such
as the resetting age of apatite and cassiterite, and the zircon also lose lost
some radioactive Pb, resulting in younger age. Only the dating results of
CGMs indicate that the zone II crystallized simultaneously with other
zones rather than the production of later hydrothermal events.

The structural zone dominated by saccharoidal albite is common in
the pegmatite, which is developed in the Koktokay No.3 pegmatite
(Zhang, 2001), Littler Three mining area of Ramona, San Diego County,
California (London, 2008), Nanping No.31 pegmatite vien (Tang et al.,
2017), and other pegmatites. It is usually distributed discontinuously in
the wall zone of the pegmatite. According to London et al (2008, 2009),
the wall zone of zoned pegmatite is dominated by the mechanism of
magma undercooling (Magmatic liquidus minus actual crystallization
temperature). The apparent crystal nucleation of saccharoidal albite
during crystallization should be much higher than that of other potas-
sium feldspar or microcline in the pegmatitic wall zone. It indicates that
the undercooling becomes larger during the crystallization of saccha-
roidal albite. The essence of increasing undercooling is the change of
relative temperature. There are two mechanisms to change the relative
temperature: 1) change of absolute temperature: the zone of saccha-
roidal albite crystallized in a relatively low-temperature stage of the
evolution of the wall zone. 2) compositional quench: with the crystal-
lization of the magma, the fluxes components (such as B, P, F) are
continuously enriched in the residual magma. Experiments show that
trace fluxes components can significant change the liquidus temperature
of magma (London and George, 2017). Many geological and geochem-
ical evidences indicated that the whole wall zone of pegmatite crystal-
lized in the early stage (e.g., Jahns and Burnham, 1969; Zhang, 2001;
Bachmann and Bergantz, 2004; London, 2008, 2009, 2018; London
et al., 2019), but there is no evidence that there is a relatively low-
temperature stage or obvious temperature change in the crystalliza-
tion process of wall zone in pegmatite, the crystal characteristics of
CASS-2 under the microscope also prove that the temperature of
pegmatitic system has no obvious change in the crystallization zone II.
Thus, it is reasonable to consider the mechanisms 2) are dominate in the
crystallization process of saccharoidal albite. The saccharoidal structure
makes the micro fissures in the zone develop, which is conducive to the
subsequent fluid migration. Thus, the degree of transformation of min-
erals in the saccharoidal albite zone is aggravated, even in the same
geological event, the minerals in this zone would be more affected.

6.3. Comparison and enlightenment of different dating methods in
pegmatite

In summary, different dating methods from different zones in the
Nanping No.31 pegmatite rare metals deposit record the time of thermal
events in various stages. Most cassiterite, and all CGMs ages record the
emplacement age of pegmatitic magma. Whereas apatite from zone II,
I, V and cassiterite from zone II reset the U-Pb age due to the Yan-
shanian orogeny and suffered severe thermal disturbance, therefore,
they record the age of thermal events. These results correlate well with
those of previous scholars. The zircon U-Pb ages of rare-metal granitic
pegmatites are consistent with those of CGMs (Glodny et al., 1998;
Camacho et al., 2012; Deng et al., 2013), which can accurately obtain
the emplacement age of pegmatite magma. Simultaneously, it proves
that most cassiterite U-Pb ages are reliable (Yuan et al., 2011; Kendall-
Langley et al., 2020; Fei et al., 2020; Li et al., 2020) and can be used to
limit the age of pegmatites. However, the apatite U-Pb age is younger
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due to the limitation of closure temperatures and other factors, which
must be approached more circumspectly.

Considering the problem of pegmatite dating and the applicability
and limitations of various dating methods, the final determination of the
emplacement and metallogenic ages of rare metal pegmatite requires
comprehensive investigations of different methods to obtain reliable
age. Generally, the emplacement depth of pegmatite is relatively
shallow. According to thermodynamic simulation (London, 2008), the
cooling time span of pegmatitic magma would not be long without
additional heat supply. The crystallization of a single pegmatite vein
body spans an insignificant time relative to age-dating precision (Lon-
don, 2008). Thus, we speculate that the cooling time span of mots
pegmatite would not be very long, according to the current dating
methods, it seems impossible to accurately limit the formation process of
pegmatite crystallization using different mineral dating methods from
different zones. The errors between single results have reached
approximately a million grades, far exceeding the crystallization time of
pegmatite. Petrography, mineral assemblage, and isotope characteristics
make it more reliable to explore the evolution sequence of the zone of
pegmatite. Even Harding and Tanco pegmatites with large-scale and
complex zoning have been cooled and crystallized only approximately
1000 years (Chakoumakos and Lumpkin, 1990; London, 2008). Despite
multimineral dating methods applied to pegmatite dating, new methods
are in continuous development. For instance, the recently developed
garnet in situ U-Pb dating is worthy of attempt and application for
numerous garnets crystallized in the outer zone of pegmatite (Deng
et al., 2017; Tang et al., 2021 Jiang et al., 2021).

7. Conclusions

(1) LA-ICP-MS U-Pb dating of all CGMs, and cassiterite from zones I,
III, IV, V in the Nanping No.31 pegmatite vein reveals that the
emplacement of the Nanping pegmatites occurred at 370-390
Ma, and Nb-Ta-Sn mineralization are almost simultaneous. LA-
ICP-MS U-Pb dating of cassiterite from zone II and apatite from
all the zones reveal that the Nanping No.31 pegmatite vein
experienced severe thermal disturbances between 145 and 160
Ma, which might be related to orogeny in the Yanshanian period.

(2) The structural zone dominated by saccharoidal albite is usually
located in the wall zone of zoned pegmatite. Due to the special
formation mechanism, it may be more easily disturbed by later
geological processes. Thus, the chronological data from this zone
minerals should be approached more cautious.

(3) The dating of rate metal pegmatite deposit has been a problem for
a long time, and it is necessary to consider the applicability and
limitations of various methods comprehensively. In addition to
zircon, the CGMs, cassiterite, apatite, garnets, and other minerals
should be used to determine the age accurately.
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