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Abstract: The initial enrichment of rare earth elements (REE) in granites plays an important role for
the generation of ion-adsorption type REE deposits. It has been summarized that the mineralization-
related granitoids are mostly peraluminous, but the enrichment mechanism of REE in this pera-
luminous granite is currently not well understood. In this study, we conducted geochronology,
petrological, and geochemical investigations on the biotite granite and muscovite granite from the
Shangyou complex in Ganzhou, Jiangxi Province. Zircon U-Pb dating indicates that both the biotite
granite and muscovite granite generated in the Early Silurian (ca. 433-434 Ma). The high aluminum
saturation index and occurrence of muscovite and old zircon cores indicate that they belong to the
S-type granite and are derived from the melting of metagreywacke. The relatively higher FeOT
contents, Mg# values, and zirconium saturation temperatures (760-873 °C) for the biotite granite
resulted from hydrous melting with the involvement of mantle material. In contrast, the muscovite
granite with low FeOT contents, Mg# values, Nb/Ta ratios, and zirconium saturation temperatures
(748-761 °C) indicates a purely crust-derived melt formed by muscovite dehydration melting. There
is a positive correlation of REE contents with the formation temperature and Th contents in both
the Shangyou granites and the data collected from global peraluminous granites. This indicates
that temperature plays a key role in the REE enrichment in peraluminous granites, as the high-
temperature condition could promote the melting of REE-rich and Th-rich accessory minerals of
allanite and REE-phosphate and result in the increases in both REE contents and Th contents in the
melts. Given the fact that the parent granites for ion-adsorbing REE deposits are mostly peraluminous
and generated in the extensional setting in South China, we concluded that peraluminous granite
formed under high-temperature extensional tectonic settings favors initial REE enrichment, which
further contributes to the formation of ion-adsorbing REE deposits in South China.

Keywords: ion-adsorption type REE deposit; peraluminous granite; REE enrichment; formation
temperature

1. Introduction

Rare earth elements (REE), which serve as “industrial vitamins”, are widely used in
aerospace, new energy, national defense, and military industry. Therefore, they are impor-
tant strategic resources, and their supply-demand contradiction is increasingly intensifying
with the development of high-tech in modern industry. The main supplies of REE are
alkali-carbonate-type REE deposits and ion-adsorbing-type REE deposits [1]. The former is
dominated by light REE (LREE) deposits, which are represented by Baiyunebo, Maoniuping
REE deposits from China, and Mountain Pass REE deposits in America. The ion-adsorbing
REE deposits account for more than 80% of the supply of heavy REE (HREE) worldwide.
Ion-adsorbing REE deposits are easy to mine and have a high resource utilization rate; thus,
they are of great economic value and strategic significance [2,3].
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Ion-adsorbing REE deposits were first discovered in China in the late 1960s. As unique
metal deposits occurring on the surface, it is mainly formed by weathering and leaching of
REE from granite, volcanic rock, and metamorphic rock under warm and humid climates
and low mountain and hilly terrain conditions [3-6], among which granite is its main
ore-forming parent rock. The formation of ion adsorbing REE deposits is controlled by
both endogenous and hypergene processes. The former mainly affects the pre-enrichment
of REE during the formation and evolution of the parent rocks and controls the type of
mineralization [7-9], while the weathering processes are also vital to the REE leaching from
the granites and adsorption by the clay minerals as an ion condition [6,10]. At present,
the research on the ion-adsorbing REE deposits focuses on the hypergene mineralization
process, including the control of groundwater, climate, microorganisms, and topography
on the formation of deposits, the occurrence state of REE, and the differentiation and
enrichment mechanism during weathering processes [11-14]. However, there is still a lack
of systematic research on the constraints of endogenous processes on the formation of
ion-adsorbing type REE deposits. A series of studies have pointed out that the high REE
content of granites in the Nanling area is the key to the formation of the ion-adsorbing
REE deposits [15,16], and the REE fractionation during magmatic evolution may further
contribute to the HREE enrichment in the ore bodies [7,17]. Therefore, it is believed
that the REE contents and patterns of granitic parent rock play a decisive role in later
mineralization [3,7]. The statistics data have shown that the ore-forming parent rock of
ion-adsorbing REE deposits is mainly composed of peraluminous granite [3]. However,
different from alkaline granite, peraluminous granite is mostly related to the mineralization
of rare metals such as tungsten, tin, niobium, and tantalum, and no large-scale independent
REE ore bodies have been found yet. Therefore, the enrichment mechanism of REE in
the peraluminous granite has not received sufficient attention, which restricts further
understanding of the genesis of ion adsorption type REE deposits. A detailed study is
needed on the mechanism of REE enrichment in peraluminous granite.

Shangyou complex is in the west of Ganzhou city, Jiangxi province, with an exposed
area of more than 100 km?. REE mineralization is widely distributed in the weathering
profile of the Shangyou complex in the Shangpengdong, Pengdongkeng, and Yewukeng
areas [18]. This article conducts geochronology, petrological, and whole-rock geochemical
studies on the Shangyou granitic complex. The aims of this study are to constrain the
geochemical behavior of REE and reveal the factors controlling the enrichment of REE
during the formation of peraluminous granites.

2. Geological Setting

South China consists of the northwestern Yangtze Block and southeastern Cathaysian
Block, which are connected along the Jiangnan Orogen in the Neoproterozoic. There are
multiple stages of tectonic and magmatic activities in South China during the Paleozoic
and Mesozoic [19,20], leading to the formation of widely distributed granites in South
China (Figure 1a). There are also abundant rare metal deposits (W, Sn, Nb, and Ta) in South
China, which are related to the widely distributed granites, making South China the most
important rare metal mineralization belt in the world [21,22]. In addition, South China was
characterized by a warm and humid climate and low mountain and hill terrain, admitting
to the formation and preservation of the weathering crust for the granites, and many ion-
adsorbing REE deposits have been discovered in these weathering crusts (Figure 1a). This
type of REE deposit was first found in the Zudong area in the 1960s and was endemic in
South China and Southeast Asia, as little ion-adsorbing REE deposit was found in other
regions. According to the relative enrichment of LREE and HREE in the weathering crust,
the ion-adsorbing REE deposits could be subdivided into three types [23]: (1) HREE-type,
represented by the Zudong and Zaibeiding REE deposits [10,24]; (2) Coexistence of LREE
and HREE, including the Qingxi and Zhaibei REE deposits [25]; (3) LREE-type, represented
by Bachi, Renju, and Heling REE deposits [26,27]. The generation of ion-adsorbing REE
deposits in these different types is suggested to be associated with the REE patterns for
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the parent granites [3,7], as the weathering profile usually inherits the REE patterns of
the parent granite [28]. The granites related to the ion-adsorbing REE deposits are mainly
generated in the Jurassic to Cretaceous extensional setting, which is induced by the slab
foundering and roll-back and subsequent steep subduction of the Paleo-Pacific Ocean
slab [19]. In addition, the Early Paleozoic granites also play an important role in generating
the ion-adsorbing REE deposits in South China, as the parent granites for ion-adsorbing
REE deposits in Shangyou, Yangbu, Ninghua, Weipu, Gutian, and Sanbiao areas are all
generated in the Early Paleozoic [29]. The Shangyou granitic complex is in the west
of Shangyou City and intruded in the Cambrian metamorphic rocks (Figure 1b). The
main bodies of the Shangyou granitic complex are biotite granite, while locally occurred
muscovite granite around by the biotite granite (Figure 1b).

114°E 116°E 118°E 120°E

112°E
T

T T T Ld T T o = 3
(a) :‘ - ID,, B Hanﬁgw ”/'\Ej? T114°30
s N o P /Q
PO ) ) & . Aﬁ
\ “wT ]
. ~ Nanchang -
O_.e=m" ", ] A
: Cha a - = S . 4 - - S
BN -~ ’ ;* PP .r-l"-.,.?“
e . J \Cf Lt A o825
A RS ’ 4 ) z - &7 itd LT
o.0 X "g- A) KT
) i Ve . 2
; & gl I 4 s‘%ﬁ/
.ﬁ. “r Y
26'N- o o /) AR 22
%\o . , 1 0%
) ’ [ Vad b o .
Y Sany® e N Sy SR
” 2 e ®, *® . puie, Taibei
e’ k < d ° Siiat
e, ) s 4 rata
24°N- \ O p 4 o, | I silurian granite I:I Cretaceous - Triassic granites
4 e & \:I Triassic granite sh
. angyou
. . le‘ Ao, ; } [ Jurassic granite : Devonian muscg¥/|te granite
‘ Om ngthu fj Bl Cretaceous granite o Shangyou
' o7 .'/ - .= ﬂ’f [ Jurassic volcanic Ordovician + biotitegygranite
2 o Toal rocks
# S Cret I -
22° " % 2 *”H/j 0 100 200Km - rorce 2050% vereane - SEUE * 71\*7 Sample locations
@ HREE-rich deposit O] City
/“/‘ @ LREE-rich deposit  [] paygohan-Shaexin I:I Sinian

Figure 1. (a) The distributions of granitoids and ion-adsorbing REE deposits in South China [3,30];
(b) Simplified geological map of the Shangyou pluton.

3. Analytic Methods

Zircon U-Pb dating was conducted at the Key Laboratory of Mineralogy and Met-
allogeny, Guangzhou Institute of Geochemistry (GIG), Chinese Academy of Sciences,
Guangzhou, using a 193 nm GeoLasPro and Agilent 7900 ICP-MS with a laser spot size of
29 um. Argon was used as the make-up gas mixed Helium (carrier gas) via a T-connector
before entering the ICP. The samples 91,500 zircon and NIST610 glass were used as an
external standard for U-Pb dating and the trace element calibration, respectively. The
calculation of the age was performed using Isoplot 4.11 [31].

Whole-rock major elements analysis was conducted using X-ray fluorescence spec-
trometry at Wuhan Sample Solution Analytical Technology Co., Ltd. (WSSAT), Wuhan,
China. The error for major element analysis is less than 5%. The trace elements were
analyzed in an Agilent 7700e ICP-MS at WSSAT. The sample powder was weighed and
placed in a Teflon bomb after drying for 12 h in an oven at 105 °C. The sample powders
were digested in an HF+HNOj solution in Teflon bombs, which is subsequently putted
in a stainless-steel pressure jacket and oven-heated to 190 °C for >24 h. The final solution
was transferred to a polyethylene bottle and diluted to 100 g by adding 2% HNO3. The
analytical error for trace element is less than 2%. Zirconium saturation temperatures are
calculated in the following equation: Tz, (°C) = 12,900/ (In D,ircon/meit + 0.85 M + 2.95) —
273.5, Dyircon/melt = 496,000/ Zr contents in the melts (ppm), M = molar ratio of (Na + K +
2Ca)/(Al x Si) [32].



Minerals 2024, 14, 1222

4of 16

4. Results
4.1. Petrology

The samples for this study were collected from the southeastern, central, and north-
western parts of the Shangyou pluton, including biotite granite and Shangyou muscovite
granite. Shangyou biotite granite contains schlieren and mainly consists of plagioclase
(25%~35%), potassium feldspar (25%~35%), quartz (30%~40%), and biotite (5%—7%), with
the occurrence of slight muscovite (Figure 2). The core of some plagioclase has undergone
obvious sericitization, while the later alteration of the edges is not significant (Figure 2a).
Potassium feldspar usually occurs as twin crystals, with some showing obvious sericiti-
zation and containing a small amount of muscovite mineral inclusions. Biotite coexists
with feldspar and includes a small amount of muscovite between grains. The appearance
of muscovite indicates aluminum supersaturation in the rock, and the crystallization of
a large amount of mica also indicates a high water content, which is significantly differ-
ent from those of A-type granite [33,34]. The accessory minerals include zircon, apatite,
and iron-titanium oxides (Figure 2a). The mineral composition of the schlieren in biotite
granite is basically consistent with that of the host rock, but it has a higher proportion
of mica and apatite (Figure 2b), with mica content reaching over 20%. Some mica has
a harbor-like dissolution structure, indicating formation in an early stage. In addition,
there is a large accumulation of apatite in the schlieren, which may be the main factor
leading to a significantly higher REE content than the host rock. The Shangyou muscovite
granite is composed of quartz (40%~45%), potassium feldspar (20%~30%), sodium feldspar
(20%~30%), and a small amount of muscovite (~5%) (Figure 2¢,d). Quartz often coexists
closely with sodium feldspar and potassium feldspar, indicating that its crystallization time
is relatively consistent with that of feldspar. Potassium feldspar has a twin-crystal structure
and has undergone significant sericitization (Figure 2c). Sodium feldspar contains a large
amount of muscovite mineral inclusions (Figure 2d).

Figure 2. Photomicrographs of the granites from Shangyou pluton. (a): biotite granite; (b): schlieren
in the biotite granite; (c): muscovite monzogranite; (d): muscovite enclosed by albite. Q: quartz;
Kf: K-feldspar; Pl: plagioclase; Bi: biotite; Ap: apatite; Mus: muscovite.
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4.2. Zircon U-Pb Dating

Zircon U-Pb isotopic data are listed in Table S1 and illustrated in Figure 3. The zircon
grains from the Shangyou biotite granite are colorless to light yellow, irregularly shaped
crystals with lengths of 100-400 pm and length-width ratios of 1-3 (Figure 3a). The zircon
grains show clear oscillatory zoning, indicative of magmatic zircons in granitic systems [35].
The 233U /?%Pb ages for the zircons are between 430 and 438 Ma with a weighted age of
433 £ 2 Ma, which is consistent with the concordia age of 433 &+ 2 Ma (Figure 3b), taken as
the intruded age of the Shangyou biotite granite.
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Figure 3. U-Pb dating for the (a,b) Shangyou biotite granite and (b—d) muscovite granite.

The prismatic/ellipsoidal-shaped well-crystallized zircon crystals of the Shangyou
muscovite granite are colorless to light yellow with lengths between 100 and 300 um
and length-to-width ratios between 1 and 3. The zircons sometimes show a core-margin
structure (Figure 3c). The cores show varied grayscale without the occurrence of oscillatory
zoning and display varied 233U /2%Pb ages ranging from 504 to 1540 Ma (Table S1), which
may be inherited from the magmatic source (Figure 3c). The zircon margin also shows
clear oscillatory zoning indicating a magmatic origin, although they are darker in the CL
image (Figure 3b). All data for these magmatic zircons plot around the U-Pb concordia
line yielding the same weighted mean age and concordia age of 434 & 2 Ma (Figure 3c,d),
indicating the same Early Silurian age as the biotite granite.

4.3. Whole-Rock Elemental Compositions

Data for whole-rock major and trace elemental compositions are listed in Table 52
and illustrated in Figures 4-6. The CIPW (normal minerals calculation) for the biotite
granite and muscovite granite are listed in Table S3. The SiO, contents of Shangyou
biotite granite range from 72.55 to 74.59 wt.%, with total alkaline contents of 7.41 to
8.12 wt.%, belonging to subalkaline rocks (Figure 4a). This rock has high Al,O3 con-
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tents of 13.02-13.72 wt.% and a high aluminum saturation indicator (A/CNK = 1.06-1.17),
showing characteristics of peraluminous granite (Figure 4b). The samples show low con-
tents of TiO;, Fe,O3T, CaO, and MnO and relatively high K,O contents ranging from
4.08 to 5.09 wt.%, belonging to the high potassium calcium alkaline series rocks. The
schlieren in biotite granite has lower SiO, content (67.28 wt.%) and significantly higher
TiO,, Fe,O3T, Al,O3, CaO, MnO, and P,Os5 contents and lower K,O contents compared
to the host granite, while their Na,O content is similar (Figure 5). The elemental differ-
ences are consistent with a higher proportion of mica, feldspar, and apatite accumulation
in the schlieren in the petrographic observations (Figure 2). The total REE content of
Shangyou biotite granite is 158-303 ppm, which is significantly higher than that of con-
tinental crustal reservoirs. In addition, the biotite granite shows obvious differentiation
between light REE (LREE) and heavy REE (HREE) with (La/Sm)y ratios of 4.32-5.99 and
(La/Yb)y ratios of 5.03-11.9, and significant negative Eu anomalies with Eu/Eu* values
of 0.26-0.39, but its HREE contents are relatively low with a flat HREE pattern curve
(Figure 6a; HREE = 17.4-28.4 ppm; (Gd/Yb)n = 0.91-1.38). The schlieren from the biotite
granite has higher REE contents with more negative Eu anomaly and significant differenti-
ation between LREE and HREE (Figure 6a; REE = 663 ppm; Eu/Eu* = 0.11; (La/Yb)N = 14).
All the samples from the Shangyou biotite granite exhibit significant depletion of Ba, Sr,
and Eu, as well as enrichment of Th, U, and Pb, with relatively high zirconium saturation
temperatures (Tzr = 760-873 °C).
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Figure 4. (a) TAS [36] and (b) A/CNK vs. A/NK [37] diagrams for the Shangyou biotite granite and
muscovite monzogranite.

Shangyou muscovite granite has higher SiO; contents (76.01-77.10 wt.%) and total
alkali contents (7.85-8.04 wt.%) than those of the biotite granite, belonging to subalkaline
rocks (Figure 4a). It has Al,O3 contents of 12.36-12.64 wt.% and an aluminum saturation
index (A/CNK) of 1.06-1.15, consistent with those of peraluminous rocks (Figure 4b).
In addition, the Shangyou muscovite granite shows lower TiO,, Fe,O3T, Al,O3, CaO,
MnO, and P,05 contents than those of the Shangyou biotite granite (Figure 5), indicating
a higher degree of magmatic evolution. Its K,O contents are 4.41-4.72 wt.%, belonging
to the high potassium calcium alkaline series rocks. The REE content of the muscovite
granite is relatively low (96-144 ppm), and the differentiation between LREE and HREE
is not obvious (Figure 6a; (La/Sm)N = 1.76-2.59); (La/Yb)N = 1.49-2.86), but it has a
more negative Eu anomaly (Eu * = 0.10-0.17) than those of the biotite granite, consistent
with a higher degree of magmatic evolution. The HREE content of muscovite granite is
significantly higher (23.9-45.1 ppm) than that of biotite granite (17.4-28.4 ppm), and there
is a weak enrichment trend in the HREE (Gd/Yb)N = 0.80-0.89). The muscovite granite
exhibits significant depletion in Ba, Nb, Sr, and Eu (Figure 6b), with Nb/Ta and Zr/Hf
ratios of 4.63-5.69 and 21.8-26.3, respectively, which are significantly lower than those of
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the Shangyou biotite granite and continental crust. In addition, the muscovite granite has a
relatively lower zirconium saturation temperature (Tzr = 748-761 °C).
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1000
@ Biotite granite a 1000
@ Schlieren
@ Muscovite granite
Q Average continental crust g
,-g A Upper continental crust g
E 100 | V' Lower continental crust & 100
= E
Q =
2 E
a5 =1
= 10
7
E 1o} 8
2} [=4
£
@©
w
1
1 1 1 1 1 Il L 1 L 1 1 1 1 1 | N N N NS NN (NN NN [N N RN NN N NN SN NN N SN N S N S G A

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Rb Th Nb La Pb Sr Zr Sm Gd Dy Ho Tm Lu
Ba U Ta Ce Pr Nd Hf Eu Tb Y Er Yb
Figure 6. Chondrite-normalized REE patterns (a) and primitive mantle-normalized trace element
patterns (b) for the Shangyou biotite granite and muscovite monzogranite. Chondrite and primitive
mantle data from Sun et al. (1989) [38].

5. Discussion
5.1. Petrogenesis

Granite is the most important component of continental crust and is classified accord-
ing to their chemistry, isotopic signature, and mineralogical components into I-, S-, A-, or
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M-types in order to infer their source characteristics [39-41]. M-type granite is formed
by crystallization differentiation of mantle-derived magma and is mostly found in the
middle ocean ridges [42,43]. M-type granite generally shows relatively low SiO; contents,
which are different from those of the Shangyou biotite granite and muscovite granite. The
classification of I-type and S-type granites is based on their source characteristics, as I-type
granites generally originate from igneous rock while S-type granites are from sedimentary
sources [44,45]. The conspicuous characteristics of A-type granite are the high formation
temperatures and high contents of high field strength element (HSFE), with definitions
from “alkaline, anhydrous, and anorogenic settings [46]. A-type granite is usually marked
by the appearance of mafic alkaline minerals such as arfvedsonite, and its source area
can be sediments or igneous rocks [47,48]. The whole rock Ga/Al ratio is an important
parameter for distinguishing A-type granite, as A-type granites generally show high Ca/Al
ratios >2.6 [39]. The Ga/Al ratios of Shangyou biotite granite and Shangyou muscovite
granite are 2.29-2.74 and 2.54-2.72, respectively, which are close to or slightly higher than
the typical ratio of A-type granite. However, the contents of HFSE in the Shangyou granites
are relatively low, with Ze+Ce+Nb+Y content of 228-544 ppm and 194-250 ppm for the
biotite granite and muscovite granite, respectively, which are lower than the values for
A-type granite (Figure 7a). Combined with their lower zirconium saturation temperatures
(Table S2; biotite granite is 760-873 °C, with an average value of 810 °C; biotite diorite gran-
ite is 745-764 °C, with an average value of 755 °C) and the absence of the alkaline minerals,
indicating that the Shangyou granite does not belong to A-type granite. In addition, mica
in A-type granite usually crystallizes at a late stage and are intergranular distribution due
to the anhydrous condition of the primitive magma for A-type granite [42]. However, the
mica in the Shangyou granites is mainly symbiotic with other minerals or crystallized in an
earlier stage (Figure 2), further indicating that they do not belong to A-type granite.

(b) A A=Al-Na-K

F=Fe+Mg

A-type granite

Fractionated granite

C=Ca

S-type
granite

(@ Biotite granite
@ Muscovite g

1/S/IM-type granite

(@"T

&

N

I-type granite

ranite
" i 1

10

100 1000 C E
Zr+Nb+Ce+Y

Figure 7. Zr + Nb + Ce + Y vs. KO + Nay0)/CaO [40] (a) and ACF classification [40] (b) diagrams of
the Shangyou biotite granite and muscovite monzogranite.

Both Shangyou biotite granite and muscovite granite have high aluminum saturation
indices (Table S2, Figure 3b) and contain aluminum-saturated minerals such as muscovite
and corundum but lack amphibole, which are consistent with those of the S-type granite
but different from those of I-type granites [49-51]. In addition, there are old zircon cores
in the Shangyou granites with varied ages, which are common in the S-type granites that
should be inherited in the sedimentary source, also indicating the classification to S-style
for the Shangyou granites. In the source area discrimination diagram, both Shangyou
biotite granite and muscovite granite are plotted in the metamorphic sandstone source
area, manifesting a sediment-derived source and S-type genetic type for the Shangyou
granites (Figure 8). It is noticeable that Proterozoic to Paleozoic metamorphic sandstones
are widely distributed in the southern Jiangxi region, with relatively high REE contents
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(average values 302 ppm, Wang et al., 2018 [52]), which favors the formation of REE-rich

granite in the region.
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AlyO3/(MgO + TiO; + FeOT), and (b) CaO + MgO + TiO; + FeOT vs. CaO/(MgO + TiO, + FeOT) for
Shangyou biotite granite and muscovite monzogranite (after Douce, 1999 [49]).

Although the Shangyou biotite granite and muscovite granite have the same genetic
type and similar source areas, their different geochemical properties may indicate different
petrogenesis for them. Granite is mainly formed by dehydration melting under conditions
of water unsaturation or hydrous melting due to the addition of external fluid [53,54]. The
NayO+K,0 and FeO' contents of the biotite granites are consistent with hydrous melting
due to the addition of external fluid (Figure 8a). Studies have shown that mafic rocks formed
in subduction zones have a high water content of >10%. During the processes of cooling,
rising, and the underlying process of the mafic magma, they would undergo dehydration
to form fluid, which is added to the continental crust and promotes crustal melting, thereby
leading to the formation of S-type granite [54]. There is a significant amount of hypersthene
in the samples from the Shangyou biotite granite (mostly >1.0 vol.%), and the samples
display high Fe,03T + MgO + TiO, contents (2.47-4.06 wt.%) and Mg values (30-33),
indicating that it was not from a pure crustal source [55,56] (Figure 8). In addition, it has
been reported that Shangyou intrusion has a relatively depleted Nd isotope composition
and a younger Nd two-stage model age (enqg) = —4.06-—7.00, Tpyp = 1491-1735 Ma)
compared with other Caledonian granites (eng(y = —8.64-—13.3, Tpmz = 1838-2252 Ma)
in the Nanling area [57]. Therefore, the addition of mantle material may have provided
fluid-dominated materials for the formation of Shangyou biotite granite, but the origin of
the fluid is indeed elusive at this point and needs more constraints.

Different from the Shangyou biotite granite, the muscovite granite exhibits similar geo-
chemical characteristics with those rocks derived from the dehydration melting of crustal
sources (Figure 9). Biotite, muscovite, and amphibole are the main dehydrated minerals in
such a process. The dehydration melting of amphibole usually needs temperatures higher
than 850 °C and generally forms alkaline granite [58], while the dehydration temperature
of biotite also mostly exceeds 750 °C [53]. Miller et al. (2003) [59] proved that the zirconium
saturation temperature of granite with inherited zircons can effectively reflect the melting
temperature of its source region and could represent the underestimate of their initial
temperature for these granites without inherited zircons. Collins et al. (2021) [60] also
suggest that crust-derived granites exhibit characteristics of zirconium supersaturation,
and their zirconium saturation temperature reflects the melting temperature in the source
region. Therefore, the occurrence of abundant inherited zircon cores and high Zr contents
of Shangyou muscovite granite (85.4-108 ppm) indicates that zirconium saturation tem-
perature can reflect its melting temperature. The zirconium saturation temperature of the
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Shangyou muscovite granite is 745-764 °C, which is significantly lower than the dehydra-
tion temperature of biotite and amphibole but similar to the dehydration temperature of
muscovite [53,58]. Therefore, we inferred that the generation of the Shangyou muscovite
granite is associated with muscovite dehydration in the source area.
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Figure 9. (a) Na,O/K,O vs. FeOT [61] and (b) SiO, vs. Mg# [62] diagrams for Shangyou biotite

granite and muscovite monzogranite.

5.2. The Controls of Temperature on REE Enrichment in Peraluminous Granites

The Ordovician to Devonian magmatic event in South China was proved to be trig-
gered by intracontinental orogeny in the Middle Ordovician and subsequent post-orogenic
extension in the Silurian [20,63,64]. In this period, the granitic rocks are mostly gener-
ated due to the reworking of crustal materials and are peraluminous [65]. In the post-
orogenic extension stage in Silurian, the detachment of the lithospheric mantle induced
high-temperature asthenosphere upwelling in the regional extensional setting, which pro-
vides heat for crustal melting and generation of the A-, S-, and I- type granites in this
period [66]. In addition, the shortening and thickening of the crust allow sediments such as
sandstone to enter the deep crust, which is conducive to the accumulation of heat, leading
to the melting of sediments and the formation of S-type granite [45]. Obviously, there are
relatively high-temperature conditions in the continental crust in South China during the
Silurian responsible for the generation of the Shangyou granites.

The formation temperature of granite plays an important role in its geochemical
characteristics [67]. Experimental petrological studies have confirmed that the formation
temperature of most granitic magmas is between 700 and 1100 °C [68,69]. Finger et al.
(2022) [70] defined the formation temperature of granite based on zirconium saturation
temperature, zircon Ti thermometer, and zircon structural characteristics and classified
granite into ultra-low-temperature granite (VLT: <750 °C), low-temperature granite (LT:
750-800 °C), medium-temperature granite (MT: 800-850 °C), high-temperature granite
(HT: 850-900 °C), and ultra-high-temperature granite (UHT: >900 °C). According to the
zirconium saturation temperature of the Shangyou granites, the biotite granite belongs
to medium-high temperature granite, which may be closely related to the involvement
of mantle material, while the muscovite granite belongs to low-temperature granite. It is
noticeable that the REE contents for the Shangyou granites show a positive correlation with
the formation temperature, indicating that the temperature may influence the REE contents
in the Shangyou granites (Figure 10a). In addition, in granitic systems, aluminum-rich
minerals such as aluminosilicates and garnet are insensitive to the changes in temperature,
while titanium-containing minerals such as mica and ilmenite will decompose with increas-
ing temperature, resulting in a gradual increase in TiO;, content in the melts and leading to a
negative correlation between the Al,O3/TiO; ratio and the temperature [71]. Therefore, the



Minerals 2024, 14, 1222

11 of 16

temperature of peraluminous granites can also be qualitatively limited by their Al,O3/TiO,
ratio [71]. The Al,O3/TiO, ratio of Shangyou biotite granite and Shangyou muscovite gran-
ite are different and show a significant negative correlation with REE contents (Figure 10b),
further indicating a significant difference in their formation temperature, and the REE con-
tents are related to the formation temperature for the Shangyou granites. The relationship
between the temperature condition and REE contents in granites is that the high tempera-
ture could promote the melting of REE-rich accessory minerals such as allanite, monazite,
and xenotime in the source area, thus increasing the REE contents in the melts [72,73]. It is
noticeable that these REE-rich accessory minerals are prevailing in the sediments in South
China [52], which are the magmatic source for the S-type granites, supporting the inference
that the melting of REE-rich accessory minerals in high-temperature conditions may be the
reason for REE enrichment in the Shangyou S-type granites. Furthermore, in addition to
REE contents, these REE-rich accessory minerals also contain abundant Th, and melting
of these minerals would lead to an increase in Th contents in the melts and a positive
correlation between REE contents and Th contents in the granites, which are consistent
with those observed in the Shangyou granites (Figure 10c). Thus, the high-temperature
condition promotes the melting of REE-rich accessory minerals, accounting for the REE
enrichment for the Shangyou granites.

To further constrain the relationship between the formation temperature and REE
contents in the granites, we collect global data for the peraluminous granites, which are
plotted in Figure 10. The results also show that the REE contents in these peraluminous
granites display a positive correlation with their formation temperature and Th contents,
and the rocks with high REE contents generally generate in a high-temperature condi-
tion, supporting our inference that temperature has controlled the enrichment of REE in
peraluminous granites by promoting the melting of REE-rich accessory minerals.

Previous studies have suggested different factors to account for the REE enrichment
and activation in the parent granites for the ion-adsorbing REE deposits in South China.
Studies on the parent granites in Guanxi ion-adsorbing REE deposits suggested that the
involvement of enriched mantle materials in the source area at Jurassic extensional set-
ting had contributed to the relatively high REE contents in these granites [8,74], which is
also supported by regional Hf isotope mapping [75]. Xu et al. (2017) [24] and Fan et al.
(2023) [76] suggest that subducting slab-derived REE-rich fluids contribute to the HREE
enrichment in the parent granites for Zudong ion-adsorbing REE deposit. Other studies
based on the Jurassic to Cretaceous granites from the Bachi, and Renju ion-adsorbing REE
deposits found that these granites are peraluminous, but show similar geochemical features
with those of A-type granites, which are generated in high-temperature extensional condi-
tions [26]. However, although there are different factors resulting in the REE enrichment
in some specific granites, the same feature for the parent granites that could generate the
ion-adsorption is the high-temperature extensional setting. The granites related to the
generation of ion-adsorbing REE deposits are generated in three stages. The Silurian, Late
Permian to Triassic, and Jurassic, and Cretaceous [3,66]. The Silurian granites, such as the
Shangyou biotite granite and muscovite granite are generated in the high-temperature
setting related to the post-orogenic extension, and the Jurassic to Cretaceous granites are re-
lated to the extensional setting induced by the slab-foundering and rollback and subsequent
steep subduction of the Paleo-Pacific Ocean slab [19,20]. Although the tectonic framework
during the Late Permian to Triassic in South China was controlled by the collisional events
between the South China Block and Indochina Block, and only local extensional events
occurred [51], studies have indicated that the Late Permian to Triassic peraluminous granite,
such as the Darongshan S-type granite and Shanglong peraluminous A-type granites asso-
ciated with the ion-adsorbing REE deposits [77], are also generated in the high-temperature
extensional setting, while the rocks generated in a relatively low-temperature compres-
sional setting (such as the Triassic Beitou granite) show relatively REE contents and failed
to generate ion-adsorbing deposit in its weathering profile [51]. The fact that the parent
granites for ion-adsorbing REE deposits are all generated in high-temperature extensional
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settings is consistent with our points that high temperature is the key to the REE enrichment

in the peraluminous granites.
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Figure 10. TZr (a), Al,O3/TiO, (b), and Th (c) vs. REE plots of the Shangyou biotite granite
and muscovite monzogranite and peraluminous granitoids from worldwide. The data for global
peraluminous granitoids are from Georoc: “http://georoc.mpch-mainz.gwdg.de/georoc (accessed

on 12 June 2024)”.

6. Conclusions
Shangyou granites, which are the parent rocks for ion-adsorbing REE deposits in the

Shangyou area, comprise biotite granite and muscovite granite, which are both intruded in
Silurian and belong to peraluminous S-type granite. The Shangyou biotite granite is formed
by the melting of sediment-dominated crustal members in a relatively high-temperature
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condition with the addition of mantle-derived fluid-rich materials. The source area for
the muscovite granite is only the sediment-dominated crustal member, and the generation
of it is associated with muscovite dehydration in the source area. The muscovite granite
shows lower formation temperature and lower REE contents than those of the biotite
granite; in combination with the data from global peraluminous granites, it is concluded
that REE contents in peraluminous granites show a positive correlation with their formation
temperature. There are facts that all the parent granites for ion-adsorbing REE deposits in
South China with relatively high REE contents generated in high-temperature conditions.
Therefore, we concluded that the high-temperature extensional setting is more conducive
to the formation of REE-rich peraluminous granite, which further favors the generation of
ion-adsorbing REE deposits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /min14121222/s1, Table S1: Zircon U-Pb dating for the Shangyou
granites; Table 52: Major and trace chemical composition for the Shangyou biotite granite and mus-
covite granite; Table S3: CIPW norm minerals for the Shangyou biotite granite and muscovite granite.
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