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ARTICLE INFO ABSTRACT
Keywords: The key point for further prospecting of heavy rare earth elements (HREE) ion-adsorption deposit is to figure out
Heavy rare earth elements the granites that could generate HREE ion-adsorption mineralization in weathering processes. In this study, we

HREE ion-adsorption deposits
Zircon
Granites

present a detailed study of zircons from granites associated with Zudong, Dabu, and Xinfeng HREE ion-
adsorption deposits in South China. The zircons were studied with regards to their texture, crystallinity, U-Pb
dating, and geochemistry. The zircons from these granites all can be subdivided into two types. The type-1
zircons show oscillatory zonation and have Th/U and Zr/Hf mass ratios of 0.4-1.0 and 30-50, respectively.
These textural and geochemical features indicate crystallization in a fractionated magma. The type-2 zircons are
unzoned, occasionally porous, and have a low crystallinity. They occasionally rim type-1 zircons. The type-2
zircons show significantly higher F, P, Hf, Th, U, and REE contents, but display lower ZrO, and SiO» contents
and lower Th/U, Zr/Hf, La/Yb ratios than those of the type-1 zircons. These geochemical features are consistent
with zircon formation in a volatile-HREE-rich magmatic-hydrothermal transition stage. Under these conditions,
the HREEs were also hosted in volatile-rich REE mineral phases including synchysite-(Y), aeschynite-(Y), cal-
cybeborosilite-(Y), and atelisite-(Y), which have been observed in these HREE deposits. These volatile-rich REE-
mineral phases can easily be dissolved during weathering and release HREE®" to generate ion-adsorption HREE
deposits. Therefore, we conclude that the granitic magma progression to a volatile-HREE-rich magmatic-hy-
drothermal system is vital for the generation of HREE ion-adsorption deposits. The long-term Mesozoic extension
of the South China favors the generation of highly fractionated granites and is thus important for the generation
of HREE ion-adsorption deposits. Furthermore, the zircons generated in a volatile-rich environment could be
used to determine the HREE ion-adsorption mineralization potential of granites.

1. Introduction than the light REEs (LREE: La-Eu) due to their comparatively lower
crustal abundance (Rudnick and Gao, 2003; Sanematsu and Watanabe,

Rare earth elements (REEs) are defined as critical metals owing to 2016). Globally, most HREEs are derived from ion-adsorption deposits
their irreplaceable application in renewable-energy and high- in South China (Li et al., 2017). The ion-adsorption REE deposits,
technology products (Chakhmouradian and Wall, 2012; Fan et al., especially the HREE-dominated deposits, typically occur in the weath-
2020). Heavy REEs (HREE: Gd-Lu + Y) are considered to be more critical ering profile of granitic rocks (e.g. Bao and Zhao, 2008; Sanematsu and

* Corresponding author at: Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, 511 Kehua Street,
Tianhe District, Guangzhou 510640, China.
E-mail address: liningbo@gig.ac.cn (N.-B. Li).

https://doi.org/10.1016/j.oregeorev.2022.104931

Received 23 September 2021; Received in revised form 21 March 2022; Accepted 9 May 2022

Available online 13 May 2022

0169-1368/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:liningbo@gig.ac.cn
www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2022.104931
https://doi.org/10.1016/j.oregeorev.2022.104931
https://doi.org/10.1016/j.oregeorev.2022.104931
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2022.104931&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

X. Zhao et al.

Ore Geology Reviews 146 (2022) 104931

110°E 112°E 114°E 116°E 118°E 120°E
¥ +
I I I - T |W.O‘;. T O =ha UQ%
"‘ hd d " < ‘ P N
d, 4
~ ‘o -a,0
- * '
S & p .
Ve’ 4 o _'.
oF ’ LYY N
) 2 -
q - Nanchang e - A
w
- - > .
\t O - - = - ” y “.L ';-- -
- - - . T - -
28°N — 2 >
- O A DG, & - de "o - A
Changsha .° ~ - af o AV “:
’ e lt love Q. <-.
&».0 3 e [AR) I 3
. LY ~ b |
\J “ e v'f‘
26°N |- o/
P
. /0D
&6\,- / Taibei!
|
24°N [~ l:l Pre-Triassic granitic rocks
l:l Triassic granitic rocks
o S,
. PS - Jurassic granitic rocks
0
4 .
] . / - Cretaceous granitic rocks
Py ’ l:l Jurassic volcanic rocks
o’ ¥
° L] .
22°N [~ o . .. 0 100 200Km l:l Cretaceous volcanic rocks
” o “.
W . HREEs-enriched deposits @ City
: @ LREEs-enriched deposits Jiangshan-Shaoxin Fault

Fig. 1. Geological map of South China showing the distributions of the middle to large scale ion-adsorption deposits. The locations of the deposits are from Li et al.,

2017 and references therein.

Watanabe, 2016; Li et al., 2019). Previous studies have indicated that
the chemical weathering in a warm and humid climate like that in South
China, is critical for ion-adsorption REE mineralization (Tang and
Johannesson, 2010; Sanematsu et al., 2013; Fu et al., 2019; Li et al.,
2019). However, only less than 10% of the defined ion-adsorption de-
posits are dominated by HREEs (Fig. 1), which is characterized by a high
HREE/LREE ratio and locally occur in the weathering profile of the
granitic complexes (Huang et al., 1989; Li et al., 2017). It is suggested
that although the supergene process is vital to the generation of the
HREE ion-adsorption deposits, the weathering typically causes LREE
enrichment relative to HREE (Yusoff et al., 2013; Xu et al., 2017). This
implies that the formation of HREE-dominated ion-adsorption deposits
should be also controlled by the HREE contents and REE pattern of the
parent granites. Therefore, in order to improve prospecting of the HREE
ion-adsorption deposits, it is essential to determine (1) which granitic
rocks have the potential to generate the HREE deposits during weath-
ering, and (2) why some granitic rocks are related to the HREE miner-
alization whereas others are related to LREE mineralization or are not
mineralized despite in the similar weathering conditions.

Zircon is the main HREE-hosted accessory mineral in the granites
and the zircon structure and composition are not affected by weathering
process, i.e. the zircon geochemistry can be used to decipher the
magmatic and hydrothermal processes (Middelburg et al., 1988; Hoskin,
2005; Pettke et al., 2005; Zeng et al., 2017; Yang et al., 2014). Therefore,
zircons may provide relevant information for the evaluation of the HREE
mineralization potential for granitic rocks. In this study, we present the
results of a detailed zircon study (i.e., texture, crystallinity, U-Pb
geochronology, and geochemistry) from three giant, well-known HREE-
dominated ion-adsorption deposits in South China, i.e. the Zudong,

Dabu, and Xinfeng deposits (Figs. 1, 2). The aim of this study is to
identify the factors that promote HREE enrichment in these granites and
to provide guidance to the prospecting of HREE-dominated ion-
adsorption deposits.

2. Geological background and petrography

South China is subdivided into the Yangtze block in the northwest
and the Cathaysia Block in the southeast, separated from each other by
the Jiangshan-Shaoxin Fault (Fig. 1; Li et al., 2008; Tao et al., 2018). The
tectono-magmatic events in the South China occurred during Paleozoic
to Mesozoic. The Paleozoic orogeny in South China associated with the
continental collision between the Cathaysia Block and Yangtze Block
probably started as early as in the Middle Ordovician with peak defor-
mation at 460-440 Ma (Charvet et al., 2010). Subsequent post-orogenic
extension (440-400 Ma) was accompanied by widespread formation of
granitic rocks (Faure et al., 2009; Li et al., 2017). During the Late
Permian to Triassic, numerous syn-orogenic granites were generated
due to the collision between the Indochina and South China Blocks, and
the collision between the North China and the South China Block (Zheng
et al., 2009; Fan et al., 2010). Subsequently, South China was charac-
terized by the flat subduction of the Paleo-Pacific Ocean during the
Jurassic (Li and Li, 2007; Mao et al., 2013) and subsequent Late Jurassic
to Cretaceous extension caused by the slab foundering and an abrupt
increase of the dip angle of the subducting slab (Zhou et al., 2006; Chen
et al., 2016).

The Cathaysia Block in South China is the main region that contains
numerous ion-adsorption REE deposits. Most of the ion-adsorption REE
deposits are hosted in the weathered profile of the granitic rocks
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Fig. 2. Simplified geological map showing the distribution of granites in (a) Zudong, (b) Dabu, and (c) Xinfeng area.

Fig. 3. Photomicrographs of (a-c) Zudong muscovite granite, (d-f) Dabu two-mica granite and (g-i) Xinfeng two-mica monzogranite.



X. Zhao et al.

Ore Geology Reviews 146 (2022) 104931

(a) Zudong

Porous texture

_100um 100um

Porous texture

(c) Xinfeng

(f) Xinfeng

2

Porous texture

100um

Fig. 4. Photomicrographs showing the two types of zircons (1 represent type-1 zircon and 2 represent type-2 zircon). The zircons in the first line from (a-c) are
cathodoluminescence images and in the second line are corresponding images under reflected light.

whereas a few deposits are also related to the rhyolitic tuff (Wang and
Ruan, 1989), lamprophyres (Bao and Zhao, 2008), basalts (Zhang et al.,
2016), and metamorphic rocks (Huo, 1992). The granites associated
with ion-adsorption deposits are either Silurian or Jurassic-Cretaceous
in age (Zhang et al., 2015; Li et al., 2017). The granites are generally
calc-alkaline with XREE contents ranging from 110 to 590 ppm (Sane-
matsu and Watanabe, 2016). It is noticeable that only a small part
(<10%) of the ion-adsorption deposits are HREE-enriched (Fig. 1).
Those granites related to HREE ion-adsorption deposits are character-
ized by high SiO; contents and high differentiation index (Huang et al.,
1989; Li et al., 2017).

The giant Zudong HREE deposit comprises more than 17,622 t of REE
oxide (Li et al., 2017). Late Jurassic granitic rocks distributed in the
Zudong area intruded into Triassic volcanic rocks (Fig. 2a) and crop out
in an area of 4 by 9 km along NNE-SSW trending faults (Fig. 2a). The
rocks include medium- to coarse-grained biotite granite and fine- to
coarse-grained muscovite granite. The muscovite granites are the parent
rocks for the HREE-rich ion adsorption mineralization whereas the
weathering profile of the biotite granite are generally richer in LREEs
(Huang et al., 1989). The muscovite granites consist of quartz (35%-
45%), K-feldspar (20-25%), albite (20-35%), and muscovite (5-10%).
Accessory minerals include zircon, apatite, fluorite, topaz, synchysite-
(Y), aeschynite-(Y), monazite, gadolinite, xenotime, and fergusonite
(Fig. 3a-c; Huang et al., 1989; Li et al., 2017). Synchysite-(Y) has been
considered to be an important mineral in the Zudong granite, which
contributed to the HREE enrichment during weathering (Huang et al.,
1989; Bao and Zhao, 2008).

The Dabu HREE-enriched ion-adsorption deposit is situated in the
Dabu pluton, which comprises dominantly (>99.5%) Late Jurassic
biotite granite and two-mica granite within an outcrop area of more than
400 km? (Fig. 2b; Wang, 2015; Wu et al., 2017a). The HREE minerali-
zation locally occurs in the weathering profile of the two-mica granite,

which consists of quartz (30-50%), K-feldspar (20-30%), plagioclase
(10-15%), biotite (5-10%), muscovite (5-10%), with accessory min-
erals of zircon, apatite, fluorite, xenotime, magnetite, fergusonite,
thorite, calcybeborosilite-(Y), and synchysite-(Y) (Fig. 3d-f, Wu et al.,
2017a).

The Xinfeng ion-adsorption deposit is a medium to large scale HREE-
enriched deposit. The Xinfeng granite includes two-mica monzogranite
and granodiorite (Fig. 2c). The two-mica monzogranite hosts the HREE
ion-adsorption mineralization and comprises quartz (30-35%), K-feld-
spar (30-35%), plagioclase (25-30%), biotite (5-10%), muscovite
(5-10%), and accessory minerals of zircon, apatite, xenotime, monazite,
magnetite, fluorite, and atelisite-(Y) (Fig. 3g-i).

3. Analytical methods

Zircon grains for U-Pb dating and elemental analyses were separated
by conventional magnetic and density techniques at Guangzhou Tuoyan
Testing Technology Co. Ltd. The zircons were handpicked and
embedded in epoxy resin and polished to expose the core. The zircons
were picked from samples ZD-1 (Zudong granite), 20DB-1-1 and 20DB-
2-1 (Dabu granite), and XF-3 (Xinfeng granite). Zircons without visible
fractures were selected for cathodoluminescence (CL) imaging using the
FEI NOVA NanoSEM 450 scanning electron microscope equipped with a
Gatan Mono CL4 cathodoluminescence system at the Guangzhou
Tuoyan Testing Technology Co., Ltd.

Laser Raman analyses were conducted at the Chinese Academy of
Sciences (CAS), Key Laboratory of Mineralogy and Metallogeny,
Guangzhou Institute of Geochemistry (GIG), Guangzhou (China), using a
HORIBA XploRA Plus Laser Raman micro-spectroscope. An Ar ion laser
operating at 10 mW was used to produce the excitation wavelength of
532 nm. The beam was coupled with a grating of 1200 gr/mm. The
system was calibrated daily using silicon with a Raman peak at 520.7
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Fig. 5. Raman spectroscopy for type-1 and type-2 zircons from the Zudong, Dabu, and Xinfeng granites that are associated with HREE ion-adsorption mineralization.

cm ™! yielding a wavenumber accuracy of about +1 cm™'. All mea-
surements were done using a 100 pm entrance slit and 100 pm confocal
pin hole.

Zircon major element analyses were conducted at the Key Laboratory
of Mineralogy and Metallogeny at GIG using a JEOL JXA 8230 electron
microprobe analyses (EMPA). A focused beam with an accelerating
voltage of 25 kV and a current of 20 nA was used for the analyses.
Standards for different elements including zircon for Zr and Si, apatite
for P, rutile for Ti, monazite for Y, Th and U, and magnetite for Fe. The
detection limits are 0.01-0.02 wt% for these elements.

Zircon U-Pb dating and trace element point analyses were performed
at the CAS Key Laboratory of Mineralogy and Metallogeny, in GIG using
a 193 nm GeoLasPro and Agilent 7900 ICP-MS with a laser spot size of

29 pm. The frequency of the laser was set at 8 Hz. Argon was used as the
make-up gas mixed helium (carrier gas) via a T-connector before
entering the ICP. The samples 91500 zircon and NIST610 glass were
used as an external standard for U-Pb dating and trace element cali-
bration, respectively. Zircon trace elemental mappings were also con-
ducted using a 193 nm GeoLasPro and Agilent 7900 ICP-MS at GIG. The
spot size was 9 pm and laser frequency was set at 8 Hz. Line analyses of
NIST610 done every ~8 min before and after the zircon mapping were
used as an external standard. The data processing and mapping were
performed using Iolite 4.0.

Granite whole-rock major element analysis was done by using a
Primus II (Rigaku, Japan) X-ray fluorescence (XRF) at the Wuhan
Sample Solution Analytical Technology Co., Ltd (WSSAT). The error for
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Fig. 6. Zircon U-Pb concordia plots for (a-b) Zudong, (c) Dabu, and (d) Xinfeng granites.

the major element analysis is <5%. The trace elements were analyzed
using an Agilent 7700e ICP-MS at WSSAT. The sample powder was
weighed and placed in a Teflon bomb after drying of 12 h in an oven at
105 °C. The sample powders were digested in a HF-HNO3 solution in
Teflon bombs, which were subsequently put in a stainless-steel pressure
jacket and heated to 190 °C in an oven for >24 h. The final solution was
transferred to a polyethylene bottle and diluted to 100 g using 2% HNOs3.
The error for the trace element analysis is <2%.

4. Results
4.1. Zircon texture and crystallinity

Zircons from the Zudong, Dabu, and Xinfeng granites are 100-250
pm in length with length-width ratios between 1 and 3 (Fig. 4). Zircons
from the granites in these different deposits have similarities as they all
can be subdivided into two types (type-1 and type-2) according to their
mineralogical characteristics and CL appearance (Fig. 4). Type-1 zircons
are euhedral, exhibit oscillatory zoning in CL imaging, and a well-
defined Raman peak at ~1008 cm™!, indicating a high crystallinity
(Fig. 5). Type-2 zircons are dark and do not show oscillatory zoning.
They occasionally rim type-1 zircons and exhibit a porous texture
(Fig. 4). The Raman peak at ~1008 em ! is either weak or absent,
indicating a low crystallinity (Fig. 5). In addition, the type-1 zircons
from the Zudong granite occasionally show a more complex texture as
they contain inherited/captured zircon cores.

4.2. Zircon U-Pb geochronology

The data for zircon U-Pb dating is given in supplementary Table S1
and illustrated in Fig. 6. The type-1 zircon in Zudong granites have
variable Th and U contents of 63-2706 and 243-10,090 ppm,

respectively, and Th/U mass ratios of 0.15-0.91 (mostly > 0.40). The
type-2 zircons in Zudong granites show higher Th (852-45,412 ppm)
and U contents (5396-45,486 ppm), and lower Th/U mass ratios
(0.07-0.56, mostly < 0.40). Both zircon types (but in particular type-2
zircons) experienced common Pb loss and deviate from the U/Pb con-
cordia line. Type-1 and type-2 zircons that did experience minimal loss
of common Pb still yield ages of 155.5 + 0.4 Ma (MSWD = 1.5) and
156.1 + 0.5 (MSWD = 1.1), respectively, indicating that the type-1 and
type-2 zircons have the same Late Jurassic age (Fig. 6a-b). In addition,
the internal zircon cores within the type-1 zircons from the Zudong
granites show older ages of 322-1293 Ma (Fig. 6a), indicating that they
were inherited or captured.

In the Dabu granites, the type-2 zircons also show higher Th, U and
lower Th/U ratios than those of the type-1 zircons. However, the most
zircons show significant loss on common Pb and could not give a
concordant age, but the type 2 zircons generally have the same age
distribution with the type 1 zircons as shown in the U-Pb plots (Fig. 6¢).
With regard to the zircons from the Xinfeng granites, the zircons also
show same changes of Th, U contents and Th/U ratios from type-1 zir-
cons to type-2 zircons as those in the Zudong and Dabu granite. Most
type-1 and type-2 zircons experienced a minimal loss of common Pb
yielding a U-Pb Late Jurassic ages of 154.6 + 0.4 Ma (MSWD = 1.8) and
155.3 £ 0.6 Ma (MSWD = 1.0), respectively (Fig. 6d).

4.3. Zircon major and trace element geochemistry

Zircon major and trace element compositions from the Zudong, Dabu
and Xinfeng granites are given in Tables S2 and S3 and illustrated in
Figs. 7-10. The type-1 zircons from the Zudong granite show a consis-
tent major element geochemistry with ZrO, contents of 62.01-63.93 wt
%, HfO5 contents of 1.16-1.75 wt%, SiO, contents of 32.43-33.14 wt%,
and Y03 contents of 0.12-0.51 wt%. The P20s5 and F contents are
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generally below the detection limit. The total weight of the EMPA ranges
between 96.34 and 98.90 wt%.

The type 2 zircons from the Zudong granite show a more variable and
lower ZrO, (49.17-59.47 wt%) and SiO, contents (27.04-32.24 wt%),
and higher HfO, (2.02-4.42 wt%), Y203 (0.58-3.68 wt%), and P,0s5
contents (0.11-2.90 wt%). The F contents for the type-2 zircons from the
Zudong granites is up to 0.27 wt% and the total weight of the EMPA
ranges between 87.13 and 96.58 wt% (mostly higher than 92.00 wt%).
The type-2 zircons show higher trace element contents than the type-1
zircons, especially for the Th, U, and REE contents. In addition, the
type-2 zircons show lower Th/U, and Zr/Hf ratios (Figs. 7-9) and have a
more pronounced negative Eu anomaly than the type-1 zircons (Fig. 7).

The inherited/captured zircons core within the type-1 zircons from
Zudong granite have variable trace element compositions, but their REE,
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Nb, Ta, Th, and U contents are generally lower than those of Type-2
zircons and are higher than those of the type-1 zircons (Table s3,
Fig. 10). The geochemical compositions of these inherited/captured
zircon cores are inherited from their source area and do not reflect the
magmatic evolution process and, therefore, are not compared with the
type-1 and type-2 zircons in Figs. 6-9.

With regard to the zircons from the Dabu and Xinfeng granites. The
geochemical characteristics for the type-1 and type-2 zircons are similar
to those of the type-1 and type-2 zircons from the Zudong granite.
Generally, the type-2 zircons show lower ZrOo, SiO», and total weight of
the EMPA, but display higher HfO5, Y203, P20s, and F contents than the
type-1 zircons. This chemical variation in the type-2 zircons probably
resulted from a xenotime-type substitution [(Y, REE)3Jr + P Szt
Si**] (Kelly et al., 2020; Dou et al., 2021). The type-2 zircons also show
higher Th, U, and REE contents, lower Th/U and Zr/Hf ratios, and a
more pronounced negative Eu anomaly than the type-1 zircons
(Figs. 7-9). Furthermore, it is noteworthy that the REEs in the type-2
zircons from the three granites do not show the predicted charge-and-
radius-controlled (CHARAC) behavior (Fig. 9g-i) whereas the type-1
zircons in the Zudong and Xinfeng granites do show CHARAC behavior.

4.4. Whole rock major and trace element geochemistry

Whole-rock composition for the Mesozoic granites associated with
HREE mineralization in the Zudong, Dabu and Xinfeng area are pre-
sented in Table S4. The three granites are characterized by high SiO5
(73.13-76.70 wt%) and K50 (4.26-5.76 wt%) contents, and low Na,O/
K50 mass ratios (0.46-0.95). All three granites show insignificant LREE/
HREE fractionation, i.e. (La/Yb)y ratios of 0.25-5.92 (only one value >
2), and a negative Eu anomaly (Eu/Eu* ratios of 0.01-0.21) (Fig. 11a).
The three granites show relatively low Zr/Hf (13.1-27.6), Nb/Ta
(4.37-9.21), and K/Rb mass ratios (44.7-102.5) (Fig. 11b).

5. Discussion
5.1. Zircon genesis

The zircons from the three granites show similar texture with
occurrence of both the type-1 and type-2 zircons. Although there are
extra zircon cores within the type-1 zircons from the Zudong granite,
they are inherited from magmatic source or captured from country rocks
with older ages (Fig. 6a), rather than crystallize in the magmatic pro-
cesses. In contrast, the type-1 and type-2 zircons show similarly younger
Late Jurassic U-Pb ages and could either be magmatic or hydrothermal
in origin (Hoskin and Schaltegger, 2003).
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Zudong, Dabu, and Xinfeng granites.

Magmatic zircons usually show oscillatory zonation due to the low
diffusion rate of trace elements in the zircon at a relatively low tem-
perature and high viscosity conditions for the acid magma (Zeng et al.,
2017). The type-1 zircons from the Zudong, Dabu and Xinfeng HREE
deposits all show oscillatory zonation and Th/U ratios generally > 0.4
(Table S1; Fig. 4, 9a-c), indicating a magmatic origin (Hoskin and
Schaltegger, 2003). The well-defined Raman peak at ~1008 cm
(Fig. 5) is indicative of highly crystalline magmatic zircon (e.g., Yang
et al., 2014; Zeng et al., 2017). Furthermore, the type-1 zircons are
characterized by Th/U mass ratios < 1 and Zr/Hf mass ratios < 50,
which is consistent with its formation in a relatively fractionated magma
(Wang et al., 2010; Cerny et al., 2012; Yan et al., 2020).

Type-2 zircons occur as individual grains or as rims around type-1
zircons, indicating that type-2 zircons were formed after the type-1
zircons (Fig. 4). Generally, the type-2 zircons are irregular and low-
luminescent without visible zoning. They show a distinct porous
texture and a weak or invisible Raman peak at ~1008 cm™! (Figs. 4-5)
which is characteristic for a low-crystallinity metamict zircon (e.g.
Erdmann et al., 2013; Hoskin, 2005; Pettke et al., 2005; Yang et al.,
2014; Zeng et al., 2017). We propose that the generation of the type-2
metamict zircons is associated with a fluid exsolved from the magma
during volatile-rich magmatic-hydrothermal stage. This hypothesis is
supported by the following: (1) No evidence for metamorphism and
deformation was found in the zircons-hosted granites, i.e.

metamorphism cannot account for the origin of the metamict zircons.
(2) The type-2 zircons show higher Th and U contents (up to tens of
thousands ppm), which is consistent with hydrothermal system rather
than a metamorphic origin (e.g. Qu et al., 2019). It is suggested that very
high U and Th concentrations in zircons are associated with sharply
increasing zircon-melt partition coefficients of Th and U in a volatile
oversaturated system (Claiborne et al., 2006; Bacon et al., 2007; Erd-
mann et al., 2013). In addition, the high Th and U contents is most likely
the reason for the metamictization of the type-2 zircons, as self-
irradiation by radioactive decay of Th and U results in crystal struc-
ture damage causing a low crystallinity and common Pb loss (Nasdala
etal., 2001; Geisler et al., 2007; Zeng et al., 2017). (3) The type-2 zircons
show significantly higher Hf contents and lower Zr/Hf mass ratios
(10-30) than the type-1 magmatic zircons (Fig. 8). This indicates that Hf
is incorporated into the microporous type-2 zircon as a result of fluid
circulation, i.e. type 2 zircons were generated in a volatile-rich envi-
ronment (e.g. Qu et al., 2019). (4) The non-CHARAC REE behavior in
type-2 zircons is an indication of its formation in a magmatic-
hydrothermal environment rather than in silicate melts (Bau, 1996;
Zeng et al., 2017). (5) The porous texture and low crystallinity of the
type-2 zircons are consistent with zircons formed by deuteric
dissolution-precipitation in a magmatic-hydrothermal transition stage
rather than by recrystallization (Yang et al., 2014). (6) The type-2 zir-
cons generally show the same U-Pb ages as the type-1 zircons (Fig. 6)
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indicating that the magmatic-hydrothermal stage during which the type-
2 zircons were generated, was part of the magmatic event during which
the type-1 zircons were formed.

The type-2 zircons are mostly characterized by total weight of the
EMPA between 92 wt% and 97 wt%, which could be the evidence for the
zircons generated in a volatile-rich condition (Breiter and Skoda 2012;
Zeng et al., 2017), even though the high trace element contents might
result that the total weight of the EMPA analyses for zircons were
underestimated. The volatile content, increases during the magmatic-
hydrothermal processes, which is also evidenced by the higher F con-
tents in the type-2 zircons and the occurrence of muscovite, fluorite,
topaz, and fluorocarbonate in the granites (Huang et al., 1989). Also, the
F-rich hydrothermal fluid carried significant amounts of Zr, which ex-
plains the formation of type-2 zircon around type-1 zircon (e.g., Park
et al., 2016; Zhao et al., 2018). All in all, the occurrence of the type-2
zircons indicates that the highly fractionated granite evolved to the
volatile-oversaturated magmatic-hydrothermal stage. This conclusion is

supported by the low Nb/Ta (4.37-9.21), Zr/Hf (13.1-27.6) and K/Rb
(44.7-102.5) mass ratios of the granites (Fig. 11b; Breiter et al., 2014;
Ballouard et al., 2016; Li et al., 2017; Wu et al., 2017b).

5.2. Factors controlling the generation of HREE ion-adsorption deposits

5.2.1. HREE enrichment relative to LREE

Fractional crystallization always proceeds during the magmatic
evolution to a volatile-rich magmatic-hydrothermal stage and thus
would have significant influence on the geochemical compositions of the
minerals generated in the volatile-rich magmatic-hydrothermal stage.
The relatively low Eu content in the type-2 zircons can be attributed to
early plagioclase fractional crystallization, which removed Eu from the
magmatic-hydrothermal system. Generally, HREEs have higher charge-
to-ionic-radius ratios and are more incompatible than LREEs in rock-
forming minerals in granites, which causes HREE enrichment relative
to LREE in the magmatic-hydrothermal system after extensive fractional
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crystallization (Gelman et al., 2014; Wu et al.,, 2017b). Therefore,
although the type-2 zircons show higher contents of both LREE and
HREE than the type-1 zircons, the relative increase of Y-Yb (HREE) from
type-1 zircons to type-2 zircons is higher than the relative increase of La-
Ce (LREE) as is evidenced by the elemental mapping (Fig. 10). It is also
observed that the type-2 zircons show significantly higher Yb contents
and display lower average La/YDb ratios than those of the type-1 zircons
(Fig. 9d-f), manifesting the more enrichment of HREE relative to LREE in
the magmatic-hydrothermal transition stage during which the type-2
zircons were generate. This inference is consistent with the geochem-
ical composition of the granites hosting the HREE deposits as they show
flat REE patterns and are characterized by low (La/Yb)y ratios
(Fig. 11a).

HREE ion-adsorption deposits are characterized by relatively high
HREE/LREE ratios in the weathering profile of the granites. However,
weathering normally results in enrichment of LREEs relative to HREEs
(Yusoff et al., 2013; Xu et al., 2017). Thus, a high HREE content relative
to LREE in the parent granite in order to ensure a high HREE/LREE ratio
in its weathering profile, is vital for the generation of the HREE ion-
adsorption deposit. Indeed, as well as the Zudong, Xinfeng and Dabu
granites, all parent granites for the HREEs ion-adsorption deposit in
South China show flat HREE patterns and high HREEs/LREEs ratios (Li
et al., 2017). Therefore, enrichment of HREE relative to LREE in the
magmatic-hydrothermal stage should be critical for the formation of
HREE dominated ion-adsorption deposits.

5.2.2. Volatile-rich conditions

The occurrence of type-2 zircons implies volatile oversaturation in
the magmatic-hydrothermal system, which could be another critical
factor that promotes HREE mineralization during weathering. Gener-
ally, zircon, xenotime, fergusonite, and titanite are the main HREE-
hosted minerals in the volatile-undersaturated magmatic processes for
granites. However, zircon, xenotime, and fergusonite are insoluble
during weathering processes and can, therefore, not effectively release
HREE3* (Huang et al., 1989; Bao and Zhao, 2008; Li et al., 2017).
Titanite could be the potential minerals released HREEs during weath-
ering to generate ion-adsorption deposits (Sanematsu and Watanabe,
2016), but titanite is absent in the Zudong, Dabu, and Xinfeng granites.
Further, titanite is usually accompanied by the occurrence of allanite in
the granites in South China and the weathering products of these
granites are mostly dominated by LREEs rather than HREEs, e.g. the
Bachi, Xiache, Laishi, and Shatian LREE-dominated ion-adsorption de-
posits (Chen and Yu, 1994; Hsieh et al., 2008; Li et al., 2017; Zhao et al.,
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2021). In contrast, in a volatile-oversaturated magmatic-hydrothermal
system, the HREEs could be hosted in the volatile-rich REE minerals,
such as synchysite-(Y), aeschynite-(Y), calcybeborosilite-(Y), and ateli-
site-(Y), which have been observed in the granites that are associated
with these HREE-deposits (Fig. 3; Bao and Zhao, 2008; Sanematsu and
Watanabe, 2016; Li et al., 2017). These volatile-rich REE minerals are
easily dissolved during weathering and could be the main HREE source
for the generation of the HREE-dominated ion-adsorption deposits.

5.2.3. Extensional geodynamic setting in South China

Our results show that the magmatic-hydrothermal stage of the
granites is essential for the formation of HREE-dominated ion-adsorp-
tion deposits in South China. It is also noteworthy that the granites
associated with HREE-dominated ion-adsorption in South China were
generated in Late Jurassic-Cretaceous (e.g., Dabu, Xinfeng, Zudong,
Datian, Xiawenting and Zhaibeiding HREE deposits; Liang et al., 2012;
Shao et al., 2014; Li et al., 2017), during which South China underwent
extension due to the slab foundering of the flat-subducted Paleo-Pacific
plate beneath South China and high-angle subduction induced by slab
roll-back (Li and Li, 2007; Li and Li, 2007), or in the Silurian (e.g.,
Shangyou HREE deposits), during which South China also underwent
post-orogenic extension (Faure et al., 2009; Zhang et al, 2012).
Generally, an extensional tectonic setting is favorable for the generation
of highly fractionated granites progressing towards the magmatic-
hydrothermal stage. Large-scale extensional structures provide a low-
angle magma conduit allowing long-term magmatic migration and
magmatic evolution (Wu et al., 2017b). In addition, the elevated
geothermal gradient, which is induced by upwelling of the astheno-
sphere mantle in an extensional setting (Chen et al., 2016), also con-
tributes to the generation of highly fractionated granites (Wu et al.,
2017b). We, therefore, propose that the extensive extensional setting in
South China contributes to the HREE mineralization potential of the
granites.

In conclusion, the generation of the HREE-dominated ion-adsorption
deposits in South China are associated with the following: (1) highly
fractionated granites evolving to the magmatic-hydrothermal stage
resulting in HREE enrichment relative to LREE; (2) the generation of
volatile-rich HREE mineral phases in a volatile-rich environment, and
(3) an extensional geodynamic setting promoting the generation of
highly fractionated granites. In addition, the epigenetic process associ-
ated with a tropical climate and acidic soil water, which promotes the
dissolution of the HREE-rich minerals and migration of the HREE>™ to be
adsorbed by clay minerals and Fe-Mn oxides, is also important.
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Furthermore, the similar texture, crystallinity, and geochemistry of the
zircons in the Zudon, Dabu, and Xinfeng granites that host the HREE ion-
adsorption deposits (Fig. 12) imply that zircon can be a suitable path-
finder mineral in evaluating the HREE ion-adsorption mineralization
potential of granites.

6. Conclusions

Zircons from the Zudon, Dabu, and Xinfeng granites that host HREE-
dominated ion-adsorption deposits can be subdivided into two types.
Type-1 zircons in the Zudon, Dabu, and Xinfeng granites show similar
characteristics, including oscillatory zonation, a high crystallinity, and
relatively high Th/U and Zr/Hf ratios (Fig. 12). Type-2 zircons in the
Zudon, Dabu, and Xinfeng granites also show similar characteristics, i.e.
they are sometimes porous, do not show zonation, and have a low
crystallinity (Fig. 12). The type-1 zircons are generated from a frac-
tionated magma and the type-2 zircons are generated in a volatile-REE-
rich magmatic-hydrothermal system, during which volatile-rich HREE
minerals were also formed. The volatile-HREE-rich minerals dissolve
during weathering generating HREE ion-adsorption deposits. The pro-
gression of the highly fractionated granites to the magmatic-
hydrothermal stage is, therefore, vital for the generation of HREE ion-
adsorption deposits. Consequently, zircon characterization can be an
effective method to determine whether a granite has the potential to
generate HREE ion-adsorption deposits.
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