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ABSTRACT 25 

Allanite is an important rare earth element (REE)-U-bearing mineral in granites, 26 

and it can act as a metal source for the formation of some hydrothermal uranium 27 

deposits and ion-adsorption REE deposits. To investigate the potential of allanite as a 28 

mineral probe of granite-related uranium mineralization processes and the formation 29 

of ion-adsorption REE deposits, we present textures, geochemistry, and in situ U-Pb 30 

isotope data for allanite from the fertile Changjiang granite associated with the 31 

Changjiang uranium ore field and barren Jiufeng granite in the Zhuguangshan 32 

batholith, South China. Alteration of allanite in the Changjiang granite is 33 

characterized by the altered domains with lower backscattered electron (BSE) 34 

intensities than the unaltered domains and replacement by other secondary minerals 35 

such as REE-fluorocarbonates, calcite, fluorite, thorite, clay minerals, quartz, chlorite, 36 

and epidote. Crystals from the Jiufeng granite were partly replaced by the altered 37 

domains appearing darker in BSE images and minor REE-fluorocarbonates. The 38 

darker domains of the Changjiang and Jiufeng allanite grains have higher Fe3+/(Fe3+ + 39 

Fe2+) ratios and U concentrations than those of the brighter domains, indicating that 40 

the alteration of allanite was probably related to more oxidized fluids. This study 41 

suggests that the Changjiang granite might have been subjected to the influx of F- and 42 

CO2-bearing fluids. 43 

The brighter domains of the Changjiang and Jiufeng allanite grains have 44 

weighted mean 207Pb-corrected 206Pb/238U ages of 156.7 ± 4.3 Ma and 161.6 ± 5.3 Ma, 45 

respectively, consistent with the corresponding zircon 206Pb/238U ages of 156.1 ± 1.4 46 
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Ma and 159.8 ± 1.8 Ma. The darker domains of the Changjiang allanite grains yield a 47 

weighted mean 206Pb/238U age of 141.4 ± 5.6 Ma, which overlaps within error the 48 

timing of a uranium mineralization event (~140 Ma) in the Changjiang uranium ore 49 

field and the age of a crustal extension event (140−135 Ma) in South China. The BSE 50 

images and elemental maps reveal that rare earth elements such as La and Ce have 51 

been released from the Changjiang allanites during alteration and were precipitated as 52 

REE-fluorocarbonates that are susceptible to chemical weathering, which sets the 53 

stage for the formation of an ion-adsorption REE deposit. Our study suggests that the 54 

regional crustal extension might have played an important role in the formation of 55 

both granite-related uranium and ion-adsorption REE deposits in South China, as it 56 

could have triggered alteration or breakdown of REE-U-bearing minerals in source 57 

rocks. 58 

Keywords: Allanite, mineral chemistry, geochronology, granite-related U deposits, 59 

ion-adsorption REE deposits, South China 60 

 61 

1. INTRODUCTION 62 

Allanite, an epidote-group mineral, has the formula as A2M3Si3O11(O, F)(OH), 63 

where A = Ca2+, Pb2+, Mn2+, Th4+, REE3+, and U4+, and M = Al3+, Fe3+, Fe2+, Mn2+, 64 

Mg2+, Cr3+, and V3+ (Deer et al. 1986). Allanite has been shown to be susceptible to 65 

alteration (Wood and Ricketts 2000; Poitrasson 2002). The alteration mechanisms of 66 

allanite mainly involve the transformation of allanite to epidote and replacement by 67 

secondary allanite, REE-fluorocarbonates, calcite, fluorite, thorite, and clay minerals 68 



4 
 

(Morin 1977; Petrík et al. 1995; Wood and Ricketts 2000; Poitrasson 2002; Berger et 69 

al. 2008; Pal et al. 2011; Uher et al. 2015). Allanite has been used to study U-Th-Pb 70 

geochronology (Darling et al. 2012; Smye et al. 2014; McFarlane 2016; Liao et al. 71 

2020), nature of associated hydrothermal fluids (Wood and Ricketts 2000; Uher et al. 72 

2015), REE exchanges during fluid-mineral interactions (Poitrasson 2002; Pal et al. 73 

2011), and mineralization processes (Pal et al. 2011; Chen and Zhou 2014; Deng et al. 74 

2014; Ngo et al. 2020). Allanite is a common accessory mineral in many 75 

metaluminous and weakly peraluminous felsic rocks and is regarded to represent an 76 

important source of uranium for hydrothermal uranium deposits (Cuney 2009, 2014). 77 

Examples of this include volcanogenic uranium deposits in the Streltsovka, Russia 78 

(Chabiron et al. 2003) and sandstone-hosted uranium deposits in the Erlian Basin, 79 

China (Bonnetti et al. 2017). In some cases, secondary allanite derived from primary 80 

allanite may effectively record regional mineralization/hydrothermal events, which 81 

helps understand ore genesis (Pal et al. 2011; Chen and Zhou 2014). Therefore, 82 

allanite may be a useful tool in deciphering the sources of uranium for granite-related 83 

uranium mineralization and the timing of related hydrothermal events. 84 

Granite-related uranium deposits are one of the most important types of uranium 85 

deposits in South China (Zhang et al. 2021a). Granite-related uranium deposits in 86 

South China are mainly hosted by Triassic (240–225 Ma) and Jurassic (170–150 Ma) 87 

granites (Zhang et al. 2017a; Zhong et al. 2019; Chi et al. 2020). Mineral explorations 88 

and scientific studies have revealed that such deposits are spatially and genetically 89 

associated with a few granitic bodies, which are regarded as uranium-fertile granites 90 
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(Zhao et al. 2011, 2016; Zhang et al. 2018a). Generally, the formation of these 91 

uranium deposits has been linked to the regional Cretaceous to Tertiary crustal 92 

extension and related mafic magmatism, which could have provided thermal energy 93 

for fluid circulation that resulted in the mobilization of uranium from U-rich rocks 94 

(Min et al. 1999; Hu et al. 2008; Mao et al. 2013; Chi et al. 2020). Previous studies 95 

have showed that the mineralization ages of granite-related uranium deposits in South 96 

China are generally consistent with the timing of regional crustal extension events 97 

(e.g., Hu et al. 2008; Luo et al. 2015; Zhong et al. 2019). However, the temporal link 98 

between uranium release from U-rich rocks and regional crustal extension events is 99 

not well constrained. 100 

Ion-adsorption REE deposits represent the world’s most important source of 101 

HREE and mainly occur in South China (Kynicky et al. 2012; Li et al. 2017; Borst et 102 

al. 2020). They generally formed from weathering of granites that contain significant 103 

proportion of accessory REE minerals susceptible to chemical weathering, such as 104 

REE-fluorocarbonates (bastnäsite, parisite, and synchysite) and phosphates (monazite, 105 

apatite, and xenotime) (Ishihara et al. 2008; Kynicky et al. 2012; Bern et al. 2017; Li 106 

et al. 2017, 2019). Alteration can transform primary REE-bearing minerals into the 107 

forms that are easier to be weathered, which is important for the formation of 108 

ion-adsorption REE deposits (Ishihara et al. 2008; Imai et al. 2012; Bern et al. 2017). 109 

Although many studies of alteration of primary REE-bearing minerals in parental 110 

rocks have discussed the mobilization of REE (e.g., Imai et al. 2012; Bern et al. 2017; 111 

Li et al. 2019; Huang et al. 2021; Zhao et al. 2022), few studies provide direct 112 
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evidence for REE leaching from these minerals (Ishihara et al. 2008). Allanite is an 113 

important primary REE-bearing accessory minerals in granites related to many 114 

ion-adsorption REE deposits such as the Dingnan, Guposhan, Xiache, Zhaibei, Renju, 115 

and Huashan in South China (Li et al. 2019; Huang et al. 2021; Zhao et al. 2022). 116 

Therefore, understanding the textural and compositional evolution of allanite during 117 

alteration may also provide insights into the formation of ion-adsorption REE 118 

deposits. 119 

Both the granite-related uranium and ion-adsorption REE deposits are typically 120 

epigenetic; their formation usually requires the remobilization of U or REE from 121 

primary U- and/or REE-bearing minerals (Ruzicka 1993; Hu et al. 2008; Ishihara et al. 122 

2008; Cuney 2014; Li et al. 2019). Thus, understanding the alteration of 123 

allanite-bearing granites may be important to deciphering the genesis of 124 

granite-related U and ion-adsorption REE mineralization. The Zhuguangshan 125 

batholith is one of the most important granite-related uranium ore producers in South 126 

China; it hosts the Changjiang, Lanhe, Baishun, and Chengkou uranium ore fields 127 

(Zhang et al. 2017a; Zhong et al. 2019). The Changjiang uranium ore field, which 128 

contains >10,000 tonnes of recoverable uranium with a grade of 0.1–0.5%, is one of 129 

the most important uranium ore fields in South China (Zhang et al. 2017a). 130 

Furthermore, two ion-adsorption REE deposits have been found in this batholith (Li et 131 

al. 2017). In this batholith, uranium deposits are associated with several plutons such 132 

as the Changjiang, Youdong, Longhuashan, and Baiyun granites, but economic 133 

uranium mineralization has not been found in the Jiufeng and Fuxi granites (Zhang et 134 
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al. 2018a). Allanite, an important REE-bearing accessory mineral in both the 135 

uranium-fertile Changjiang and barren Jiufeng granites, shows complex alteration 136 

textures. Here, we present textures, geochemistry, and in situ U-Pb geochronologic 137 

data for allanite from these two granites, with the aim to investigate the temporal link 138 

between uranium release from U-rich rocks and the regional crustal extension and 139 

direct evidence for REE leaching from primary REE-bearing minerals. This study 140 

provides new insights into granite-related uranium mineralization processes and the 141 

formation of ion-adsorption REE deposits in South China. 142 

2. GEOLOGICAL SETTING 143 

2.1. Regional Geology 144 

South China contains the largest number of known uranium deposits and the 145 

largest uranium resources in China (Dahlkamp 2009; Zhang et al. 2020a). 146 

Granite-related uranium deposits in this region are mainly distributed in the Cathaysia 147 

Block and the Jiangnan Orogen (Fig. 1) and represent one of the most important types 148 

of uranium deposits in China. They are mainly hosted by or occur adjacent to granites 149 

and formed at around 110−50 Ma (Hu et al. 2008; Bonnetti et al. 2018; Zhong et al. 150 

2019; Chi et al. 2020). Most of the granites related to uranium mineralization are of 151 

Triassic (251−205 Ma) and Jurassic age (180−142 Ma; Zhao et al. 2011, 2016; Chen 152 

et al. 2012; Zhang et al. 2017b, 2018a; Chi et al. 2020). The formation of 153 

granite-related uranium deposits in this region has been linked to regional crustal 154 

extension events (Hu et al. 2008; Luo et al. 2015; Zhong et al. 2019; Chi et al. 2020). 155 

South China was in an extensional tectonic regime during the Cretaceous to Tertiary 156 
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with six major episodes of extension taking place at 140−135 Ma, 125−120, 110−100 157 

Ma, 95−85 Ma, 75−70 Ma, and 55−45 Ma (Li and McCulloch 1998; Li 2000; Hu et al. 158 

2004, 2008). The mineralizing system of granite-related uranium deposits in South 159 

China generally consists of leaching of uranium from U-rich granites triggered by the 160 

regional Cretaceous to Tertiary crustal extension and related mafic magmatism, 161 

transport of uranium as uranyl-carbonate, uranyl-fluorine-carbonate, and 162 

uranyl-chloride complexes in hydrothermal fluids, and deposition of uranium 163 

associated with a decrease of oxygen fugacity (Hu et al. 2008; Zhang et al. 2017a; Chi 164 

et al. 2020). 165 

The Zhuguangshan batholith is mainly composed of Silurian (420−435 Ma), 166 

Triassic (225−240 Ma) and Jurassic (150−165 Ma) biotite granite and two-mica 167 

granite, with minor Cretaceous granites (Fig. 2; Deng et al. 2012; Zhang et al. 2017b, 168 

2018a; Chi et al. 2020). Uranium deposits in this area are associated with several 169 

plutons such as the Changjiang, Youdong, Longhuashan, and Baiyun granites 170 

(Zhang et al. 2018a). The uranium mineralizing events in the Zhuguangshan area 171 

mainly took place in five episodes, ~140 Ma, ~125 Ma, ~105 Ma, ~90 Ma, and 80−60 172 

Ma (Zhang et al. 2017b; Bonnetti et al. 2018; Zhong et al. 2019). Mafic dykes 173 

intruding the Zhuguangshan batholith are oriented in WNW, ENE, and NNE 174 

directions with WNW-trending dykes being dominantly distributed in the eastern part 175 

the batholith (Fig. 2). These mafic dykes were mainly emplaced in three episodes, 176 

~140 Ma, ~105 Ma, and ~90 Ma (Li and McCulloch 1998; Zhang et al. 2018a). 177 

South China is also known for its endowment of ion-adsorption REE deposits, 178 
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which are mainly distributed over Jiangxi, Guangdong, Fujian, Hunan, Guangxi and 179 

Yunnan provinces (Fig. 1, Xie et al. 2016; Li et al. 2017). These deposits generally 180 

can be classified as the LREE-dominated and HREE-dominated types, and the 181 

majority of them originated from granites and volcanic tuff with ages ranging from 182 

the Ordovician to the late Cretaceous (Li et al. 2017). There are many ion-adsorption 183 

REE deposits such as the Zudong, Pitou, and Zhaibei adjacent to the Zhuguangshan 184 

batholith, and two ion-adsorption REE deposits have been found in this batholith (Fig. 185 

1). The regolith profiles of ion-adsorption REE deposits in South China generally 186 

include a humic layer, completely weathered zone, semi-weathered zone, and 187 

unweathered bedrock (Wu et al. 1990; Li et al. 2017; Fu et al. 2019). Orebodies 188 

(REE-enriched soil horizons) are usually located at the lower completely-weathered 189 

zone and upper semi-weathered zone; the content of clay minerals in orebodies can 190 

reach up to 80% (Wu et al. 1990; Li et al. 2017). 191 

2.2. Geology of the Changjiang uranium ore field 192 

The Changjiang uranium ore field is located in the southeastern part of the 193 

Zhuguangshan granitic batholith. There are several economic uranium deposits such 194 

as the 301, 302, 305, and 306; the 302 deposit is the largest granite-hosted uranium 195 

deposit in South China (Zhong et al. 2019). Uranium deposits in this area are mainly 196 

hosted by the Changjiang and Youdong granites. Zircon U-Pb dating indicates that the 197 

Changjiang and Youdong granites have emplacement ages of 157.6 ± 1.8 Ma and 198 

226.4 ± 3.5 Ma, respectively (Zhang et al. 2017b, 2018a). The Youdong two-mica 199 

granite has a major mineral assemblage of quartz, K-feldspar, plagioclase, biotite, and 200 
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muscovite (Zhang et al. 2021b). The Changjiang pluton consists of biotite granite and 201 

has a major mineral assemblage of quartz, K-feldspar, plagioclase, and biotite (Zhang 202 

et al. 2021b). In the Changjiang and Youdong granites, biotite was partly or 203 

completely replaced by chlorite, and feldspars were partly replaced by illite (Zhang et 204 

al. 2021b). 205 

Several mafic dikes intruded the Changjiang uranium ore deposit and there are 206 

several NE–SW striking regional faults such as the Mianhuakeng, Lizhou, and 207 

Huangxishui, and NW–SE striking faults such as the Youdong (Zhong et al. 2019). 208 

The uranium mineralization occurs both in veins and alteration halos in, or close to, 209 

fracture zones within granites. The veins usually consist of quartz, fluorite, calcite, 210 

hematite, pitchblende (fine-grained aggregates of uraninite), and pyrite. Pitchblende is 211 

the main uranium ore mineral in the Changjiang uranium ore field. Pitchblende U-Pb 212 

dating indicates that the uranium mineralization in this area mainly took place in five 213 

episodes, ~140 Ma, ~125 Ma, ~105 Ma, ~90 Ma, and 80−60 Ma (Zhang et al. 2017b; 214 

Bonnetti et al. 2018; Zhong et al. 2019). 215 

3. SAMPLES AND ANALYTICAL METHODS 216 

3.1. Samples and descriptions 217 

A total of thirty-two samples were collected from outcrops and drill cores from 218 

the Changjiang and Jiufeng granites. Twenty-five samples collected from drill hole 219 

KZK11-3 in the 302 uranium deposit within the Changjiang granite were taken. 220 

Uranium mineralization mainly occurs between 156 to 159 m. Fifteen samples were 221 

collected at approximately one-meter intervals from 141 to 156 m, and ten samples 222 
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were collected from 157 to 174 m. The detailed description of the drill hole can also 223 

be seen the study of Zhang et al. (2018b) in which a schematic profile of the drill hole 224 

was provided. The investigated samples are the mineralized rocks and the altered 225 

granites close to uranium mineralization. U-bearing accessory minerals of the 226 

Changjiang granite include zircon, apatite, uraninite, monazite, allanite, uranothorite, 227 

and xenotime (Figs. 3a-3c). Seven samples were collected from outcrops of the 228 

Jiufeng granite; the alteration minerals are chlorite and illite (Fig. 3d). It has a 229 

U-bearing accessory mineral assemblage of zircon, apatite, allanite, uranothorite, 230 

titanite, minor uraninite and monazite. Uranium mineralization in the studied samples 231 

occurs as veins that mainly consists of quartz, fluorite, pitchblende, pyrite, sericite, 232 

and calcite (Figs. 3e and 3f); the close association of these minerals probably supports 233 

co-precipitation. 234 

3.2. SEM analyses 235 

Back-scattered electron (BSE) images were obtained by a TESCAN MIRA3 236 

field emission scanning election microscope equipped with energy-dispersive X-ray 237 

spectrometer (EDS) at the Ore Deposit and Exploration Centre (ODEC), Hefei 238 

University of Technology, China. The operating conditions were 15 kV accelerating 239 

voltage and 10 nA beam current (Zhang et al. 2021b). 240 

3.3. EPMA analyses 241 

Quantitative analyses and element mapping of allanite were performed using a 242 

JEOL JXA-8230 EPMA at the Key Laboratory of Metallogeny and Mineral 243 
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Assessment, Chinese Academy of Geological Sciences, Beijing, China. The operating 244 

conditions were 15 kV accelerating voltage and a beam current of 50 nA, with 245 

variable counting times (10 to 40 s on peaks, 5 to 20 s on background). The beam 246 

diameter ranged from 1 to 5 μm, and a ZAF matrix correction was applied during data 247 

reduction. The following standards and crystals were used for microanalyses: 248 

wollastonite (Ca-Kα, PETH), hematite (Fe-Kα, LIF), jadeite (Al-Kα, TAP; Si-Kα, 249 

PETJ), forsterite (Mg-Kα, TAP), topaz (F-Kα, TAP), UO2 (U-Mα, PETH), ThO2 250 

(Th-Mα, PETH), and rutile (Ti-Kα, LIF). Synthetic rare earth pentaphosphate crystals 251 

were used as standards for REE. The operating conditions for element mapping were 252 

15 kV accelerating voltage with 100 nA beam current, 0.5 μm step size, and 50 ms 253 

dwell time; The detailed analytical technique is similar to that described in Zhang et al. 254 

(2020b). The Fe3+/(Fe2+ + Fe3+) ratio for allanite is calculated using the equation 255 

Fe3+/(Fe2+ + Fe3+) = (REE3+ + Th4+)/(Al3+ − 3) + 1 on the basis of atoms per formula 256 

unit (Poitrasson 2002). 257 

3.4. LA-ICP-MS analyses 258 

In situ allanite and zircon U-Th-Pb isotopes and trace element analyses were 259 

conducted by LA-ICP-MS at the ODEC, Hefei University of Technology, using an 260 

Agilent 7900 ICP-MS Coupled to a Teledyne Cetac Technologies Analyte Excite laser 261 

ablation system with a 193 nm ArF excimer laser. Analyses were carried out with a 262 

laser beam diameter of 30 µm and repetition rate of 7 Hz, and each spot analysis 263 

incorporated a background acquisition of approximately 20 s, followed by 40 s 264 

sample data acquisition. The standard zircon GEMOC GJ-1 (Jackson et al. 2004) was 265 
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used to correct for the mass discrimination of the mass spectrometer and any 266 

elemental fractionation, and the standard zircon 91500 (Wiedenbeck et al. 1995) was 267 

used as an internal standard to assess the reproducibility and instrument stability. 268 

Trace element contents were calibrated using Si drawn from average SiO2 values 269 

determined by EPMA as the internal standard with NIST 610 as the external standard. 270 

The analytical uncertainties were <10% for most of trace element analyses. The 271 

detailed analytical technique is similar to that described in Wang et al. (2017). 272 

4. RESULTS 273 

4.1. Textures of allanite 274 

Allanite occurs as euhedral or subhedral crystals in the Changjiang and Jiufeng 275 

granites. The size of allanite gains can be up to 2 mm as observed in thin sections. 276 

Some allanite crystals are variably affected by post-magmatic transformations. 277 

Detailed petrographic observations indicate that some allanite grains show textural 278 

heterogeneity (Fig. 4). The BSE images show that allanite crystals from these two 279 

granites can be divided into two types of domains, which are characterized by 280 

different levels of grey: the brighter domains and darker domains (Fig. 4). These two 281 

types of domains are separated by a sharp boundary on BSE images. The brighter 282 

domains have a homogeneous level of grey, concentrated in grain cores and along 283 

margins. 284 

In the Jiufeng granite, alteration of allanite is indicated by the altered domains 285 

appearing darker in BSE images than the unaltered domains with minor 286 

REE-fluorocarbonates (Figs. 4g-4l). In contrast, allanites in the Changjiang granite 287 
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show complex alteration features (Figs. 4a-4f and 5). In this pluton, inclusions of 288 

apatite and zircon are sometimes present within allanite grains (Figs. 4a-4d). 289 

Furthermore, alteration of allanite is characterized by the altered domains with lower 290 

BSE intensities than the unaltered domains (Figs. 4b-4f) and the replacement by other 291 

minerals such as REE-fluorocarbonates, calcite, fluorite, thorite, clay minerals, 292 

chlorite, quartz, and epidote (Fig. 5). These alteration features have also been 293 

observed in other studies (Petrík et al. 1995; Poitrasson 2002; Pal et al. 2011; Walters 294 

et al. 2013; Chen and Zhou 2014). There are numerous micro-cracks inside the 295 

allanite grains, and REE-fluorocarbonates fill these sites (Figs. 5a-5h). Some 296 

microveinlets of REE-fluorocarbonates are also present along the grain boundaries or 297 

micro-cracks within rock-forming minerals such as feldspars and quartz (Fig. 4c). 298 

REE-fluorocarbonates are shown as differing grey levels under BSE imaging (Fig. 5c), 299 

indicating the variable average atomic number. 300 

4.2. Compositions of allanite 301 

The EPMA elemental data of allanite from the Changjiang and Jiufeng granites 302 

are provided in Supplementary Table S1. In the Changjiang granite, the darker 303 

domains have lower concentrations of FeO (6.94−13.41 wt%), La2O3 (1.39−2.39 304 

wt%), and Pr2O3 (1.74−2.40 wt%) and higher concentrations of ThO2 (0.97−2.10 wt%) 305 

and F (0.13−0.81 wt%) than the brighter domains. Element mapping (Figs. 6 and 7) 306 

showing the compositional changes of allanite during alteration demonstrates that rare 307 

earth elements such as La and Ce were mobilized from allanite and precipitated as 308 

REE-fluorocarbonates. In the Jiufeng granite, the darker domains of allanite grains 309 



15 
 

have lower contents of Fe, Al, Ca, and ΣREE, but higher contents of Th and Pb than 310 

those of the brighter domains (Fig. 8). 311 

The diagram of ΣREE against Al (Fig. 9, after Petrík et al. 1995) and EPMA data 312 

indicate that although both the brighter and darker domains of allanites from the 313 

Changjiang granite are close to the allanite-ferriallanite end member, the darker 314 

domains have slightly higher average Fe3+/(Fe3+ + Fe2+) ratios (mean = 0.36) than 315 

those of the brighter domains (mean = 0.33). The analyses of darker domains of the 316 

Jiufeng allanites plot below the line of ferriallanite-epidote, and their Fe3+/(Fe3+ + Fe2+) 317 

ratios (mean = 0.69) are much higher than those of the unaltered domains (mean = 318 

0.35). 319 

The LA-ICP-MS trace element data of allanites from the Changjiang and Jiufeng 320 

granites are provided in Supplementary Table S2. Compared to the brighter domains, 321 

the darker domains of allanite grains from both the Changjiang and Jiufeng granites 322 

have elevated concentrations of U and Th. The REE patterns in all the investigated 323 

allanites are strongly LREE-enriched with negative Eu anomalies (Fig. 10). Brighter 324 

domains of the Changjiang allanites have higher (Sm/Nd)N ratios and stronger 325 

negative Eu anomalies than those of the Jiufeng allanites. Allanite grains from both 326 

the Changjiang and Jiufeng granites show greater extents of HREE depletion in the 327 

bright domains than those of the corresponding darker domains. 328 

4.3. Compositions of other minerals 329 

The EPMA data (Supplementary Table S3) show that REE-fluorocarbonates 330 

replacing allanites from the Changjiang granite are mainly composed of light REE 331 
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(La2O3 + Ce2O3 + Pr2O3 + Nd2O3 + Sm2O3 = 54.13−68.10 wt%), F (5.47−7.69 wt%), 332 

and variable CaO (2.89−14.50 wt%), thus the mineral may be bastnäesite or 333 

synchysite. Thorite replacing the Changjiang allanites (Figs. 5b and 5j) has ThO2 334 

abundances in the range of 64.01−68.88 wt%, SiO2 between 18.00 and 20.02 wt%, 335 

and a wide range of UO2 concentrations (1.26−6.10 wt%). Additionally, it contains 336 

minor CaO (1.37−1.85 wt%) and FeO (0.71−1.13 wt%). 337 

The chemical composition data of chlorite that is the alteration product of the 338 

Changjiang allanites (Fig. 5d) are provided in Supplementary Table S3. Chlorite has 339 

concentrations of FeO in the range of 30.92−31.37 wt%, SiO2 of 25.39−25.90 wt%, 340 

Al2O3 of 17.32−18.71 wt%, and MgO of 7.78−9.68 wt%. 341 

4.4. Zircon U-Pb geochronology 342 

Zircon grains from the Changjiang and Jiufeng granites are generally euhedral 343 

and range in size from 50 to 200 μm. Most zircon crystals display oscillatory zoning 344 

in the CL images (Fig. 11), which are typical of magmatic zircons. The results of 345 

LA-ICP-MS U-Pb analyses of zircons from these two granites are provided in 346 

Supplementary Table S4 and plotted in the concordia diagrams (Fig. 11). A total of 16 347 

analyses on 16 zircon grains separated from the Changjiang granite yield a weighted 348 

mean age of 156.1 ± 1.4 Ma (n = 16, MSWD = 0.47) (Fig. 11a). In addition, 15 spots 349 

analyzed on 15 zircon grains from the Jiufeng granite yield a weighted mean age of 350 

159.8 ± 1.8 Ma (n = 15, MSWD = 1.5) (Fig. 11b). 351 
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4.5. Allanite U-Pb geochronology 352 

Allanite LA-ICP-MS U-Pb isotopic data are provided in Supplementary Table S5 353 

and graphically illustrated in Fig. 12. Data reduction and age calculation were carried 354 

out following the procedures of Gregory et al. (2007) and Darling et al. (2012). 355 

Twenty-one spot analyses were obtained from brighter domains of the Changjiang 356 

allanite grains, and the uncorrected data define a linear array with a lower intercept 357 

age of 162.4 ± 8.3 Ma (MSWD = 0.92) in the Tera-Wasserburg diagram (Fig. 12a). 358 

All 207Pb-corrected 206Pb/238U ages have a weighted mean age of 156.7 ± 4.3 Ma 359 

(MSWD = 0.96, Fig. 12b). This age is consistent with the weighted mean 206Pb/238U 360 

age of 156.1 ± 1.4 Ma (Fig. 11a) for zircons from the Changjiang granite. 361 

Twenty spot analyses were obtained from darker domains of the Changjiang 362 

allanite grains. The uncorrected data define a linear array with a lower intercept age of 363 

143.1 ± 8.3 Ma (MSWD = 0.83) in the Tera-Wasserburg diagram (Fig. 12c), and these 364 

analyses yield a weighted mean 207Pb-corrected 206Pb/238U age of 141.4 ± 5.6 Ma 365 

(MSWD = 1.5, Fig. 12d). 366 

Fifteen spot analyses were obtained from brighter domains of the Jiufeng allanite 367 

grains, and the analyses define a linear array with a lower intercept age of 163.5 ± 8.4 368 

Ma (MSWD = 0.53) in the Tera-Wasserburg diagram (Fig. 12e). They yield a 369 

weighted mean 207Pb-corrected 206Pb/238U age of 161.6 ± 5.3 Ma (MSWD = 0.15, Fig. 370 

12f), which overlaps the weighted mean 206Pb/238U age of 159.8 ± 1.8 Ma (Fig. 11b) 371 

for the Jiufeng zircons. 372 
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5. DISCUSSION 373 

5.1. Alteration of allanite and its constraints on the nature of fluids 374 

Allanite of hydrothermal origin generally forms as a result of alteration of 375 

previous REE- and Th-rich minerals such as monazite and allanite (Poitrasson 2002; 376 

Smith et al. 2002; Skrzypek et al. 2020) or through precipitation from REE-rich fluids 377 

(Banks et al. 1994; Deng et al. 2014; Ngo et al. 2020). In the Changjiang granite, 378 

some allanite grains contain irregular, BSE-dark domains, whereas others were partly 379 

replaced by other secondary minerals such as REE-fluorocarbonates, calcite, fluorite, 380 

thorite, clay minerals, quartz, chlorite, and epidote (Figs. 4b-4f and 5). The darker 381 

domains have irregular boundaries and patchy levels of grey, suggesting a lowering of 382 

the mean atomic number and the secondary nature (Poitrasson 2002; Walters et al. 383 

2013). The textural interpretation of a later hydrothermal event superimposed on the 384 

brighter domains is further substantiated by in situ U-Pb dating in this study. The 385 

cation correlation diagram (Fig. 13a) suggests that the alteration is associated with 386 

chemical exchange between the primary allanite and fluids following the substitution 387 

mechanism of La3+ + Ce3+ + Fe2+ + Fe3+ ↔ Si4+ + Th4+ + Al3+. Elements such as La, 388 

Ce, and Ca in the A sites can be released from allanite during alteration (Figs. 6b, 6c, 389 

and 7) and then they may form REE-fluorocarbonates (Littlejohn 1981). The 390 

similarity between REE distribution patterns of the brighter domains and darker 391 

domains of the Changjiang allanite grains suggests a genetic link (Figs. 10a and 10b). 392 

The occurrence of alteration products of allanite mainly depends on the local 393 

chemical conditions and chemical compositions of the original allanite (e.g., 394 



19 
 

Littlejohn 1981; Uher et al. 2015). The formation of secondary minerals such as 395 

fluorite, calcite, and REE-fluorocarbonates (Figs. 3f and 5) indicates that the 396 

Changjiang granite might have been subjected to the influx of F- and CO2-bearing 397 

fluids. This is also supported by the elevated F concentrations (mean = 0.15 wt%) in 398 

the secondary allanite domains compared to the primary allanite (mean = 0.08 wt%). 399 

It is likely that the alteration of allanite and the removal of REE and U were facilitated 400 

by the formation of fluoride and carbonate complexes (Langmuir 1978; Wood 1990; 401 

Migdisov et al. 2016). Therefore, REE and U could be readily released from allanite 402 

in the F- and CO2-bearing fluids and were redeposited as REE-fluorocarbonates near 403 

or within the original allanite (Fig. 5). Although both Th and U can be mobilized in 404 

the presence of fluoride, Th solubility in hydrothermal fluids is generally several 405 

orders of magnitude lower than the U solubility (Keppler and Wyllie 1990; Bailey and 406 

Ragnarsdottir 1994). Furthermore, CO2 can form complexes with U, but not with Th 407 

(Keppler and Wyllie 1990). These features would lead to the fractionation of Th from 408 

U and REE during alteration of allanite. Thorium therefore tends to remain as thorite 409 

within the residual allanite rather than microveinlets hosting Th (Fig. 5). The 410 

remaining components generally form amorphous aluminosilicates such as clay 411 

minerals (Figs. 5i-5l) (Littlejohn 1981). 412 

In contrast, allanite crystals in the Jiufeng granite were partly replaced by the 413 

altered domains appearing darker in BSE images and minor REE-fluorocarbonates 414 

during alteration (Figs. 4g-4l). The compositional change of the Jiufeng allanites 415 

during alteration can be expressed by the chemical substitution of REE3+ + Fe2+ ↔ 416 
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Ca2+ + Fe3+ (Fig. 13b), which means that alteration transforms allanite into epidote 417 

(Gieré and Sorensen 2004). Alteration of allanite results in the deficiency of A-sites 418 

and overfilling of M-crystallographic sites (Fig. 8d). The amount of 419 

REE-fluorocarbonates replacing allanite grains from the Jiufeng granite is much lower 420 

than those of the Changjiang granite, and the other F- and CO2-bearing secondary 421 

minerals such as fluorite and calcite are absent. This phenomenon may have resulted 422 

from the lack of available F- and CO2-bearing fluids for the Jiufeng granite. 423 

The formation of REE-fluorocarbonates and clay minerals at the expense of 424 

allanite is generally suggested as a relatively low-temperature process (Wood and 425 

Ricktts 2000; Middleton et al. 2013; Uher et al. 2015). For example, the replacement 426 

of allanite in the A-type granite from Stupné (Slovakia) by REE-fluorocarbonates and 427 

calcite is suggested to take place at ≤300 °C (Uher et al. 2015). In this study, 428 

formation temperatures of the chlorite were calculated based on the geothermometric 429 

expression proposed by Battaglia (1999). The formation temperatures range from 430 

202 °C to 210 °C, which are consistent with the formation temperatures of chlorite 431 

that is the alteration product of magmatic biotite in the Changjiang granite 432 

(210−260 °C, Zhang et al. 2017b). These results suggest that the fluids responsible for 433 

alteration of the investigated allanites are characterized by relatively low temperatures. 434 

The darker domains of allanite grains from both the Changjiang and Jiufeng granites 435 

have relatively higher Fe3+/(Fe3+ + Fe2+) ratios than those of the corresponding 436 

brighter domains (Fig. 9), suggesting that alteration of allanite was probably related to 437 

more oxidized fluids (Pal et al. 2011; Chen and Zhou 2014). The conclusion that the 438 
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fluids responsible for allanite alteration was relatively oxidized is further supported by 439 

the higher U concentrations of the darker domains compared to the brighter domains 440 

(Supplementary Table S2) (Pal et al. 2011). Generally, uranium is highly soluble in 441 

the U6+ state as various uranyl complexes in oxidizing solutions, and precipitates in 442 

the U4+ state (Romberger 1984; Cuney 2009). Zhang et al. (2021b) suggested that U 443 

in the Changjiang granite is mainly hosted by uraninite, and U was released from this 444 

mineral during alteration. The fluids therefore may have had relatively high U 445 

concentrations, which would have yielded higher U concentrations in the darker 446 

domains relative to the brighter ones. It is possible that U+6 in the fluids promoted the 447 

oxidation of Fe+2 to Fe+3 in allanite and was then reduced in the U4+ state to be 448 

incorporated into the darker domains (Pal et al. 2011). 449 

The fluid evolution path in the Changjiang uranium ore field may be drawn 450 

based on the hydrothermal mineral assemblages (Fig. 14). In the studied samples, the 451 

alteration minerals are dominated by chlorite and illite; biotite was replaced by 452 

chlorite, and feldspars were partly replaced by illite (Figs. 3a and 3d). Allanite was 453 

partly replaced by clay minerals (probably kaolinite) (Figs. 5i-5l). As shown in Fig. 14, 454 

mineral assemblages in area Ⅱ are characterized by argillic alteration (kaolinite and/or 455 

montmorillonite) accompanied by hematite and/or iron carbonate; area Ⅲ plots within 456 

the sericite and chlorite stability fields (Romberger 1984). The alteration assemblage 457 

in the investigated samples indicates that the alteration might occur in the field A (Fig. 458 

14). The conditions involving fO2 and pH of pitchblende precipitation in 459 

granite-related uranium deposits form South China have been investigated by several 460 
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studies (Hu and Jin 1990; Zhang 1990; Zhang and Zhang 1991). For example, the 461 

ore-forming fluids at the pre-ore and syn-ore stages of the Xiwang granite-related 462 

uranium deposit adjacent to the Changjiang ore field have pH values of 6.08 to 6.14 463 

and 4.69 to 5.09, respectively (Hu and Jin 1990). Pitchblende was precipitated from 464 

hydrothermal fluids with logfO2 of about -40.09 in the 6217 granite-related uranium 465 

deposit, South China (Zhang 1990). The logfO2 and pH values of ore-forming fluids 466 

of uranium deposits in the Changjiang ore field could be comparable to those two 467 

uranium deposits because granite-related uranium deposits in South China generally 468 

formed under the similar geological setting (Hu et al. 2004, 2008; Chi et al. 2020). 469 

Furthermore, quartz, fluorite, uraninite, pyrite, sericite, and calcite are the typical 470 

mineral assemblage of mineralization veins in the investigated samples (Figs. 3e and 471 

3f). Uranium deposits such as the 301, 302, and 305 in the ore field have the same 472 

mineral assemblage (Zhong et al. 2019; Zhang et al. 2020a). These results suggest that 473 

pitchblende was precipitated from ore-forming fluids with logfO2 of about -42 to -38 474 

and pH of about 4.5 to 5.5 of the Changjiang uranium ore field (field B in Fig. 14). 475 

5.2. Allanite U-Pb ages and implications for uranium mineralization 476 

The U-Pb isotope analyses of the brighter and darker domains of allanite grains 477 

yielded distinct ages (Fig. 12). The brighter domains of allanite grains, interpreted as 478 

primary, have weighted mean ages of 156.7 ± 4.3 Ma and 161.6 ± 5.3 Ma, 479 

respectively, and these ages overlap within error the corresponding zircon U-Pb ages 480 

of 156.1 ± 1.4 Ma and 159.8 ± 1.8 Ma. Both the Changjiang and Jiufeng granites 481 

belongs to a high-K calc-alkaline association with variable CaO concentrations 482 
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ranging from 0.27 to 1.75 wt% and 1.41 to 2.62 wt%, respectively (Zhang et al. 2017b, 483 

2021b), which may favor the crystallization of allanite (Cuney and Friedrich 1987; 484 

Cuney 2009). The U-Pb results corroborate textural assessment that the BSE-brighter 485 

domains of allanites are magmatic in origin. 486 

Pal et al. (2011) reported late allanite derived from alteration of early REE-rich 487 

allanite with ages of 1665 ± 12 Ma and 1025 ± 15 Ma and suggested multiple events 488 

of hydrothermal fluid fluxes at the Bagjata uranium mine, India. Chen and Zhou 489 

(2014) suggested that two younger hydrothermal events totally reset the U-Pb systems 490 

of primary allanite grains at the Lala Fe-Cu deposit (SW China), and the secondary 491 

allanite is dated at two clusters of concordant ages as ~880 and ~850 Ma. Therefore, 492 

the secondary allanite modified from primary allanite may effectively record the 493 

related events of hydrothermal fluid flux. In the current study, the darker domains of 494 

the Changjiang allanites have a weighted mean U-Pb age of 141.4 ± 5.6 Ma (Fig. 12d), 495 

which implies that the later hydrothermal events might have totally reset the U-Pb 496 

systems of the allanites. 497 

It has been suggested that the formation of granite-related uranium deposits in 498 

South China is linked to regional Cretaceous to Tertiary crustal extension (Hu et al. 499 

2008; Mao et al. 2013; Luo et al. 2015; Chi et al. 2020). In the Zhuguangshan area, 500 

the uranium mineralization took place in five episodes, ~140 Ma, ~125 Ma, ~105 Ma, 501 

~90 Ma, and 80−60 Ma (Zhang et al. 2017b; Bonnetti et al. 2018; Zhong et al. 2019), 502 

which are consistent with the emplacement ages of mafic dykes in the Zhuguangshan 503 

area (~140 Ma, ~105 Ma, and ~90 Ma, Li and McCulloch 1998) or the ages of crustal 504 
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extension events in South China (140−135 Ma, 125−120, 110−100 Ma, 95−85 Ma, 505 

75−70 Ma, and 55−45 Ma, Li 2000; Hu et al. 2004, 2008). The samples BD-25 and 506 

BD-27 collected from two diabase dykes in the Changjiang uranium ore field have 507 

hornblende Ar-Ar ages of 140.2 ± 2.8 Ma and 142.6 ± 2.9 Ma, respectively (Li and 508 

McCulloch 1998). In addition, Zhang et al. (2018a) reported a hornblende Ar-Ar age 509 

of 145.1 ± 1.5 Ma for one diabase dyke in this area. Secondary apatite that is the 510 

alteration product of magmatic monazite and xenotime from the uranium-fertile 511 

Douzhanshan granite (South China) yielded an EPMA U-Th-Pb chemical age of 136 512 

± 17 Ma, which is suggested to record a crustal extension event in South China 513 

(140−135 Ma) (Hu et al. 2013). The U-Pb age of the darker domains of the 514 

Changjiang allanites is consistent with the timing of the ~140 Ma uranium 515 

mineralization event in the Changjiang uranium ore field and the emplacement ages of 516 

~140 Ma mafic dykes, which likely suggests a causative link between them. The 517 

major uranium mineralization in this area took place during 80−60 Ma (Zhong et al. 518 

2019), which is at least 10 Ma later than the emplacement age (~90 Ma) of youngest 519 

mafic dykes in this area. The occurrence of the major uranium mineralization is 520 

associated with the 80−60 Ma regional crustal extension and related 521 

Cretaceous-Neogene red bed basins (Hu et al. 2008; Zhang et al. 2017a; Zhong et al. 522 

2019). Magmatism that accompanied the extensional stress regime might have 523 

triggered the alteration or breakdown of U-bearing accessory minerals in granites 524 

(Zhang et al. 2021b). Alteration can be manifested as U-rich microveinlets that permit 525 

easier mobilization of U (Figs. 7a and 7i). Furthermore, U-rich microveinlets along 526 
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grain boundaries near altered uraninites were also observed in the Changjiang granite 527 

(Zhang et al. 2021b). These would set the stage for the major uranium mineralization 528 

in this area. 529 

5.3. Implications for the formation of ion-adsorption REE deposits in South 530 

China 531 

In South China, the majority of ion-adsorption REE deposits formed from 532 

weathering of biotite and muscovite granites, syenite, monzogranite, granodiorite, 533 

granite porphyry, and rhyolitic tuff (Wu et al. 1990; Ishihara et al. 2008; Li et al. 534 

2017). Biotite granites related to these deposits typically contain a primary 535 

REE-bearing accessory mineral assemblage of zircon, allanite, monazite, apatite, and 536 

titanite; allanite is usually an important host of REE (Li et al. 2017; Zhao et al. 2022). 537 

Therefore, understanding textural and compositional evolution of allanite during 538 

alteration helps decode the REE mobilization and enrichment in ion-adsorption REE 539 

deposits (Ishihara et al. 2008; Bern et al. 2017). 540 

The Changjiang pluton, a representative biotite granite in South China, has a 541 

REE-bearing accessory mineral assemblage of zircon, apatite, allanite, uraninite, 542 

thorite, monazite, and xenotime (Zhang et al. 2021b). In this study, rare earth elements 543 

such as La and Ce have been released from allanite during fluid infiltration, and were 544 

precipitated as REE-fluorocarbonates within the cracks in allanite grains and major 545 

minerals (Figs. 4c, 5, and 7a). Previous studies suggest that hydrothermal alteration 546 

play a critical role in the formation of ion-adsorption REE deposits because it can help 547 

transform REE-bearing minerals into the forms that allow REE to be more easily 548 
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extracted (Imai et al. 2012; Bern et al. 2017; Zhao et al. 2022). Our in situ U-Pb 549 

dating indicates that the darker domains of the Changjiang allanite grains yielded a 550 

weighted mean age of 141.4 ± 5.6 Ma, consistent with the timing of a crustal 551 

extension event (140−135 Ma) in South China. Therefore, the regional crustal 552 

extension might have played an important role in the formation of ion-adsorption REE 553 

deposits in South China, as it could have provided favorable conditions for fluid 554 

circulation that would trigger alteration or dissolution of REE-bearing minerals in 555 

granites. 556 

Alteration can transform primary REE-bearing minerals into the forms such as 557 

REE-fluorocarbonates that are easier to be weathered, which is important for the 558 

formation of ion-adsorption REE deposits (Ishihara et al. 2008; Imai et al. 2012; Bern 559 

et al. 2017; Zhao et al. 2022). For example, the Zhaibei granite that hosts an 560 

ion-adsorption LREE deposit is adjacent to the Zhuguangshan batholith; hydrothermal 561 

alteration has transformed its primary REE-bearing accessory minerals of titanite, 562 

allanite, monazite, and xenotime into REE-fluorocarbonates and thorite, which was 563 

important for ion-adsorption LREE mineralization (Zhao et al. 2022). In the 564 

Changjiang granite, allanite was partly replaced by REE-fluorocarbonates, and the 565 

occurrence of fracture-filling REE-fluorocarbonates (Figs. 4i, 5a-5h, and 7a) that 566 

represent the more easily weathered REE-minerals would set the stage for the 567 

formation of an ion-adsorption REE deposit (Ishihara et al. 2008; Rern et al. 2017). 568 

Furthermore, in the Changjiang granite, U and REE have also been released from 569 

uraninite during its alteration and dissolution (Zhang et al. 2021b); monazite was 570 
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partly replaced by apatite and an REE-rich phase during alteration (Fig. 3c). In 571 

contrast, alteration of allanite in the Jiufeng granite only generated minor 572 

REE-fluorocarbonates, and no obvious alteration was observed on other REE-bearing 573 

minerals such as titanite and thorite. Two ion-adsorption REE deposit have been 574 

found in the Zhuguangshan batholith (Fig. 1). Our study indicates that the Changjiang 575 

granite has potential to form an ion-adsorption LREE deposit, although further work 576 

needs to be done. 577 

6. IMPLICATIONS 578 

This study reports the first attempt to systematically investigate the textures and 579 

compositions of allanite during alteration from uranium-fertile and barren granites. 580 

Three major geological applications can be envisaged for the study of alteration and 581 

geochemistry of allanite. 582 

Firstly, it may effectively elucidate the nature of a hydrothermal fluid from which 583 

allanite crystallized or that interacted with allanite. Textures and compositions of the 584 

Changjiang allanites combined with the occurrence of abundant fluorite suggest the 585 

presence of the superposition of F- and CO2-bearing fluids with a relatively 586 

low-temperature (≤ 300 °C) and oxidized nature. 587 

Secondly, U-Pb isotopes in allanite have been used to determine the ages of 588 

regional mineralization/hydrothermal events. Uranium-bearing accessory minerals 589 

such as uraninite, uranothorite, and allanite in granites generally represent the major 590 

sources of uranium for many hydrothermal uranium deposits; alteration of these 591 

minerals leading to uranium mobilization is important for the formation of 592 
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hydrothermal uranium deposits (Cuney and Friedrich 1987; Chabiron et al. 2003; 593 

Cuney 2014; McGloin et al. 2016; Zhang et al. 2020b, 2021b). Dating altered 594 

domains of U-bearing accessory minerals can constrain connection with the timing of 595 

U mineralization or related hydrothermal events, which is important for understanding 596 

uranium mineralization processes. In this study, in situ U-Pb dating on the darker 597 

(secondary) domains of the Changjiang allanite grains yielded a weighted mean U-Pb 598 

age of 141.4 ± 5.6 Ma, consistent with the timing of a uranium mineralization event in 599 

the Changjiang uranium ore field (~140 Ma, Zhong et al. 2019) and the age of a 600 

crustal extension event (140−135 Ma) in South China (Li 2000; Hu et al. 2008). Our 601 

results provide temporal evidence for the link between uranium release from source 602 

rocks and regional crustal extension events in South China. In addition, this study also 603 

emphasizes the role of the regional crustal extension in the formation of 604 

ion-adsorption REE deposits in South China. 605 

Thirdly, this study helps understand the mobilization processes of REE and U 606 

from primary minerals during alteration, usually a key step in the formation of an 607 

ion-adsorption REE deposit or a uranium deposit. Our study indicates that elemental 608 

maps obtained by EPMA and LA-ICP-MS can provide direct evidence for the 609 

microscale processes. This study suggests that allanite can be used as a useful tool for 610 

decoding granite-related uranium mineralization processes and can provide insights 611 

into the formation of ion-adsorption REE deposits. 612 
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Figure captions 860 

Figure 1. A simplified geological map of South China showing the distribution of 861 

granites of different ages, granite-related uranium deposits, and ion-adsorption 862 

REE deposits (modified from Zhou et al. 2006; Hu et al. 2008; Li et al. 2017). 863 

Figure 2. Simplified geologic map of the Zhuguangshan batholith showing the 864 

distribution of the main granite-related uranium deposits (modified from Deng et 865 

al. 2012; Zhang et al. 2018a; Zhong et al. 2019). 866 

Figure 3. Representative transmitted polarized light and BSE images of the 867 

Changjiang and Jiufeng granites and uranium ores. (a) Transmitted polarized 868 

light image showing that the alteration minerals in the samples collected from 869 

the Changjiang granite include chlorite and illite. Allanite is spatially associated 870 

with biotite. (b-c) BSE images of uraninite and monazite in the samples collected 871 

from the Changjiang granite. Monazite was partly replaced by apatite and 872 

REE-rich phase. (d) Transmitted polarized light image showing that allanite in 873 

the Jiufeng granite is euhedral and shows little sign of alteration. (e-f) BSE 874 

images of quartz, fluorite, pitchblende, pyrite, and sericite in uranium ores of the 875 

302 deposit. Mineral abbreviations: Aln = allanite; Ap = apatite; Bt = biotite; Chl 876 

= chlorite; Fl = fluorite; Mnz = monazite; Pit = pitchblende; Py = pyrite; Qz = 877 

quartz; Ser = sericite; Urn = uraninite. 878 

Figure 4. Representative BSE images of allanites from the Changjiang (a-f) and 879 
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Jiufeng (g-l) granites. These allanite grains show two different types of domains 880 

that are characterized by different levels of grey: brighter, interpreted as primary 881 

magmatic allanite, and darker, representing secondary allanite. Some REE-rich 882 

microveinlets are present in the grain boundaries or micro-cracks within 883 

rock-forming minerals such as feldspars and quartz. Mineral abbreviations: Aln = 884 

allanite; Ap = apatite; Bt = biotite; Chl = chlorite; Kfs = K-feldspar; Mag = 885 

magnetite; Pl = plagioclase; Qz = quartz. 886 

Figure 5. Representative BSE images of altered allanites from the Changjiang granite. 887 

(a-l) Allanite grains were partly replaced by REE-fluorocarbonates, calcite, 888 

fluorite, thorite, clay minerals, quartz, TiO2, and epidote. REE-rich 889 

microveinlets are present in the grain boundaries or micro-cracks within 890 

rock-forming minerals and they are shown as differing grey levels under BSE 891 

imaging. Mineral abbreviations: Aln = allanite; Ap = apatite; Chl = chlorite; Ep 892 

= epidote; Fl = fluorite; Kfs = K-feldspar; Pl = plagioclase; Qz = quartz; Thr = 893 

thorite; Zrn = zircon. 894 

Figure 6. Element maps obtained by EPMA of an altered allanite grain from the 895 

Changjiang granite showing the proposed mobilization and reprecipitation of La, 896 

Ce, Th, and U. 897 

Figure 7. Element maps obtained by LA-ICP-MS of an altered allanite grain from the 898 

Changjiang granite showing the distributions of Ca, Fe, U, and REE. 899 

Figure 8. (a) The BSE image showing the EPMA spot positions in the Jiufeng allanite 900 

grain from Fig. 4g. (b-c) Profile variations of Al, Ca, ΣREE, Fe3+, Th, and Pb 901 
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concentrations. (d) Cationic contents in the A and M sites. 902 

Figure 9. Plot of ΣREE vs. Al for allanites from the Changjiang and Jiufeng granites 903 

(after Petrík et al. 1995). 904 

Figure 10. Chondrite-normalized REE patterns of brighter and darker domains of the 905 

Changjiang (a-b) and Jiufeng (c-d) allanite grains. Values of chondrite were 906 

taken from Sun and MacDonough (1989). 907 

Figure 11. U-Pb concordia diagrams with representative CL images of zircons from 908 

the Changjiang (a) and Jiufeng (b) granites. 909 

Figure 12. U-Pb Tera-Wasserburg concordia diagrams and 207Pb corrected 206Pb-238U 910 

weighted ages for the brighter (a-b) and darker (c-d) domains of the Changjiang 911 

allanite grains and those for brighter domains of the Jiufeng allanite grains (e-f). 912 

Figure 13. Diagrams illustrating potential elemental substitution mechanisms for the 913 

Changjiang (a) and Jiufeng (b) allanites. (a) La3+ + Ce3+ + Fe2+ + Fe3+ vs. Si4+ + 914 

Th4+ + Al3+. (b) REE3+ + Fe2+ vs. Ca2+ + Fe3+. 915 

Figure 14. LogfO2 vs. pH diagram showing the fluid evolution path in the Changjiang 916 

uranium ore field (after Romberger 1984). The heavy dashed lines show the 917 

boundaries between the stability fields for the various uranium complexes and 918 

various iron solids and aqueous species. The boundary that expresses the relative 919 

stability of bornite and chalcopyrite is shown as a fine dashed line. The light 920 

dot-dashed lines show the boundaries between the stability fields for the 921 

potassium silicates, kaolinite, alunite, sericite and adularia. The boundaries 922 

between the fields for the magnesium silicates chlorite and magnesian 923 
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montmorillonite are shown as light double-dot-dashed lines. Area I would be a 924 

low fO2 and pH assemblage characterized by either alunite or kaolinite alteration. 925 

Mineral assemblages in Area Ⅱ will be characterized by argillic alteration 926 

(kaolinite and/or montmorillonite) accompanied by hematite and/or iron 927 

carbonate. Area Ⅲ lies within the sericite and chlorite stability fields. Area A 928 

represents the possible fO2 and pH conditions of alteration of the allanite-bearing 929 

Changjiang granite. Area B represents the physicochemical conditions of 930 

precipitation of uranium from ore-forming fluids in the 302 deposit. 931 

Supplementary Table captions 932 

Supplementary Table S1 EPMA chemical compositions (wt%) and formulae of 933 

allanites from the Changjiang and Jiufeng granites. 934 

Supplementary Table S2 LA-ICP-MS elemental data (ppm) of allanites from the 935 

Changjiang and Jiufeng granites. 936 

Supplementary Table S3 EPMA chemical compositions (wt%) of alteration products 937 

(including REE-fluorocarbonates, thorite, and chlorite) of the Changjiang 938 

allanites. 939 

Supplementary Table S4 LA-ICP-MS U-Pb isotopic data for zircons from the 940 

Changjiang and Jiufeng granites. 941 

Supplementary Table S5 LA-ICP-MS U-Pb isotopic data for allanites from the 942 

Changjiang and Jiufeng granites. 943 
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