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A B S T R A C T   

Rocks and ore deposits in subduction zones can provide clues to material cycling and related subduction pro
cesses. Here we demonstrate, based upon a new data compilation from more than 240 late-Mesozoic fluorite 
deposits in southeast China that most of them can be divided into three fluorite deposit belts (FDB) with distinct 
ages and orientations. The two older inland FDB with a NE-SW orientation were formed at 165–150 Ma and 
150–130 Ma, respectively, whereas the younger coastal FDB, roughly perpendicular to the others, was generated 
at 110–70 Ma. The temporal-spatial distributions of the FDB are compatible with the subduction of the (paleo-) 
Pacific plate. We propose that the genesis of the earlier two inland FDB was due to northeastward slab rollback 
during low-angle subduction, while formation of the coastal FDB resulted mainly from high-angle northwestward 
hot/warm subduction. Large amounts of F, mainly derived from the decomposition of phengite (±apatite) in the 
subducted slabs, could be transported into the overlying crust via F-rich fluids and alkalic magmas. Subsequently, 
extensive crustal magmatism and fluid activities associated with subduction further concentrate F from the 
magmas and/or wall-rocks and facilitate fluorite mineralization. This study provides new insights into the 
interaction between the subducting (paleo-) Pacific plate and overlying eastern Eurasian continent in the late 
Mesozoic. It also highlights the potential genetic association of F transport/deposition with plate subduction that 
could be a common phenomenon in ancient and modern subduction zones.   

1. Introduction 

Plate subduction is one of the most important processes for mass 
transfer and material cycling on Earth. It not only fertilizes and alters the 
Earth’s interior, but also facilitates the nucleation and growth of the 
continental crust, which subsequently generates a large fraction of 
magmatic rocks and mineral deposits (Anderson, 1989; Tatsumi, 2005; 
Sun et al., 2012). Due to it’s large scale and slow timescales, the sub
duction process is difficult to study directly. Thus, the rocks and mineral 
deposits associated with plate subduction can be used as a tracer to 

decipher both ancient and modern plate subduction processes, which in 
turn can provide information on the subduction age, angle, and style, as 
well as the kinematics involved in subduction (Stern, 2004; Zhou et al., 
2006; Doglioni et al., 2007; Li et al., 2019; Liu et al., 2019a, 2019b). 

South China has been influenced by subduction of the (paleo-) Pa
cific plate since the Mesozoic, resulting in large scale magmatism and 
polymetallic mineralization (Zhou and Li, 2000; Zhou et al., 2006; Li 
and Li, 2007; Sun et al., 2007, 2010; Wang et al., 2011; Hu and Zhou, 
2012; Li et al., 2012; Mao et al., 2013; Ding et al., 2015; Chen et al., 
2016a; Zhao et al., 2017; Dmitrienko et al., 2018; Hong et al., 2018). The 
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consensus regarding subduction processes is that since the Cretaceous 
the northwestward subduction of the Pacific plate has dominated the 
formation of igneous rocks and mineral deposits, as well as shaped the 
present tectonic framework in South China. However, the subduction 
direction and style of the (paleo-) Pacific plate before the Cretaceous are 
still a subject of debate. This includes the different interpretations 
regarding northwestward subduction (Zhou et al., 2006; Li and Li, 2007; 
Mao et al., 2013), southwestward subduction (Sun et al., 2007; Wang 
et al., 2011; Liu et al., 2018a), westward subduction (Li et al., 2019), as 
well as low-angle subduction (Zhou and Li, 2000; Liu et al., 2019b), flat- 
slab subduction (Li and Li, 2007; Li et al., 2012), and high-angle sub
duction (Hong et al., 2018). 

Globally, fluorite deposits are widely distributed on all the conti
nents (Fig. 1). They are mostly associated with magmatic rocks with 
relatively high F contents and sometimes accompany rare or rare earth 
metal deposits (Bailey, 1977; Huang et al., 2007; Graupner et al., 2015; 
Xie et al., 2015). Although a single fluorite deposit likely can result from 
crustal non-magmatic, epigenetic, hydrothermal fluid activities (Lev
resse et al., 2003; Munoz et al., 2005; Camprubí, 2013; Pei et al., 2017; 
González-Partida et al., 2019) or from magmatic-hydrothermal fluid 
activities (Strong et al., 1984; Williams-Jones et al., 2000; Deng et al., 
2015), large-scale contemporaneous fluorite deposits distributed along a 
line or belt are usually regarded as a product of plate subduction or 
continental rifting (Alstine Van, 1976; Lamarre and Hodder, 1978). The 
circum-Pacific region hosts more than 40% of the world’s fluorite re
serves (USGS, 2019), which were mostly generated in the Mesozoic or 
Cenozoic and display apparent linear or belt arrangements approxi
mately parallel to the margins of the subduction zones (Fig. 1). It also 
suggests the link between formation of a fluorite deposit belt and plate 
subduction. 

China has over 13.5% of the known world reserve of fluorite deposits 
(USGS, 2019), most of which are located in the circum-Pacific region. 
Compared to other polymetallic deposits, however, the distribution and 
genesis of fluorite deposits in China has been poorly studied. Given that 
fluorite deposits associated with plate subduction are generally linear or 
zonal in distribution and lie roughly parallel to the margin of the 
spatially-associated subduction zone, their zonation, ages, and other 

geochemical characteristics might therefore be indicative of the sub
duction processes. In this paper, we present geographical, geological, 
and geochronological information from a new systematic data compi
lation of more than 240 late-Mesozoic fluorite deposits in southeast 
China in order to document their temporal and spatial distribution, and 
then explore a possible link between the genesis of these fluorite de
posits and the subduction process of the (paleo-) Pacific plate. This 
study, on the one hand, demonstrates that the fluorite deposits with a 
linear or belt distribution can be a useful tracer for determining the style 
of the subduction process. On the other hand, it also suggests that 
changes in the subduction style, likely involving subduction direction, 
angle, and kinetic process, have to be taken into account, especially 
when reconstructing the evolution of the moving plate and determining 
the tectonic and/or geochemical processes involved during plate 
subduction. 

2. Geological background 

Southeast China is located in the southeastern corner of the South 
China Block (SCB), which represents the merger of the Yangtze Block, 
the Cathaysia Block, and other micro-plates before the Mesozoic (Gilder 
et al., 1991; Metcalfe, 2013; Li et al., 2019). In the Mesozoic, southeast 
China underwent two important tectonic events, the early Mesozoic 
Indosinian orogeny (250–205 Ma) and the late Mesozoic Yanshanian 
orogeny (205–65 Ma). The former was related to the closure of the 
Tethys Ocean and subsequent collision between the Indochina Block and 
the SCB, while the latter was dominated by the subduction of the (paleo- 
) Pacific plate (Zhou et al., 2006; Sun et al., 2007; Ding et al., 2015). 
These two tectonic events led to the formation of Indosinian granitoids 
as well as the massive Yanshanian intrusion and associated volcanic 
rocks, with a total outcrop area of ~218,000 km2 (Zhou et al., 2006). 
The Yanshanian volcanic rocks are mainly exposed in coastal areas, 
while the intrusive rocks are mostly distributed in the interior of 
southeast China, with systematically decreasing ages towards the coast 
(Zhou and Li, 2000). The two events shaped the modern basin and range 
tectonic framework as well as a series of thrusts and ductile shear zones 
in southeast China (Li and Li, 2007; Shu et al., 2009; Dmitrienko et al., 

Fig. 1. The temporal and spatial distribution of fluorite deposits in the world showing that most of the fluorite deposits are located in the ancient or modern plate 
margin. The data are from the IMA Database of Mineral Properties (http://rruff.info/ima/). 
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2018; Li et al., 2019). 
There are four large, deep fault zones distributed across the SCB, i.e. 

the Changle-Nanao Fault (CNF), the Zhenghe-Dapu Fault (ZDF), the 
Ganjiang Fault (GF), and the Shaoxing-Jiangshan-Pingxiang Fault 
(SJPF). The SJPF is considered to be the suture between the Yangtze 
Block and the Cathaysia Block (Gilder et al., 1991), and separates the 
Jiangnan Neoproterozoic orogen from the Wuyishan early Paleozoic 
orogen (Shu et al., 2009). The ZDF marks the approximate divide be
tween the Wuyishan orogen and the late Mesozoic volcanic-sedimentary 
basins in the coastal area. The GF separates the late Mesozoic volcanic- 
sedimentary basins from the late Mesozoic non-volcanic basins. Lastly, 
the CNF is a sinistral ductile shear zone that formed in the early Creta
ceous likely due to subduction of the paleo-Pacific plate (Shu et al., 
2009). 

3. Geology and distribution of late-Mesozoic fluorite deposits 

3.1. Geographical and geological characteristics 

Southeast China, particularly Zhejiang, Fujian, Jiangxi, Hunan, 
Guangdong, and Guangxi provinces, is located in the western circum- 
Pacific region. Geographical and geological information from pub
lished literature for more than 240 late-Mesozoic fluorite deposits and 
related rocks in southeast China were collected and compiled in this 
study (Table S1). 

The fluorite deposits are unevenly distributed in the six provinces of 
southeast China. Zhejiang contains 120 fluorite deposits, including 42 
large (≥1Mt) and 77 medium (>0.2 Mt, <1 Mt) or small (<0.2 Mt) 
deposits, such as the Tawu and Gengcun fluorite deposits. These deposits 
spread from the west and central to the south of Zhejiang. Fujian has 41 
fluorite deposits, comprising 8 large and 33 medium or small, most of 
which are located in the Wuyi Mountain of western Fujian and less in 
central Fujian. The Changkou and Shangxiakong fluorite deposits are 
hereby considered to be the most representative ones in the province. In 
Jiangxi, 57 fluorite deposits are mainly distributed in Xingguo, Longnan, 
and Huichang counties, including 12 large and 45 medium or small 
deposits, such as Junmenling and Shuiweishan. In contrast, Hunan, 
Guangdong, and Guangxi provinces contribute fewer but much higher 
reserves of fluorite than other provinces. Hunan has 14 fluorite deposits 
(8 large and 6 medium or small), which occur mainly in Chenzhou and 
Hengyang in southern Hunan. The Shuangjiangkou and Tangqian de
posits are considered to be the most representative among them. Six 
large and 4 medium or small fluorite deposits are located in eastern and 
northern Guangdong, such as the Jingkanshan and Zhongdong deposits. 
Only 5 late-Mesozoic fluorite deposits are found in Guangxi, most of 
which are distributed in Ziyuan county, North Guangxi, such as the 
Shuanghuajiang and Jiaozishui deposits. 

The fluorite deposits in Southeast China display comparable 
geological characteristics and are mostly associated with intrusive and 
volcanic rocks that are widely distributed in the foreland or passive 
marginal basin of the Yangtze block as well as the Wuyi-Yunkai and 
Nanling orogens (Chen et al., 1991; Ling et al., 1999; Qiu et al., 1999; Li 
et al., 2003; Wang et al., 2005a, 2005b, 2011; Fang et al., 2020). The 
fluorite deposits in the basins of central Zhejiang and Jiangxi formed in 
or adjacent to late-Mesozoic felsic volcanic rocks and granitoids 
(Table S1). These rocks usually overlie the Precambrian folded basement 
and are partially covered by younger sedimentary rocks or sediments (Li 
and Wang, 1996; Han et al., 2012). The deposits consist mainly of 
fluorite and quartz and occur within fracture zones with veined, 
massive, and lamellar textures (Wang et al., 2014). The distribution of 
the deposits is controlled by regional NE- or NW-strike faults (Chen and 
Qiu, 2013). Previous studies demonstrated that most of these fluorite 
deposits were formed after leaching from wall rocks by low-temperature 
hydrothermal fluids, in which felsic magmas supplied the heat and a 
portion of the ore-forming materials (Cao, 1995; Liu et al., 2012). 
However, a few other fluorite deposits have been proposed to be derived 

from metamorphic volcanic or sedimentary rocks in the basement, un
related to any magmatic activities (Xia et al., 2010; Han et al., 2012). 
Their genesis is similar to those of carbonate-hosted Pb-Zn ore deposits 
or MVT Pb-Zn-F-Ba deposits (González-Sánchez et al., 2009; Zhang 
et al., 2019, 2020). 

The fluorite deposits in the Wuyi-Yunkai orogen spread over south
ern Zhejiang, eastern Jiangxi, western Fujian, and Guangdong provinces 
while those in the Nanling orogen are distributed through northern 
Guangxi, southern Hunan, northern Guangdong to the southern Jiangxi. 
These deposits are commonly hosted by Mesozoic granitoids, such as 
Mesozoic highly-evolved granites and alkaline rocks (e.g., A-type 
granites and syenites), in addition to a few subvolcanic rocks, Jurassic 
tuffs, and Precambrian metamorphic and sedimentary rocks (Table S1) 
(Wang et al., 2005a, 2014; Chen et al., 2016b). The mineral deposits, 
especially in the Nanling orogen, are veined or lenticular, generally 
accompanied by another metallic mineralization (Wang et al., 1987, 
2014; Lu et al., 2003; Yuan et al., 2008, 2015; Zhang and Hu, 2012; Zhu 
et al., 2012), such as the Shizhuyuan W-Sn-Bi-Mo-F association (Wang 
et al., 1987; Lu et al., 2003), the Qitianling Sn-W-Pb-Zn-F association 
(Yuan et al., 2008; Xie et al., 2015), the Xihuashan Scheelite-fluorite and 
quartz-fluorite associations (Maruéjol et al., 1990), and the Taolin Pb- 
Zn-fluorite-barite association (Zhang and Hu, 2012). It has been pro
posed that the fluorite deposits in the orogens are genetically associated 
with the nearby Mesozoic magmatic rocks, most of which supply a large 
amount of ore-forming material (Cao, 1987; Li and Wang, 1996; Wang 
et al., 2005a, 2005b, 2014). For example, in the Nanling orogen, Xie 
et al. (2015) demonstrated that Sn-Ti-F mineralization in the Qitianling 
District was derived from highly-evolved topaz rhyolites. The giant 
Shizhuyuan fluorite deposit and associated W-Sn-Bi-Mo mineralization 
is also believed to have a close relationship with 155–158 Ma highly- 
evolved granites (Lu et al., 2003). 

3.2. Temporal and spatial distribution of fluorite deposits 

Age dating of fluorite mineralization currently consists of direct and 
indirect methods. Direct dating of fluorite has been carried out by means 
of Sm-Nd isochron, fission-track, and U-Th/He radiometric or isotopic 
methods (Li and Jiang, 1989; Chesley and Liu, 1992; Munoz et al., 2005; 
Pi et al., 2005). Indirect dating provides an estimation on the age of 
fluorite mineralization by determining the formation age of minerals 
associated with fluorite, such as molybdenite Re-Os isochron ages (Mao 
et al., 1999), mica or galena Rb-Sr isochron ages (Li et al., 1998), K- 
feldspar 40Ar/39Ar ages (Cheilletz et al., 2010), zircon U-Pb dating (Zhu 
et al., 2006), thermally activated electron spin resonance (ESR) dating 
for quartz (Zou et al., 2016), and K-Ar dating for micas or whole rocks 
(Zhang, 1995; Wang et al., 2014). In this study, we have applied an 
integrated approach to determine the mineralization age of fluorite 
deposits using the data collected from previous studies. The approaches 
that were applied are as follows: (1) A consistent result from multiple 
dating methods is preferred. For instance, the Huangshaping deposit 
displays a consistent dating result from Re-Os isochron for coexisting 
molybdenite (~155.3 to 162.7 Ma) and U-Pb ages for zircon (152 ± 3 
Ma) (Lei et al., 2010; Zhu et al., 2012). (2) We favored direct dating 
results to indirect ones when they are not mutually consistent. For 
instance, the Yutoushan deposit in Zhejiang was determined to form at 
81.70 to 87.75 Ma through fluorite fission-track dating and 85 ± 3.5 Ma 
by fluorite Sm-Nd isochron dating; however, the zircon and mica in the 
hosted granitic and volcanic rocks determine the U-Pb age of 100.3 ±
0.6 Ma and Ar-Ar age of 160.82 ± 1.68 Ma, respectively (Zhang, 1995; 
Liu et al., 2014; Wang et al., 2014). In this case, the direct dating results 
are consistent with the mineralization ages of fluorite deposits nearby, 
including a fluorite Sm-Nd age of 90 ± 12 Ma for the Yangjia deposit, a 
valencianite K-Ar age of 79.5 Ma for the Wuzhai deposit, and a fluorite 
Sm-Nd age of 85.8 ± 3.8 Ma for the Houshu deposit (Han et al., 1991; Li 
and Wang, 1996; Wang et al., 2014). Thus, we chose the direct dating 
result as its mineralization age for the Yutoushan deposit. (3) when 
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direct fluorite dating was absent we selected dating results from coex
isting minerals with fluorite, taking the regional mineralization age into 
consideration. The Lutang deposit in Zhejiang, for example, has only an 
indirect dating result of 85.6 Ma determined by K-Ar dating for coex
isting biotite (Li and Wang, 1996), which is consistent with the age of 
regional fluorite mineralization. Therefore this indirect age can be 
reliably used to determine the hydrothermal activity and mineralization 
for the Lutang deposit. 

Compiled geochronological data, which are provided in Table S1, 
show that the mineralization ages of the fluorite deposits from southeast 
China fall mainly into three major epochs: 165–150 Ma (Epoch I), 
150–130 Ma (Epoch II), and ~110–70 Ma (Epoch III) (Fig. 2a). Relative 
to the fluorite deposits, the host or wall rocks that are closely associated 
with fluorite deposits show older ages (Fig. 2b). The magmatic rocks 
related to Epoch III fluorite deposits display a broad formation age range 
between ~140 and 100 Ma, with a peak at 130–120 Ma, which is 20–50 
Myrs earlier than those of the Epoch III fluorite deposits. Because most of 
the Epoch III fluorite deposits existing as a quartz-fluorite association are 
genetically related to the host felsic intrusive or volcanic rocks (Gu, 
2013; Wang et al., 2014; Liu, 2015), they could be formed either at the 
late magmatic-hydrothermal stage or at the epithermal stage that is 
unrelated to magma activity, as discussed below in detail. Compara
tively, the magmatic rocks associated with the Epoch I and II fluorite 
deposits show much smaller formation age differences with the corre
sponding fluorite deposits. This might be because, except for a few vein 
filling styles, fluorite deposits from Epochs I and II are generally 
accompanied by other metallic mineralization, typical of magmatic- 
hydrothermal systems. This implies that fluorite crystallization would 
mainly happen at the magmatic-hydrothermal stage, slightly later than 
the zircon crystallization of the magmatic stage. 

Spatially, most fluorite deposits formed in the three epochs can be 
roughly divided into three belts (Fig. 3). Epoch I fluorite deposits are 
mainly distributed in the Nanling orogen, stretching across ~700 km 
from the northern Guangxi and southern Hunan provinces into the 
northern Guangdong and southern Jiangxi provinces. Representative 
Epoch I fluorite deposits include the Shizhuyuan, Xianghuapu, and 
Huangshaping deposits (Zhang et al., 2012; Zhu et al., 2012; Wang et al., 
2014). Most of these fluorite deposits are accompanied by other metallic 
mineralization, but a few occur as hydrothermal veins with a quartz- 
fluorite association. Significantly, most of these deposits constitute a 

middle-Jurassic fluorite deposit belt (FDB), i.e., FDB I. Epoch II fluorite 
deposits occur mostly in the southeastern Hunan, southeastern Jiangxi, 
and eastern Fujian provinces, and form a late-Jurassic fluorite deposit 
belt (FDB II), as represented by the Gaoming, Tangqian, and Chenggang 
fluorite deposits (Yang, 1989; Xiao, 1992; Hou and Yang, 2016). The 
FDB II shows a NW-SE orientation, parallell to the FDB I, but is sys
tematically younger (Fig. 3). The mineralization ages of fluorite deposits 
and the younger trend from the FDB I to II are roughly consistent with 
those of late-Mesozoic granitoids and W-Sn polymetallic deposits in the 
same areas (Hu and Zhou, 2012; Sun et al., 2012; Mao et al., 2013). 
Approximately half of the fluorite deposits in southeast China were 
formed during Epoch III. These deposits extend for ~1000 km over the 
southern Zhejiang, western Fujian, eastern Jiangxi, and northeastern 
Guangdong provinces, with an obvious NE-SW trend, and form a 
Cretaceous fluorite deposit belt (FDB III; Fig. 3). The Yangjia, Hushan, 
Houshu, and Bamianshan fluorite deposits are representative (Yuan 
et al., 1979; Han and Zhang, 1985; Li and Jiang, 1989, 1992; Li and 
Wang, 1996; Li et al., 1998; Ma et al., 2000; Wang et al., 2014; Ye, 
2014). FDB III peaked much later (90–70 Ma) than FDB I and II (Fig. 2a) 
and is approximately synchronous with the Cu-Mo mineralization belt 
near the present coast (Zhong et al., 2017; Liu et al., 2018b). 

FDB I and II are considerably less exposed and zoned than FDB III. 
This likely reflects the fact that the older fluorite deposits are not as well 
preserved due to long-term denudation and alteration. Since the late- 
Triassic, South China has been dominated mainly by an extensional 
regime (Zhou et al., 2006; Li and Li, 2007), such that the crust has been 
largely eroded and massive granitoids that have been emplaced ~10 km 
below the surface have been exposed. Large-scale, late-Jurassic tectonic 
activities most likely contributed to the denudation of fluorite deposits 
in South China. In contrast to the older FDB I and II, the most recent 
fluorite deposits of FDB III along the coast have undergone less uplift and 
erosion and are thus better preserved. 

4. Discussion 

4.1. The origin and concentration processes of fluorine in subduction 
zones 

Given that fluorite comprises CaF2, calcium is likely derived from 
common silicate minerals widespread existing in the crust (Zhang, 1995; 
Wang et al., 2014), the fluorine’s origin is thus a key problem for 
deciphering the genesis of a fluorite deposit. There are three known 
potential origins for F enrichment in the continental crust. First, fluorine 
could be transported by F-bearing fluids (e.g., supercritical fluids (SCF), 
gas, or magmas) into the continental crust from the deep Earth. Lamarre 
and Hodder (1978) proposed that F can be concentrated in alkalic 
magmas derived by the partial melting of phlogopite-bearing mantle 
rocks, and be transported upwards by alkalic magmas and the accom
panying vapor phases, such as SiF4 or HF. Second, magma differentia
tion can result in a gradual concentration of F in silicate melts (Chen 
et al., 2018). When F in a highly-evolved melt is sufficiently concen
trated, it could be incorporated into the equilibrated magmatic fluids 
(Carroll and Webster, 1994), forming F-rich fluids with up to 5 wt% F 
(Bailey, 1977). Finally, F-bearing sedimentary or metamorphic rocks, 
which either originated from F-rich magmatic parental rocks or were 
previously altered by F-rich fluids, can supply large amounts of F 
through the interactions with various high-temperature hydrothermal 
fluids or low-temperature aqueous fluids, through hydrothermal alter
ation, weathering, and leaching. In this regard, regional-scale fractures 
could provide pathways for large-scale water–rock interactions. As a 
consequence, F-rich igneous provinces in America have been found to 
correlate well with increased F levels in water supply and the distribu
tion of fluorite deposits (Bailey, 1977). Furthermore, the F-rich basinal 
brines derived by leaching of shallow, low-temperature aqueous fluids 
from the associated magmatic rocks also facilitate the formation of 
Mississippi Valley-type fluorite deposits in Mexico (González-Sánchez 

Fig. 2. The age distribution of late-Mesozoic fluorite deposits (a) and associ
ated magmatic rocks (b) in southeast China collected in this study. 
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et al., 2009; Camprubí, 2013; González-Partida et al., 2019). 
Forearc magmas are usually low in F, and thus most of the F (95%) in 

the subducting slab is retained in the slab and taken deeper into the 
mantle during subduction (Straub and Layne, 2003). Fluorine can sub
stitute OH− and be easily incorporated into OH-bearing minerals (Aoki 
et al., 1981). Following this rationale, when the subducted slab reaches 
the eclogite facies, most F is hosted in serpentine, apatite, and particu
larly in phengite and lawsonite (Philippot et al., 1995; Pagé et al., 2016). 
Serpentine is unstable at temperatures over 700 ◦C, and lawsonite 

decomposes at temperatures between 700 ◦C and 800 ◦C, whereas 
phengite and apatite break down at temperatures between 900 ◦C and 
1300 ◦C, depending on the pressure (Fig. 4a). As a result, cold plate 
subduction can cause the decomposition of serpentine and lawsonite, 
while hot plate subduction or slab rollback can result in the breakdown 
of all F-bearing minerals, including apatite and phengite (Fig. 4a). In a 
cold subduction scenario, only at subduction depths up to 300 km would 
F-bearing minerals break down to generate the F-rich SCF (Fig. 4b). 
Therefore, some F-rich regions could be located quite distally from a 

Fig. 3. Sketched maps for (a) southeast China 
located in the circum-Pacific region, and (b) the 
temporal and spatial distribution of late-Mesozoic 
fluorite deposits, as well as granitoids (Zhou et al., 
2006), in southeast China. Late-Mesozoic fluorite 
deposits are not spatially correlated with the four 
large abyssal faults, and show systematically 
decreasing ages towards the coast, similar to the 
granitoids (Zhou et al., 2006), the volcanic rocks 
(Zhou and Li, 2000), and the metallic ore deposits 
(Wang et al., 2011; Mao et al., 2013; Zhong et al., 
2017; Liu et al., 2018b). Most of them can be divided 
into three fluorite deposit belts with different 
mineralization ages and distribution orientation. The 
largest size of the fluorite deposit spots stand for the 
largest deposit whose reserve is more than 1 million 
tons, and the smallest one for the smallest reserve 
<0.2 million tons, while medium-size spots are in 
between.   

Fig. 4. P-T stability fields for F-bearing minerals (a) and a diagrammatic sketch of different subduction models associated with the release of F-rich fluids and the 
formation of the magmatic arc (b). (a) The stability fields for amphibole, chlorite, chloritoid, serpentine, phengite and lawsonite are modified from Jiang et al. (2018) 
and Schmidt and Poli (2014), and the apatite from Konzett et al. (2011). The phengite-out lines with respect to temperature denote the likely location of phengite 
decomposition in H2O-saturated systems (MORB) and in fluid-absent systems (pelite), respectively (Schmidt and Poli, 2014). (b) In the cold subduction zone F- 
bearing mineral dehydration produces F-rich supercritical fluids only at subduction depths of up to 300 km, whereas F-bearing mineral-dominated decomposition 
likely occurs at shallower depths during hot subduction or slab rollback, allowing for F-rich fluids to be easily generated. During flat-slab subduction in particular, F- 
rich fluids cannot be released because of low temperature and a too shallow subduction depth. When slab rollback subsequently happens, the surface of the subducted 
slab is heated up to ~1300 ◦C by the hot asthenospheric counterflow, resulting in F-bearing mineral decomposition and formation of the F-rich fluids. 
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given magmatic arc and plate boundary, even in areas of high-angle 
subduction (Fig. 4b). It is noteworthy that the release of F resulting 
from serpentine and lawsonite breakdown during cold subduction 
would be expected to cause a broad crustal dispersion of F as a result of 
the long distance that F-bearing magmas and SCF would have to cross 
between the descending slab and upper crust. In such a case, a belt of 
fluorite deposits would not be easily generated. In contrast, at shallower 
depths and in association with relatively high-temperature processes, 
such as hot subduction, as well as flat subduction and the consequent 
rollback, could easily cause F-bearing minerals to break down, resulting 
in the F-rich SCF and related magmas (Fig. 4). In these two subduction 
models, heat-induced dehydration of the subducted slab that involved 
all F-bearing minerals could easily produce F-rich SCF. Moreover, 
shallow subduction could facilitate the transport of F from the sub
ducting slab to the crust (Fig. 4b). Therefore, both models of hot sub
duction and slab rollback could contribute to the massive F flux and the 
formation of the FDB in subduction zones. 

The transport of F from the subducting slab to the overlying crust 
could have involved a series of complex magmatic and hydrothermal 
processes. High temperatures associated with hot subduction or slab 
rollback would cause dehydration of F-bearing minerals in the sub
ducting plate, thus allowing for the subsequent formation of the F-rich 
SCF (Fig. 5a). The overriding mantle peridotite would be metasomatised 
by the F-rich SCF resulting in a phlogopite-rich source. Subsequent 
melting of this source would have generated K- and F-rich alkalic 
magmas (Lamarre and Hodder, 1978; Zou et al., 2003; Sun et al., 2013; 
Jiang et al., 2018). The alkalic magma would have either risen up to heat 
the crust generating calc-alkalic magmas or else evolved into new calc- 
alkalic and younger F-bearing alkalic magmas (Fig. 5b). During this 
process, the F-rich hydrothermal fluids would have been differentiated 
from the evolved calc-alkalic or alkalic magmas (Carroll and Webster, 
1994; Chen et al., 2018) and fluxed into the continental crust, accom
panied by the upwelling of F-bearing magma, facilitating F transport 
from the subducted slab to the surface (Fig. 5b). In this regard, 
subduction-driven magmatism and associated F-rich fluid activities, as 
well as subsequent metasomatism in the shallow crust could further F 
cycling and concentration. 

In certain circumstances, F-poor fluids might extract and concentrate 
fluorine by leaching from F-rich wall-rocks. These F-poor fluids might 
originate from dehydration of the subducting slab not involving F- 
bearing minerals (e.g., serpentine, apatite, phengite, and lawsonite) 
(Schmidt and Poli, 2014), from the exsolution of subduction-associated 
low-F felsic magmas (Anderson, 1989; Chen et al., 2018), or crustal non- 

magmatic, epigenetic fluid activities along shallow fractures that are 
controlled by plate subduction (Levresse et al., 2003; Munoz et al., 2005; 
Camprubí, 2013; Pei et al., 2017; González-Partida et al., 2019). It is 
evident that concentrating F from F-poor fluids is much difficult than 
from the F-rich ones, likely resulting in a lower possibility of F miner
alization. Moreover, due to the influence of plate subduction, the dis
tribution of these F-poor fluid activities and associated F enrichment 
would have a linear arrangement parallel to the plate boundary 
(Anderson, 1989). 

Fluorine can combine with a great variety of elements to form sol
uble complexes in the SCF, hydrothermal or aqueous fluids, e.g., CaF2, 
Na2CaF4, Ca2Cl3F, REEF3, SiF4, NaAlF4, KBeF3, [AlF2(H2O)4]+, [SiF6]2− , 
[Sn(OH,F)6]2− , [Ti(OH,F)6]2− , [Zr(OH,F)6]2− , [(Nb,Ta)(OH,F)7]2− , etc. 
(Bailey, 1977; Lamarre and Hodder, 1978; Wang and Chou, 1987; Wang 
et al., 1993; Williams-Jones et al., 2000; Damdinova and Reyf, 2008; He 
et al., 2015b, 2015a; Yan et al., 2020). These complexes can migrate 
upwards in the crust and can hydrolyze to form fluorite and accompa
nying minerals due to the changes in environmental conditions (Dam
dinova and Reyf, 2008; Ding et al., 2018) or a reduction in the F activity 
(Williams-Jones et al., 2000). For example, F-rich fluids that contain F- 
bearing complexes react with Ca-bearing end members (e.g., carbonate 
and Ca-bearing fluids), resulting in a reduction of the F activity, and thus 
the formation of fluorite and accompanying minerals (Lamarre and 
Hodder, 1978; González-Sánchez et al., 2009). In addition, in the fluids 
containing CaF2-bearing complexes (e.g., CaF2, Na2CaF4, Ca2Cl3F), CaF2 
solubility or CaF2-bearing complex’s stability will decrease when tem
perature declines or pH rises (Damdinova and Reyf, 2008; Zhang et al., 
2017b). This process can readily cause fluorite deposition. 

4.2. The link between formation of the fluorite deposit belts in southeast 
China and plate subduction 

Although a single fluorite deposit can be derived by hydrothermal 
activity through large-scale fluid circulation, most likely controlled by a 
series of shallow fractures or faults (Han et al., 1992; Munoz et al., 
2005), the three large FDB that extend for over 700 km in southeast 
China are unlikely to have been formed by such activity. If the rising 
channel of ore-forming fluids is controlled by large deep faults, the 
fluorite deposits will distribute along those large deep faults. However, 
the three large FDB in southeast China are not spatially correlated with 
large deep faults, e.g., the CNF, the ZDF, the GF, and the SJPF (Fig. 3). 
Therefore, fault-controlled fluid activity is not the primary cause of FDB 
in southeast China. 

Subduction zones and continental rifts have long been proposed as 
two first-order tectonic settings responsible for forming the large FDB 
(Alstine Van, 1976; Lamarre and Hodder, 1978). Since the Mesozoic, 
tectonic evolution of South China has been successively dominated by 
the subduction of the Tethys and (paleo-) Pacific plates, suggesting that 
a continental rift setting is unlikely (Li and Li, 2007; Shu et al., 2009; 
Dmitrienko et al., 2018; Li et al., 2019). Moreover, as mentioned above, 
most of the fluorite deposits from the three FDB in southeast China are 
closely associated with Mesozoic felsic or alkalic magmatic rocks (Lu 
et al., 2003; Li et al., 2012, 2015; Zhao et al., 2016; Hu et al., 2017). 
These magmatic rocks have long been considered to be the product of 
(paleo-) Pacific plate subduction (Zhou and Li, 2000; Zhou et al., 2006; 
Li and Li, 2007). Massive F fluxes and formation of the FDB in southeast 
China were most likely associated with plate subduction and related 
magmatic and hydrothermal processes. 

It is known that subducted slab-releasing SCF can lower the solidus 
curve of rocks in the mantle and the crust to produce more or less lin
early shaped magmatic arcs (Anderson, 1989; Tatsumi, 2005). In such a 
scenario, subduction-derived fluids, i.e., slab-releasing SCF, subduction- 
related magma-derived hydrothermal fluids, or fault-controlled shallow 
low-temperature fluids, could easily leach and extract F from the crust to 
generate a linear FDB along with the contemporaneous magmatic arcs, if 
the crustal rocks were rich enough in F. However, the FDB in southeast 

Fig. 5. A revised model for the genesis of subduction-related fluorite deposits 
(a) and the transport of massive F via F-rich fluids and alkalic magmas (b), 
modified from Lamarre and Hodder (1978) and Zhou and Li (2000), not 
to scale. 
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China do not correlate well in space with subduction-induced volcanic 
arcs (Fig. 3). FDB I and II are located in an intraplate setting, whereas 
FDB III occurs mostly in the back-arc except for deposits in central 
Zhejiang that are situated within the main arc (Fig. 3). This suggests that 
the formation of most of the FDB in southeast China was genetically 
associated with subduction-derived F-rich SCF as well as back-arc 
magmas and exsolved hydrothermal fluids, instead of subduction- 
derived sub-arc fluids and related arc magmatism. This could also 
explain the small formation age gaps between the FDB I and II and their 
associated magmatic rocks (Fig. 2). Furthermore, given the larger and 
broader age gap (20–50 Myrs) between the deposits of FDB III and the 
associated magmatic rocks (Fig. 2), some fluorite deposits from FDB III, 
especially in central Zhejiang, likely originated from the prolonged 
interaction between the subduction-derived F-poor fluids (e.g., slab- 
releasing sub-arc SCF, arc magma-derived hydrothermal fluids, fault- 
controlled shallow low-temperature fluids) and the wall-rocks that 
fluids have passed through. As discussed above, these F-poor fluids 
would take longer to concentrate F from the wall-rocks and the forma
tion of fault-controlled shallow low-temperature fluids, would occur 
much later than the slab-releasing sub-arc fluids and associated arc 
magma and hydrothermal fluids. 

4.3. Subduction style of the (paleo-) Pacific plate in the late Mesozoic 

From the perspective of the FDB, southeast China appears to have 
been dominated by subduction of the (paleo-) Pacific plate since the 
Jurassic. The FDB III in southeast China displays an obvious NE-SW 
trend (Fig. 3), suggesting northwestward subduction of the Pacific 
plate during the Cretaceous. This is consistent with the general 
consensus about the matter (Zhou and Li, 2000; Zhou et al., 2006; Li and 
Li, 2007). Since the Mesozoic, southeast China has interacted succes
sively with three (paleo-) Pacific plates, i.e., the Farallon, Izanagi, and 
Pacific plates (Maruyama et al., 1997; Li et al., 2019). In the early 
Jurassic, the ridge between the Farallon and the Izanagi plates drifted 
northwards to North China (Maruyama et al., 1997), whereas the ridge 
between the Izanagi and Pacific plates possibly reached the position of 
the Lower Yangtze River in eastern China during the early Cretaceous 
(Maruyama et al., 1997; Sun et al., 2007), resulting in ridge subduction 
under the Lower Yangtze River Metallogenic belt (Ling et al., 2009). This 
implies that in the early Cretaceous, southeast China was likely influ
enced by northwestward hot subduction of a young and hot Pacific 
plate. Because the FDB III does not overlap with the Cretaceous volcanic 
arcs, but both are close to the plate boundary, the subduction angle was 
probably relatively high (Tatsumi, 1986; Xu et al., 2003; Cao et al., 
2011; Arai et al., 2017). Relatively high-angle hot subduction of the 
Pacific plate could have resulted in sub-arc F-poor fluid activities and 
volcanic magmatism as well as back-arc F-rich fluid activities and 
related magmatism. It then triggered the interaction between the 
shallow low-temperature hydrothermal fluids and F-rich wall-rocks, 
coupled with subsequent back-arc F-rich fluid release and magmatism 
(Fig. 5a). Therefore, northwestward high-angle subduction of the Pacific 
plate would likely explain the FDB III distribution and its spatial asso
ciation with the Cretaceous magmatic arc in southeast China (Fig. 6). 

In contrast, the NW-SE trend distribution of FDB I and II suggest that 
southeast China was not dominated by the northwestward subduction of 
(paleo-) Pacific plate before the Cretaceous. Instead, their formation can 
be explained by rollback of the (paleo-) Pacific plate or northeastward 
subduction of the Neo-Tethys plate. There are two major reasons to rule 
out Neo-Tethys subduction. Firstly, the suture zone of the Neo-Tethys 
plate subduction is believed to be located southwest of Baoshan- 
Sibumasu and the South China Sea (Royden et al., 2008; Seton et al., 
2012; Metcalfe, 2013), which is far away from the Nanling orogen. 
Although Zhang et al. (2017a) has proposed that Neo-Tethys ridge 
subduction led to the formation of Shilu adakitic rocks and Cu-Mo 
mineralization in southern Guangdong, the influence of Neo-Tethys 
subduction has not been documented to spread to the northern 

Guangdong region, or even to the Nanling orogen. Secondly, the 
northeastward subduction of the Neo-Tethys plate cannot explain why 
the formation age of the FDB II is younger than that of the FDB I, 
although the subduction and subsequent northeastward rollback of the 
(paleo-) Pacific plate could explain this. 

A model of flat-slab subduction and subsequent rollback could 
reasonably explain the temporal-spatial distribution of the FDB I and II 
(Fig. 6). The subduction of the (paleo-) Pacific plate would have initiated 
as very low angle subduction during the Jurassic. The subducted slab 
could extend to the Nanling orogen, and be followed by northeastward 
slab rollback in the mid-Jurassic (Li et al., 2012; Zeng et al., 2016). 
During slab rollback, the subducted slab would have been heated up 
dramatically by the counterflow of the asthenospheric mantle. This, in 
turn, would have caused the breakdown of all F-bearing minerals, thus 
releasing F-rich SCF. Most of these fluids would have been channelized 
upwards near the hinge of the slab due to the opening of space and 
counterflow triggered by slab rollback (Fig. 6). Partial melting of mantle 
rocks altered by the F-rich SCF could have produced alkalic magmas 
(Lamarre and Hodder, 1978). Fluorine was thus transported into the 
crust via F-rich SCF and alkalic magmas (Fig. 5b). The presence of F in 
the magma can significantly lower the solidus temperature of a granitic 
magma allowing for the formation of the highly-evolved F-rich granites 
widely distributed throughout southeast China. We propose that slab 
rollback experienced two stages, with two hinges as illustrated in Fig. 6. 
The first slab rollback would have commenced at ~165 Ma, with the 
hinge located across the Nanling region, forming FDB I. A second slab 
rollback would have then followed at ~150 Ma. This resulted in the 
formation of the FDB II, which is roughly parallel to the FDB I (Fig. 3b). 

Fig. 6. Sketch maps showing the genesis of three fluorite deposit belts in 
southeast China and changes in the subduction style of the (paleo-) Pacific plate 
in the late Mesozoic, not to scale. The slab rollback experienced two stages. The 
first slab rollback commenced at ~165 Ma, with the hinge near the FDB I. The 
second slab rollback started at ~150 Ma, forming the FDB II. 
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4.4. Transition of subduction of the (paleo-) Pacific plate 

As discussed above, the high-angle northwestward hot subduction of 
the Pacific plate could have contributed to the formation of the FDB III. 
In contrast, the possible possibleflat-slab subduction and subsequent 
northeastward rollback of the (paleo-) Pacific plate would have been 
responsible for forming the FDB I and II. However, this raises the 
question: how did one subduction style shift into the other during the 
early Cretaceous? 

The potential change in the subduction direction of the (paleo-) 
Pacific plate beneath the Eurasian continent is consistent with the 
drifting history of the Pacific plate (Fig. 7). Based on island chain ages in 
the Pacific Ocean, Sun et al. (2007) proposed an abrupt change from 
southwestward to northwestward in the drifting direction of the Pacific 
plate at 120–125 Ma. This resulted in a significant tectonic shift in 
eastern China from extension to transpression, which induced a series of 
magmatic and gold metallogenic events. If the distribution of three 
fluorite deposit belts were indeed controlled by the subduction of the 
Pacific plate, it is very likely that their arrangement reflects a major 
change in the subduction direction of the subducted Pacific plate during 
the early Cretaceous. Significantly, two-stage slab rollback in the late 
Jurassic would have caused high-angle subduction (Fig. 6). Given the 
low viscosity on the hinge of a high angle rolling slab or imbalance- 
rollback induced slab tear (Stegman et al., 2006), slab breakoff ulti
mately occurred (Zeng et al., 2016; Li et al., 2019), which would have 
reduced the slab pull. This would have resulted in a re-adjustment of the 
subduction style and/or facilitation of subduction direction change 
driven by external forces. It has been proposed that the eruption of the 
Ontong Java large igneous province in the northwestern Pacific Ocean 
may have played a crucial role in the change of the drift direction of the 
Pacific plate by ~80◦ from southwestward to northwestward at 
~120–125 Ma (Sun et al., 2007). 

Alternatively, the disparate subduction styles that occurred during 
the late Mesozoic could stem from two different (paleo-) Pacific plates. 
The Izanagi plate and the Pacific plate interacted successively with 
southeast China in the Mesozoic (Maruyama et al., 1997; Ling et al., 
2009; Li et al., 2019). Although the drifting route of the Izanagi plate 
and the exact time of interaction with southeast China have not been 
well defined, the tectonic evolution of southeast China was likely 
controlled by the Izanagi plate subduction in the late Jurassic, and by 
the Pacific plate subduction in the Cretaceous (Sun et al., 2007; Li et al., 
2013). It is possible that FDB I and II in southeast China were derived 
from the subduction and northeastward rollback of the Izanagi plate, 
and that the FDB III was derived by the northwestward subduction of the 
Pacific plate. The northward movement of the spreading ridge between 
the Izanagi and Pacific plates (Maruyama et al., 1997), as well as the 
eruption of the Ontong Java large igneous province (Sun et al., 2007), 
would have facilitated the transition of subduction in the late Mesozoic. 

No matter the type of oceanic plate subduction, the formation of the 
three FDB and their spatial and temporal distribution tells us that the 
plate subduction processes were complicated, and most likely accom
panied by changes in subduction style, such as subduction direction, 
angle, and kinetic process. This is particularly useful in reconstructing 
the evolution of some oceanic or continental plates and examining the 
precise processes behind plate subduction. 

5. Conclusions 

Three late-Mesozoic fluorite deposit belts with distinct ages and 
orientations can be distinguished in southeast China. The FDB I is 
distributed in the northern Guangxi, the northern Guangdong, and the 
southern Jiangxi provinces, and formed at ~165–150 Ma. The FDB II 
extends from the central Hunan to the central Jiangxi province and to
ward the coast, and formed ~20 Ma later than FDB I. Both the FDB I and 
II show a NW-SE trend. The FDB III displays a NE-SW trend from the 
central Zhejiang to the western Fujian and the eastern Guangdong 

provinces, and it spans the youngest ages (110–70 Ma). 
Most of the three FDB are closely associated with Mesozoic felsic and 

alkalic magmatic rocks derived by the subduction of (paleo-) Pacific 
plate. We propose that F derived from the decomposition of high- 
pressure minerals (e.g., phengite, apatite) was transported from the 
subducted slab and mantle wedge to the surface in F-rich superficial 
fluids (SCF) and alkaline magmas during the subduction of the (paleo-) 
Pacific plate. Northeastward slab rollback during low-angle subduction 
of the (paleo-) Pacific plate during the middle and late-Jurassic led to the 
formation of the FDB I and II. During this process, slab-releasing F-rich 
SCF and mantle-derived alkaline magmas, as well as subsequent back- 
arc magmas and associated high-temperature hydrothermal fluids, 
played a dominant role on the formation of the FDB I and II. In contrast, 
FDB III is inferred to be derived by the relatively high-angle north
westward hot subduction of the Pacific plate during the Cretaceous. The 
formation of the FDB III would be, therefore, involved in two major 
processes, i.e., back-arc slab-releasing F-rich SCF and consequent 
magmatic-hydrothermal fluid activities, and the sub-arc slab-releasing 
F-poor fluids and fault-controlled shallow low-temperature fluid activ
ities. Therefore, heat-induced dehydration of the subducted slab that 
involved all possible F-bearing minerals would most likely contribute 
more effectively to the formation of the FDB. 
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Ramírez, J.T., 2019. Giant fluorite mineralization in central mexico by means of 
exceptionally low salinity fluids: an unusual style among MVT deposits. Minerals 9, 
35. https://doi.org/10.3390/min9010035. 
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