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ABSTRACT 16 

Magmatic and metasomatic zircon occurs in many alkaline igneous rocks and both are potential 17 

economic reservoirs of Zr, and in some places, rare-earth elements. The Baerzhe deposit in 18 

China is an example of a system where both types of zircon occur. Previous studies recognized 19 

deuteric and variably altered magmatic zircon in a transsolvus miaskitic granite, as well as four 20 

types of metasomatic zircon in a transsolvus agpaitic granite. In this study, the relationships 21 

among, and origins of, zircon and how these relate to models for rare-metal mineralization are 22 

assessed. In-situ back-scattered electron (BSE) and cathodoluminescence (CL) imaging, Raman 23 

spectroscopy (including mapping), and chemistry of zircon from the agpaitic granite were 24 

conducted, combined with evaluation of published data on zircon from Baerzhe. Their textural, 25 

spectroscopic, and chemical characteristics suggest that the four types of metasomatic zircon in 26 

the agpaitic granite were not subjected to metamictization or intense alteration, with trace-27 

element accommodation largely following a xenotime substitution mechanism. The most 28 

abundant type of metasomatic zircon in the agpaitic granite occurs in zircon-quartz 29 

pseudomorphs and exhibits comparable CL, Raman spectral, and chemical features to rare zircon 30 
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that has partially replaced elpidite. This confirms that the pseudomorphs formed by complete 31 

replacement of elpidite. The pseudomorph zircon occurs in association with snowball quartz that 32 

contains inclusions of zircon, aegirine, and albite, and with secondary quartz containing aegirine. 33 

This is consistent with their coeval formation during Na metasomatism. The restriction of Na 34 

metasomatism to the agpaitic granite indicates that this event and the associated zircon formation 35 

resulted from early autometasomatism of the agpaitic phase. REE- and Be-rich zircon that 36 

replaced magmatic amphibole crystallized as a result of reaction with a REE- and Be-rich fluid 37 

that most likely was responsible for the later REE-Nb-Be mineralization that affected both the 38 

miaskitic and agpaitic granites. The miaskitic granite contains deuteric and altered magmatic 39 

zircon with different chemical characteristics to the four types of metasomatic zircon in the 40 

agpaitic granite. This suggests that secondary Zr mineralization in the miaskitic granite formed 41 

from different fluids to those that metasomatized the agpaitic granite and may also have resulted 42 

from autometasomatism. This study reveals a complex picture for the formation of zircon at 43 

Baerzhe, the character of which can vary significantly, both temporally and spatially. Such 44 

variable chemistry of the various types of zircon resulted not only from their different origins 45 

(magmatic vs. metasomatic), but also from localized water-rock interaction that involved 46 

multiple stages of fluids. Zircon in both the miaskitic and agpaitic phases was mainly the product 47 

of autometasomatism that was constrained to their parental granites. 48 

 49 

INTRODUCTION 50 

Metasomatic zircon is not abundant in common igneous rocks but is one of the most important 51 

ore minerals for Zr, and in some cases the rare-earth elements, in alkaline-peralkaline rare-metal-52 

enriched systems (e.g., Kovalenko et al., 1995; Feng and Samson, 2015; Kynicky et al., 2011; 53 
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Marks and Markl, 2017; Möller and Williams-Jones, 2017; Wu et al., 2021). Previous studies 54 

(e.g., Hoskin, 2005; Pettke et al. 2005; Bell et al., 2019) have shown that the textural and 55 

chemical characteristics of metasomatic zircon from different localities can vary considerably. 56 

Where magmatic and metasomatic zircon occurs in the same rock, the metasomatic variety has 57 

been differentiated from the magmatic counterpart through morphological and chemical 58 

analyses. However, without proper documentation of the mineralogy and petrography of the host 59 

rocks, textural/chemical and isotopic features cannot be used for discrimination of magmatic and 60 

metasomatic zircon, since magmatic and metasomatic zircon can exhibit similarities in these 61 

features in both the same and different rocks (Rubin et al. 1989, 1993; Hoskin and Schaltegger, 62 

2003; Hoskin, 2005; Pettke et al. 2005; Schaltegger et al. 2005; Schaltegger 2007; Wu et al., 63 

2018; Qiu et al., 2019; Yang et al., 2013, 2014). Yet, little is known about how the chemistry of 64 

different generations of metasomatic zircon change through time during water-rock interaction in 65 

a given system. This study builds upon our current understanding of the granitic phases and 66 

mineralization in the large Baerzhe rare-earth element (REE)-Nb-Zr-Be deposit in Inner 67 

Mongolia, Northeast China, where different types of metasomatic zircon were identified in an 68 

agpaitic granite (Wu et al., 2021).  69 

 70 

In this contribution, a variety of microbeam techniques are used to characterize the structural and 71 

chemical features of the different types of metasomatic zircon at Baerzhe in order to assess 72 

models for zircon formation and the fluid-rock interaction history of the deposit. In addition, we 73 

discuss previous textural, geochronological, and isotopic studies at Baerzhe in the context of the 74 

new data. We propose a refined multi-stage model for zircon formation and discuss the factors 75 

that may have controlled zircon chemistry during metasomatism. Differences in the chemistry of 76 
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metasomatic zircon in different units of the miaskitic-agpaitic complex at Baerzhe, along with 77 

the distribution of alteration, lead us to conclude that fluid-rock reactions during metasomatic 78 

zircon formation largely involved autometasomatism. 79 

 80 

THE BAERZHE DEPOSIT 81 

The Baerzhe deposit, located in Inner Mongolia, Northeast China, at the eastern part of the 82 

Central Asian orogenic belt (Fig. 1A), contains world-class endowments of rare-metal 83 

mineralization hosted in an alkaline-peralkaline, multi-phase, granitic pluton (Fig. 1B). The 84 

deposit contains approximately 1.0 Mt of total REE oxides (TREO) at an average grade of 0.57 85 

wt % and 300 Kt of Nb2O5 at an average grade of 0.24 wt % (Fig. 2). In addition, ca. 2.8 Mt of 86 

ZrO2 at an average grade of 2.73 wt % and 48,470 t of BeO at an average grade of 0.05 wt % are 87 

potential by-products from the extraction of REE and Nb (Qiu et al., 2019; Wu et al. 2021). The 88 

Baerzhe deposit contains a large variety of rare-metal silicates, oxides, and carbonates, however, 89 

most REE and almost all Be are hosted in hingganite ((REE,Ca)2(□,Fe2+)Be2[SiO4]2(OH)2), a 90 

member of the gadolinite supergroup; zircon is the only ore mineral for Zr (Yang et al., 2020; 91 

Wu et al., 2021). 92 

 93 

The Baerzhe pluton, which was emplaced between ca. 127 and 123 Ma (zircon U-Pb ages from 94 

Yang et al., 2013 and Qiu et al., 2019), intruded into Late Jurassic volcanic rocks (cf. Fig. 1C of 95 

Wu et al., 2021). The pluton evolved from an unaltered hypersolvus miaskitic granite porphyry, 96 

through a transsolvus miaskitic granite, to a transsolvus agpaitic granite (The definition of 97 

agpaitic vs. miaskitic is after Marks and Markl, 2017; at Baerzhe, primary elpidite is present in 98 

the agpaitic granite whereas the miaskitic granite contains zircon as the only primary Zr mineral) 99 
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(Wu et al., 2021). Both of the transsolvus phases have been variably hematized but only the 100 

agpaitic granite was affected by ubiquitous Na metasomatism (Fig. 3). The presence of the 101 

altered agpaitic phase was only recently reported by Wu et al. (2021). REE-Nb-Be 102 

mineralization occurs in both the altered miaskitic and agpaitic granites, whereas high-grade Zr 103 

mineralization (≥ 2.5 wt % of ZrO2) is present only in the altered agpaitic granite (Wu et al., 104 

2021). A minor, unmineralized, fine-grained hypersolvus granite (Fig. 3) was suggested to have 105 

crystallized from a different batch of melt that segregated and deviated from the main magmatic 106 

lineage at an early stage (Wu et al., 2021). 107 

 108 

THE CURRENT MODEL OF MINERALIZATION 109 

Five stages (a magmatic stage followed by four metasomatic stages) of rare-metal mineralization 110 

were identified at Baerzhe by Wu et al. (2021). Stage I is represented by the emplacement of the 111 

miaskitic and agpaitic granites. In addition to alkali feldspar and quartz, alkaline amphibole 112 

(arfvedsonite and fluoro-arfvedsonite) crystallized in both the miaskitic and agpaitic granites, 113 

whereas elpidite and possibly other alkaline zirconosilicates crystallized only in the agpaitic 114 

phase. 115 

 116 

Stage II is characterized by Na metasomatism, zircon crystallization, and the formation of 117 

snowball quartz (poikilitic quartz crystals or aggregates that contain concentrically-zoned 118 

mineral inclusions; Figs. 4A, B) and by secondary quartz that contains randomly oriented 119 

aegirine inclusions and both zircon-quartz and REE-Nb-Be-rich pseudomorphs (Wu et al., 2021). 120 

These Stage II products are restricted to the agpaitic granite. Principal minerals in this stage are 121 

aegirine, albite, zircon, and quartz; minor minerals are astrophyllite, annite, hematite, and pyrite. 122 
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Sodium metasomatism is represented by aegirine and albite, which replaced amphibole and K-123 

feldspar, respectively. The most abundant type of zircon in these rocks occurs in zircon-quartz 124 

pseudomorphs (Fig. 4C), suggested by Wu et al. (2021) to have replaced elpidite. Zircon that 125 

replaced alkaline amphibole, mainly along with astrophyllite, annite, and minor hematite (Fig. 126 

4D), is also abundant. These two replacement types account for the majority of the high-grade Zr 127 

mineralization at Baerzhe. The zircon-quartz pseudomorphs contain no protocryst relicts, 128 

however, a few examples of relict elpidite crystals that were replaced by zircon and 129 

calciocatapleiite (Fig. 4E) are preserved inside snowball quartz crystals. The latter type of zircon 130 

is referred to below as elpidite-replacement zircon. Finally, zircon occurs as inclusions in 131 

snowball quartz (inclusion zircon). This type does not contribute significantly to the overall Zr 132 

budget in the agpaitic rocks. Inclusion zircon crystals occur together with more abundant 133 

aegirine and albite inclusions in snowball quartz (Fig. 4B).  134 

 135 

Wu et al. (2021) hypothesized that the various types of zircon and the snowball quartz formed in 136 

the same event and from the same fluid. The rationale for this was that (1) snowball quartz and 137 

all zircon types coexist and are in physical proximity in the agpaitic granite; (2) snowball quartz 138 

and quartz in the zircon-quartz pseudomorphs are in optical continuity and in some cases the 139 

pseudomorphs occur within snowball quartz crystals; and (3) commonplace replacement of the 140 

amphibole-replacement zircon by bastnäsite, which indicates that this zircon is relatively early in 141 

the evolution of the system as bastnäsite is a key mineral in a later event (Fig. 4D). The 142 

contemporaneity of snowball quartz formation and Na metasomatism (e.g., aegirine replacement 143 

of amphibole) is supported by the common presence of euhedral aegirine inclusions in snowball 144 

quartz. In summary, Wu et al. (2021) identified four types of metasomatic zircon in the agpaitic 145 
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phase (i.e., inclusion, elpidite-replacement, pseudomorph, and amphibole-replacement) and 146 

suggested that their formation is concomitant and constrained to Stage II. 147 

 148 

The subsequent Stage-III event is the main stage of REE-Nb-Be ore formation, which affected 149 

both the altered miaskitic and agpaitic granites. REE-Nb-Be mineralization occurs mainly 150 

through complete pseudomorphism of unknown protocrysts (Fig. 4F) but also as partial 151 

replacement of Stage II minerals (i.e., amphibole, aegirine, and zircon) (Wu et al., 2021). Major 152 

minerals in Stage III are hingganite, hematite, ilmenite, columbite, aeschynite, and quartz. Stages 153 

IV and V minerals replaced minerals of stages II and III, caused some further enrichment of 154 

heavy REE (HREE) and Nb (crystallization of euxenite), and evolved into light REE (LREE = 155 

La – Eu) enrichment, manifested by overprinting of LREE-dominant fluoro-carbonates and 156 

fluorides on earlier minerals (Wu et al., 2021). Stages IV and V affected both the altered 157 

miaskitic and agpaitic rocks. Additional details of the mineral assemblages and paragenesis can 158 

be found in Wu et al. (2021). 159 

 160 

UNCERTAINTIES AND QUESTIONS WITH ZIRCON MINERALIZATION AT BAERZHE 161 

In the model of Wu et al. (2021), the four types of metasomatic zircon in the agpaitic phase were 162 

suggested to have formed penecontemporaneously during Stage II. There are, however, a number 163 

of reasons to question this interpretation. As the four types are never in physical contact, their 164 

contemporaneity could not be demonstrated with textural evidence. Optical continuity, which 165 

was used to suggest co-precipitation of snowball quartz and the zircon-quartz pseudomorphs, 166 

could also have resulted from syntaxial overgrowth of snowball quartz on the quartz in the 167 

pseudomorphs (cf. Goldstein and Rossi, 2002; Okamoto and Sekine, 2011; Michaud and 168 
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Pichavant, 2020). Only the amphibole-replacement zircon occurs with substantial amounts of 169 

Fe2+ minerals (astrophyllite and annite), whereas the other types of zircon occur mainly in 170 

association with Fe3+ minerals (aegirine and hematite). Finally, the possibility of different 171 

generations of zircon is indicated by the variable chemistry and oxygen isotopic compositions of 172 

zircon from Baerzhe as reported by Yang et al. (2013, 2014). Thus, the metasomatic zircon could 173 

have different origins and have crystallized sequentially, rather than concomitantly. 174 

 175 

Yang et al. (2013, 2014) identified magmatic and hydrothermal zircon in a hypersolvus, 176 

unmineralized granite and a subsolvus, mineralized granite, respectively. The subsolvus 177 

character of the latter, however, was not supported by any petrological description, and this 178 

granite phase was not observed by Wu et al. (2021). However, in Yang et al. (2020), four photos 179 

are provided (their Fig. 3) of what they interpreted as a subsolvus granite, which contains 180 

euhedral perthite and microcline crystals, zircon-quartz pseudomorphs, and replacement of 181 

amphibole by aegirine. These observations contradict the subsolvus interpretation of this unit and 182 

suggest that it is the Na-metasomatized, agpaitic, transsolvus granite described by Wu et al. 183 

(2021). It is not known, however, whether the hydrothermal zircon reported earlier by Yang et al. 184 

(2013, 2014) was actually from the agpaitic transsolvus granite that was incorrectly described as 185 

subsolvus by Yang et al. (2020), and is equivalent to one of the four types of metasomatic zircon 186 

identified by Wu et al. (2021), or is from an unspecified subsolvus granite. In addition, 187 

classification of these two types of zircon by Yang et al. (2013, 2014) was based on their zoning 188 

characteristics in cathodoluminescence images and their REE patterns. Their magmatic zircon 189 

exhibited oscillatory zoning, whereas their hydrothermal zircon was unzoned, and the two types 190 

had chondrite-normalized REE patterns that corresponded to magmatic and hydrothermal zircon 191 
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as defined by Hoskin (2005). Yang et al. (2014) also described a third type of zircon from the 192 

subsolvus, mineralized granite that was porous and exhibited heterogeneous zoning and which 193 

they ascribed to metamictization due to alteration and dissolution of magmatic zircon. However, 194 

the assignment of zircon origin was achieved through interpretation of the textural and chemical 195 

features of mineral separates, without documentation of the associated mineral assemblages and 196 

occurrences of zircon in the rocks. Although Yang et al. (2014, 2020) concluded that 197 

hydrothermal Zr and REE-Nb-Be mineralization both formed during a transitional, magmatic-198 

hydrothermal period, they did not describe the relationship between Zr and REE-Nb-Be 199 

mineralization, nor the mineralogical characteristics of the host rocks. Furthermore, as mentioned 200 

in the Introduction, concluding that zircon types are magmatic or hydrothermal based on their 201 

REE patterns is unreliable at best and could lead to erroneous interpretations of zircon origin 202 

(Pettke et al., 2005; Bell et al., 2019). In the case of Baerzhe, this, in turn, could undermine one 203 

of the key conclusions of Yang et al. (2013), which is that meteoric water was involved in 204 

metasomatic zircon formation, an interpretation based on the O isotopic composition of what 205 

they interpreted as metasomatic zircon. 206 

 207 

More recently, Qiu et al., (2019) documented magmatic and deuteric zircon in a mineralized 208 

transsolvus granite, samples of which were collected from 94 m to 119 m of the ZK7-02 drill 209 

core and at surface (cf. Wu et al., 2021). In SEM-CL images, magmatic zircon exhibits regular, 210 

bright oscillatory zoning and is in equilibrium with primary mineral assemblages, whereas 211 

deuteric zircon occurs as a partial replacement of amphibole, and displays irregular, dark 212 

oscillatory zoning. Samples that host the magmatic and deuteric zircon identified by Qiu et al. 213 

(2019) are from the hematized miaskitic granite described above, which lacks Na metasomatism 214 
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but contains REE, Nb, and Be mineralization. The different rock types described above in this 215 

section are summarized in Table 1.  216 

 217 

The uncertainties described above call for a re-evaluation of the origin, timing, and chemistry of 218 

different types of zircon at Baerzhe in the context of the revised geological and paragenetic 219 

framework of Wu et al. (2021). Therefore, the first question to be investigated is whether all 220 

zircon in the agpaitic rocks formed during a single stage from the same fluid, or in multiple 221 

stages from more than one fluid. A second question is how the zircon separates reported by Yang 222 

et al. (2013, 2014) relate to the detailed paragenesis and petrography of Wu et al. (2021). Testing 223 

the latter question might reveal which rock phase(s) the hand-picked zircon crystals (or 224 

fragments) examined by Yang et al. (2013, 2014) are from. To shed light on these questions, 225 

chemical analyses were carried out on the four types of metasomatic zircon in the agpaitic 226 

granite. Also in this rock phase, chemical analyses were conducted on the aegirine inclusions 227 

hosted in snowball quartz and secondary quartz, the latter of which can host both zircon-quartz 228 

and REE-Nb-Be-rich pseudomorphs (cf. Wu et al., 2021). In addition, Raman spectroscopy and 229 

SEM-CL imaging were used to examine the structural state of the zircon. These results are 230 

compared with previously published Raman, CL, and chemical data on zircon at Baerzhe.  231 

 232 

ANALYTICAL METHODS 233 

The optical characteristics of zircon were examined using an Olympus BX 51 polarizing 234 

microscope. An SEM was used for back-scattered electron (BSE) imaging of zircon and aegirine. 235 

Analyses were performed at the Centre for Advanced Microscopy and Materials 236 

Characterization, University of Windsor, using an FEI Quanta 200 FEG environmental SEM. CL 237 
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imaging of zircon was carried out using the same SEM, coupled with a Centaurus 238 

cathodoluminescence detector. For both BSE and CL images, the instrument was operated in 239 

high vacuum mode, with a 20-kV accelerating voltage, a beam current of 30 nA, and a ca. 1.5-240 

μm beam diameter. 241 

 242 

Laser Raman spectroscopy was used for spot analyses and mapping of metasomatic zircon in the 243 

agpaitic granite, and was performed at the Centre for Advanced Microscopy and Materials 244 

Characterization, University of Windsor. A WITec Alpha 300 Raman spectrometer with a 532-245 

nm air-cooled argon-ion laser was used as the excitation source. The output laser power was set 246 

to ~ 45 mW for spot analyses and ~ 30 mW for mapping. A ×50 or ×100 objective lens was used 247 

to focus the laser. Automated, tunable Raman filter maps, where higher brightness reflects higher 248 

intensity of a peak, were generated for the inclusion and pseudomorph zircon to assess variations 249 

in the structural state of the different CL domains in a single crystal. 250 

 251 

Electron microprobe analyses (EMPA) were conducted at the Earth and Planetary Materials 252 

Analysis Laboratory, Western University, Canada, using a JEOL JXA-8530F microprobe. The 253 

operating conditions were a 15-kV accelerating voltage, a 20-nA beam current, a 5- or 10-μm 254 

beam diameter. For zircon, the standards used were pure metals (Zn, Nb, Hf, Th, and U), garnet 255 

(Y), rutile (Ti), diopside (Mg), augite (Al), zircon (Si, Zr), albite (Na), orthoclase (K), anorthite 256 

(Ca), apatite (P), rhodonite (Mn), and fayalite (Fe). For aegirine, augite (Si, Al), fayalite (Fe), 257 

diopside (Mg, Ca), rhodonite (Mn), albite (Na), orthoclase (K), rutile (Ti), zircon (Zr), and pure 258 

metals of Zn and Nb were used as standards. Peak counting times were 25 seconds and all data 259 
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were corrected using the ZAF correction procedures. The full dataset for zircon and aegirine is 260 

provided in Appendices 1 and 2, respectively. 261 

 262 

Laser-ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) analyses were 263 

undertaken using a PhotonMachines 193 nm short pulse width Analyte Excite excimer laser 264 

ablation system coupled with an Agilent 7900 fast-scanning quadrupole mass spectrometer, 265 

located at the Element and Heavy isotope analytical Laboratory at the University of Windsor. 266 

The energy, repetition rate, and raster rate were set at 2 mJ, 25 Hz, and 5 µm/s, respectively. A 267 

ca. 20-µm laser beam width was used for analyses of zircon and aegirine. The acquisition time 268 

was set at 50 seconds, including a 30-second acquisition for the gas background. Although 269 

precise replication of the spots used in EMPA in the LA-ICP-MS analyses was not possible 270 

because of the different approaches used in the two methods, laser ablation traverses were 271 

performed on the same crystals used for EMPA. The synthetic glass standard reference material 272 

(NIST 610) was used as the external calibration standard. Si concentrations from EMPA analyses 273 

were used as the internal standard. The following masses of Be, Si, Y, and lanthanides were 274 

measured for both zircon and aegirine, and the resulting average element detection limits are 275 

given in parts per million in parentheses: 9Be (0.09), 29Si (415), 89Y (0.12), 139La (0.06), 140Ce 276 

(0.05), 141Pr (0.01), 142Nd (0.01), 152Sm (0.02), 153Eu(0.01), 158Gd (0.01), 159Tb (0.01), 164Dy 277 

(0.02), 165Ho (0.01), 166Er (0.01), 169Tm (0.01), 174Yb (0.01), 175Lu (0.02). Additional masses of 278 

7Li (0.61), 39K (1.58), 44Ca (1.13), 45Sc (0.53), 50Ti (1.73), 66Zn (0.96), 93Nb (0.10), 180Hf (0.87), 279 

and 181Ta (0.06) were analyzed only for zircon. The raw data were processed using the Iolite 280 

software, implemented upon the Igor Pro host environment (Paton et al., 2011). The full trace-281 

element datasets for zircon and aegirine are provided in Appendices 1 and 2, respectively. 282 
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Consistency of the results was checked using the concentrations of Ti, Nb, and Hf in zircon 283 

measured by both methods (LA-ICP-MS vs. EMPA) (cf. Appendix 3); all three elements show 284 

good correlations between the two methods, with R2 values of 0.973, 0.913, and 0.920, 285 

respectively. 286 

 287 

RESULTS 288 

In general, the inclusion, pseudomorph, and elpidite-replacement zircon crystals exhibit no 289 

evidence of porosity, a feature that is commonly taken as evidence of later replacement, and have 290 

planar contacts with their co-precipitated minerals (i.e., aegirine, albite, and quartz) (Figs. 4B, C, 291 

E; 5; 6A, B). The amphibole-replacement zircon is, however, somewhat porous (Figs. 4D; 6C, 292 

D).  293 

 294 

No compositional zoning is evident in BSE images of the four types of metasomatic zircon (Figs. 295 

4B – E; 5B). Zoning is also generally not evident in optical images, but some inclusion zircon 296 

crystals contain irregular areas that are darker brown than the rest of the crystals (Fig. 5A). All of 297 

the examined metasomatic zircon, however, shows zoning in CL images. Two or three CL 298 

domains are present in the inclusion zircon. Domain I is the dark brown areas of the inclusion 299 

zircon that are present only in some crystals (Fig. 5A). This domain exhibits dull, unzoned CL, 300 

or irregular, chaotic luminescence with weak oscillatory zoning (Fig. 5C). Domain II occurs as a 301 

mantle to Domain I, where present, but otherwise constitutes the centre of most crystals, and is 302 

overall somewhat darker than a surrounding rim (Domain III) (Fig. 5C). Both domains II and III 303 

exhibit the same type of oscillatory zoning (Fig. 5C). The pseudomorph and elpidite-replacement 304 

zircon generally display more irregular zoning than the inclusion zircon, but have comparable 305 
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CL characteristics to one another, with three irregularly-shaped domains with different levels of 306 

luminescence (Figs. 5D – G; 6B). Domain I is dull, unzoned or weakly zoned, and mostly 307 

constitutes the core of a pseudomorph or elpidite-replacement zircon crystal (Figs. 5E, G; 6B). 308 

Domain II is brighter than Domain I, and occurs as unzoned or weakly-zoned mantles 309 

surrounding Domain I (Figs. 5E, G; 6B). Domain III exhibits the brightest CL and occurs as 310 

sporadic, elongated patches within both domains I and II (Figs. 5E, G; 6B). In contrast to the 311 

internal zoning shown by the other types of zircon, the amphibole-replacement zircon is 312 

homogeneous, with no zoning, and very dull CL (Figs. 6C, D). 313 

 314 

Raman spectroscopy  315 

The four types of metasomatic zircon yield similar Raman spectra, with five distinct Raman 316 

bands at 206 – 212, 349 – 356, 436 – 440, 969 – 975, and 1,000 – 1,008 cm-1 (Appendix 4). The 317 

wavenumbers and relative peak intensities of these spectra match those of non-metamict zircon 318 

reported elsewhere (e.g., Nasdala et al., 1995, 2001; Zhang et al., 2000). The amphibole-319 

replacement, elpidite-replacement, and pseudomorph zircon crystals yielded comparable and 320 

intense v3 (SiO4) Raman bands that range from 1,003 to 1,008 cm-1, and that have FWHM (full 321 

width at half-maximum) values that are close to 5 cm-1 (Appendices 4; 5). The inclusion type 322 

zircon exhibits slightly lower v3 Raman bands (1,000 to 1,001 cm-1), and overall marginally 323 

wider FWHM values (5 – 6 cm-1) (Appendices 4; 5).  324 

 325 

The various domains shown in the CL images are also evident in the automated Raman filter 326 

maps. Figures 7A – C are representative maps for an inclusion zircon crystal tuned to the 353 ± 5 327 

cm-1, 438 ± 5 cm-1, and 1,001 ± 5 cm-1 peaks. The mantle-rim feature of the inclusion zircon 328 
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(Domains II and III) shown in CL images is not seen in the filter maps; rather, these two domains 329 

are characterized by comparable and heterogeneous brightness on the Raman maps. The dark 330 

brown area (Domain I) seen under optical imaging is mostly represented by the darkest part in a 331 

given inclusion crystal in the filter maps (Fig. 7A – C). In some cases, Domain I is characterized 332 

by lower intensities of only the 353 ± 5 cm-1 and 438 ± 5 cm-1 bands (darker on maps tuned to 333 

these two bands), but comparable intensities of the 1001 ± 5 cm-1 band (similar brightness on 334 

Raman maps to other domains).  335 

 336 

Domains I and II in the pseudomorph zircon, are comparable in brightness on maps tuned to the 337 

353 ± 5, 438 ± 5, and 1001 ± 5 cm-1 Raman bands (Figs. 7D – F). Domain III of the 338 

pseudomorph zircon differs from domains I and II in that the 353 ± 5 and 438 ± 5 cm-1 bands in 339 

Domain III are characterized by higher intensities (brighter on maps) (Figs. 7D, E) and the 1,001 340 

± 5 band by lower intensities (Fig. 7F). 341 

 342 

Zircon chemistry 343 

Three of the four types of zircon, namely the inclusion, elpidite-replacement, and pseudomorph, 344 

contain comparable ZrO2, SiO2, and ΣREE concentrations (Figs. 8A, B). All four types contain 345 

comparable and variable HfO2 concentrations that range from 0.40 to 1.86 wt % (Fig. 8A), and 346 

all are enriched in HREE relative to LREE, with distinct negative Eu anomalies (Fig. 8C). Most 347 

metasomatic zircon contains <0.8 wt % UO2 and <0.5 wt % ThO2, with the inclusion zircon 348 

containing consistently low concentrations of both U and Th (Appendix 6A). Three amphibole-349 

replacement zircon crystals are characterized by higher ThO2 or UO2 concentrations than the rest, 350 

and are plotted as outliers (Appendix 6A). The inclusion zircon differs from the other types in 351 
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having positive slopes from La to Sm (LaN/SmN < 1) on chondrite-normalized plots (the other 352 

types have negative slopes; LaN/SmN > 1), a much steeper increase in concentrations from Gd to 353 

Lu than the other types (much lower GdN/YbN values), and positive Ce anomalies (the other 354 

types have no Ce anomaly) (Fig. 8C). In addition, the inclusion zircon generally contains higher 355 

concentrations of Na, K, Fe, Zn, and Ti, and higher Ta/Nb values than the other types 356 

(Appendices 6).  357 

 358 

The major- and trace-element chemistry of elpidite-replacement and pseudomorph zircon largely 359 

overlaps such that they together comprise a single population (Fig. 8; Appendices 6; 7). These 360 

two types generally exhibit the highest La/Yb values of the four zircon types and have relatively 361 

flat chondrite normalized REE patterns and concave-down HREE patterns. Although LREE 362 

concentrations of the elpidite-replacement and pseudomorph zircon are more than an order of 363 

magnitude higher than the inclusion zircon, the ΣREE concentrations of these three types are 364 

comparable and range from ca. 0.4 wt % to 1.3 wt %. The amphibole-replacement zircon 365 

exhibits REE patterns that are similar to those of the elpidite-replacement and pseudomorph 366 

zircon, but several times to an order of magnitude higher LREE and HREE concentrations than 367 

the other types, with approximately 3 to 6 wt % ΣREE (Fig. 8C; Appendix 7). In addition, the 368 

amphibole-replacement zircon is characterized by Be concentrations (ca. 200 ppm) that are more 369 

than four times higher than the other three types of zircon (Appendix 6). Note that the trace-370 

element chemistry of the different domains identified within individual crystals of the inclusion 371 

and pseudomorph zircon using CL and Raman spectroscopy could not be characterized given the 372 

spatial resolution possible with LA-ICP-MS. Thus, the trace-element analyses of these zircon 373 

crystals represent a mixture of all three domains. 374 
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 375 

Aegirine inclusion chemistry 376 

Using the International Mineralogical Association (IMA) nomenclature for clinopyroxene of 377 

Morimoto et al. (1988), the inclusions in snowball and secondary quartz from the agpaitic granite 378 

at Baerzhe are sodic, with comparable, almost end-member, aegirine compositions: Aeg88-379 

93Quad6-10Jd1-5 (Appendix 8). Their ΣREE values are also similar (ca. 1,200 ppm) and they are 380 

always LREE-rich with distinct negative Eu anomalies and weak negative Ce anomalies. Their 381 

average LREE and HREE concentrations are 983 ppm and 189 ppm, respectively. As the 382 

inclusion zircon that is associated with the aegirine inclusions in snowball quartz yielded 383 

generally positive slopes from La to Lu with weak positive Ce anomalies, the chondrite-384 

normalized REE patterns of the aegirine inclusions are the opposite of the zircon inclusions, 385 

except that they both show negative Eu anomalies (Fig. 8C). 386 

 387 

DISCUSSION 388 

Were the zircon-quartz pseudomorphs originally elpidite? 389 

Wu et al. (2021) argued that the elpidite-replacement and pseudomorph zircon share the same 390 

origin, and that the latter represents complete replacement of elpidite. This interpretation, 391 

however, was not rigorously tested in Wu et al. (2021). The data presented above support this, as 392 

the elpidite-replacement and pseudomorph have comparable CL, Raman, and major-/trace-393 

element chemical features. Our data further validate the interpretation that the Na-394 

metasomatized, transsolvus granite was agpaitic and crystallized magmatic Na zirconosilicates. 395 

Therefore, in what follows, the term “pseudomorph zircon” will be used to represent both the 396 

pseudomorph and the elpidite-replacement zircon, unless indicated otherwise. The formation of 397 
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zircon-quartz pseudomorphs as a result of the replacement of primary Na zirconosilicates is also 398 

a common feature seen in the agpaitic phases at the Strange Lake and Khan Bogd REE-Nb-Zr-399 

mineralized, miaskitic-agpaitic granitic complexes (Kynicky et al., 2011; Gysi and Williams-400 

Jones, 2013), which share mineralogical and chemical similarities with Baerzhe (Wu et al., 401 

2021). This indicates that the presence of zircon-quartz pseudomorphs could be a key 402 

characteristic of metasomatic Zr mineralization in agpaitic granites.  403 

 404 

Post-crystallization modification of zircon 405 

Raman spectroscopy is a useful method in the quantification of radiation damage 406 

(metamictization) in zircon (e.g., Nasdala et al., 1995). Generally, Raman spectra of well-407 

ordered, non-metamict zircon are characterized by a v3 band at about 1,007 cm-1 that has FWHM 408 

values of ca. 5 cm-1. Variably disordered, metamict zircon, on the other hand, exhibits lower v3 409 

values (955 – 1,000 cm-1) and higher FWHM values that range from 10 to 30 cm-1 (Appendix 410 

5A) (Nasdala et al. 2001; Resentini et al., 2020). Thus, the four types of metasomatic zircon from 411 

Baerzhe are all well-ordered crystals, as their v3 peaks lie between 1,000 and 1,008 cm-1 and have 412 

FWHM values close to 5 cm-1 (Appendix 5B).  413 

 414 

A domain of zircon crystal that has experienced post-crystallization alteration normally shows 415 

different and irregular Raman, CL, or chemical features relative to a pristine, unaltered domain 416 

(e.g., Nasdala et al., 1995, 2001). Because Domain I in the inclusion zircon was overgrown by 417 

domains II and III, which both show oscillatory zoning, and shows textural equilibrium with 418 

aegirine (Figs. 5A – C), it most likely represents the earliest generation of inclusion zircon 419 

crystal growth. Some of the Domain I parts of inclusion zircon exhibit chaotic luminescence 420 
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under CL imaging (cf. Fig. 5C). Such CL characteristics could have resulted from post-421 

crystallization alteration, likely by the fluid that precipitated domains II and III. Likewise, 422 

Domain III in pseudomorph zircon occurs as irregular patches within crystals, but never as 423 

individual crystals. These observations suggest that Domain III in pseudomorph zircon 424 

represents post-crystallization alteration of pre-existing zircon. As the inclusion and 425 

pseudomorph zircon crystals are generally not porous and exhibit consistent compositions (cf. 426 

Figs. 4 – 6; 8; Appendices 6; 7), these two types were not modified significantly. The minor 427 

alteration of the inclusion and pseudomorph zircon added no additional Zr to the system, and 428 

does not represent a separate Zr-forming event. Although the amphibole-replacement zircon was 429 

partially replaced by bastnäsite, this event does not appear to have modified the chemistry or 430 

structure of this zircon, as the BSE, CL, Raman, and chemical features of different amphibole-431 

replacement zircon crystals are invariably similar. Therefore, based on the generally comparable 432 

BSE, CL, Raman, and chemical features of different crystals of each type from the four types of 433 

metasomatic zircon, none was largely affected by post-crystallization modification. 434 

 435 

What remains to be assessed is whether the slightly lower v3 peaks and wider FWHM values of 436 

the inclusion zircon represent minor metamictization. The fact that the inclusion zircon contains 437 

the overall lowest U and Th concentrations of the various types of zircon (Appendix 6A) 438 

suggests that the lower v3 peaks and higher FWHM values in this type are not related to 439 

metamictization, but more likely to the presence of substituting elements that distorted the zircon 440 

structure. The inclusion zircon contains higher K, Ti, Zn, and Fe, and generally higher Na 441 

concentrations than the other types (cf. Appendix 6). Greater substitution of Zr and Si by these 442 

elements might cause more lattice modification, which could result in the slightly different 443 
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Raman spectral characteristics. The current data, however, do not allow us to test exactly which 444 

elements are responsible. 445 

 446 

Yang et al. (2014) reported rare, metamict zircon at Baerzhe. This is a misinterpretation, as this 447 

“metamict” zircon is characterized by v3 peaks between 1,004 and 1,005 cm-1, with FWHM 448 

values of 9 – 12 cm-1 (Yang et al. 2014). These values are close to the well-ordered zircon seen 449 

in this study, and are different to metamict zircon (cf. Nasdala et al. 2001; Resentini et al., 2020). 450 

Based on the presence of “dissolution pores” and irregular compositional zoning in these 451 

“metamict” zircon grains (Yang et al., 2014), we suggest that these crystals have experienced 452 

metasomatism but not metamictization (cf. Putnis, 2002). These crystals have comparable REE 453 

characteristics with the inclusion zircon reported in this study, but contain higher Hf and P 454 

concentrations (Appendix 9), which indicates that they are not the same as the inclusion zircon.  455 

 456 

Zircon compositions and fluid chemistry 457 

The data discussed above demonstrate that the metasomatic zircon in the agpaitic granite was not 458 

subjected to metamictization or intense alteration, such that they will largely have retained their 459 

original chemistry. The question is whether such zircon mineral compositions can be used to 460 

infer the chemistry of the fluid from which they crystallized. To address this question, one needs 461 

to first assess what the crystal chemical controls were. Also, whether zircon chemistry reflects 462 

the parental fluid chemistry or what was being replaced (i.e., chemistry of the protocrysts) needs 463 

to be taken into consideration.  464 

 465 



 

 

21 

The a.p.f.u. sum of the trivalent and pentavalent cations (ΣREE + Sc + Al + Fe3+ + Nb + Ta + P) 466 

exhibits a coherent negative correlation with the a.p.f.u. sum of tetravalent cations (Si + Zr + Hf), 467 

with a slope close to -1 (-0.84 for the pseudomorph zircon, -0.93 for the inclusion zircon, and -468 

0.97 for the amphibole-replacement zircon), and an overall R2 of 0.98 (Fig. 9A). The analyzed 469 

zircon crystals are, therefore, broadly consistent with a xenotime substitution (i.e., (ΣREE, Sc, 470 

Al, Fe)3+ + (Nb, Ta, P)5+ = (Zr, Hf)4+ + Si4+) (cf. Hanchar et al., 2001; Yang et al., 2016).  Figure 471 

9A assumes that Fe is present entirely as Fe3+. However, Fe could be present as Fe2+, but would 472 

require different, but theoretically feasible, substitution mechanisms (cf. Hanchar et al., 2001). If 473 

Fe is removed from the xenotime model (if it is Fe2+) (Fig. 9B), the correlation for inclusion 474 

zircon, which contains significantly more Fe than the other types, is poorer and the slope (-0.48) 475 

for the other elements (i.e., ΣREE + Sc + Al + Nb + Ta + P), is less consistent with the xenotime 476 

model. This is also true to a lesser extent of the pseudomorph zircon. This suggests that Fe, 477 

especially in the inclusion zircon, is present as Fe3+ and is consistent with the association of 478 

inclusion aegirine, in which Fe is trivalent, and with the positive Ce anomalies seen in this 479 

zircon. Fe is less important in the amphibole-replacement zircon and the xenotime model is not 480 

affected if Fe is removed (Fig. 9A vs. 9B). This may suggest that Fe is present as Fe2+, consistent 481 

with the association of this type of zircon with astrophyllite and annite. 482 

 483 

In summary, the data presented and discussed above enable us to conclude that the well-ordered 484 

and unaltered metasomatic zircon at Baerzhe accommodated trace elements, including REE, 485 

according to crystal chemical principles (dominated by the xenotime substitution). Thus, zircon 486 

chemistry should be a reliable indicator of parental fluid chemistry, assuming that fluid-rock 487 



 

 

22 

ratios were high and that zircon chemistry was not significantly influenced by the chemistry of 488 

precursor phases (which is discussed below). 489 

 490 

Single- vs. multi-stage zircon formation in the agpaitic granite 491 

Wu et al. (2021) argued that all metasomatic zircon from the agpaitic granite formed from the 492 

same fluid. In this hypothesis, one would predict that the investigated zircon all exhibits 493 

comparable trace-element chemistry, under conditions such that the chemistry of the various 494 

types of zircon was governed by parental fluid chemistry. The inclusion, pseudomorph, and 495 

amphibole-replacement, however, exhibit quite different trace-element chemistry (Fig. 8; 496 

Appendices 6; 7). The question is whether or not the composition of one or more varieties was 497 

governed by parental fluid chemistry and/or multiple fluids were involved in zircon formation. 498 

 499 

If chemistry of the amphibole-replacement zircon was influenced by the protocryst (amphibole). 500 

one should expect that the amphibole-replacement zircon would in some way reflect amphibole 501 

chemistry. However, the high ΣREE (approximately 3 to 6 wt %) and Be (∽200 ppm) 502 

concentrations in the amphibole-replacement zircon (Fig. 8; Appendix 6D) cannot reflect 503 

inheritance from amphibole, as the replaced amphibole contains  < 10, < 100, and <18 ppm of 504 

LREE, HREE, and Be, respectively (Wu et al., 2021). The amphibole-replacement zircon, 505 

therefore, precipitated from a REE- and Be-rich fluid, from which the amphibole-replacement 506 

zircon could efficiently sequester these elements.  507 

 508 

As the inclusion zircon occurs exclusively inside snowball quartz, and exhibits equilibrium 509 

contacts with the inclusion aegirine, it precipitated directly from the fluid that caused the 510 
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formation of metasomatic snowball quartz and that was responsible for Na metasomatism (cf. 511 

Wu et al., 2021). This metasomatic origin for snowball quartz is further supported by the same 512 

chemistry of aegirine inclusions in snowball and secondary quartz (Fig. 8C; Appendix 8). 513 

Therefore, the chemistry of the inclusion zircon was governed by a fluid. The question arises as 514 

to whether this fluid was the REE-Be-rich fluid from which the amphibole-replacement zircon 515 

crystallized. If so, one should expect that the inclusion zircon would also contain high Be and 516 

REE concentrations, which is not the case. Most importantly, the inclusion zircon not only 517 

contains much lower Be (16 – 59 ppm) and ΣREE (0.5 ppm – 1.3 wt %) than the amphibole-518 

replacement zircon (∽200 ppm Be and 3 to 6 wt % ΣREE) but has higher concentrations of Na, 519 

Fe, Zn, and Ta (cf. Fig. 8; Appendix 6). The possibility that the inclusion and amphibole-520 

replacement varieties are related through the addition or removal of REE and Be in a fluid during 521 

water-rock interaction has to be considered; i.e., the two varieties crystallized from the same, but 522 

evolving fluid. This scenario would require the crystallization or break-down of REE-Be 523 

minerals (i.e., hingganite). However, the formation and replacement of hingganite postdated 524 

zircon formation at Baerzhe, such that there is no viable source or sink for these elements in the 525 

minerals present during zircon formation. Furthermore, amphibole-replacement and inclusion 526 

zircon with the chemical characteristics described above occur in the same rock, such that 527 

chemical evolution of a single fluid temporally or spatially, as would be required, would not 528 

have been possible. Therefore, the data are most consistent with a model in which the inclusion 529 

and amphibole-replacement zircon crystallized from two different fluids.  530 

 531 

The high REE and Be concentrations in the amphibole-replacement zircon provide a link to the 532 

REE-Nb-Be mineralization (Stage III) that postdated the Zr mineralization of Stage II. Therefore, 533 
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it is likely that the amphibole-replacement zircon formed from the Stage III fluid. This is 534 

consistent with the textural observation that amphibole-replacement zircon always occurs outside 535 

snowball quartz, which hosts all of the inclusion and some pseudomorph zircon (Wu et al., 536 

2021).  537 

 538 

There is good textural evidence that the inclusion and pseudomorph varieties were coeval and 539 

formed during Na metasomatism (Wu et al., 2021). Therefore, the most likely reason for the 540 

differences in the chemistry of the inclusion and pseudomorph zircon is that the chemistry of the 541 

pseudomorph zircon was influenced by inheritance from the protocryst (elpidite), rather than 542 

reflective of the metasomatic fluid. This scenario, however, cannot be rigorously tested as it 543 

would require trace-element chemistry of unaltered elpidite. As Na metasomatism is constrained 544 

to the agpaitic granite, with strong evidence that this fluid also caused the precipitation of 545 

snowball quartz and pseudomorph/inclusion zircon (i.e., Stage II), this event is interpreted to 546 

represent autometasomatism and that the fluid did not infiltrate the miaskitic granites. 547 

 548 

In summary, the discussion above supports a revised model in which the Stage II inclusion and 549 

pseudomorph zircon crystallized from the same fluid during autometasomatism, followed by 550 

amphibole-replacement zircon that crystallized from a later, Stage-III REE-Be-rich fluid. 551 

 552 

REE chemistry of inclusion zircon 553 

The REE chemistry of the inclusion zircon is distinct from the other types in that it has 554 

significant LREE depletion and a positive slope on chondrite-normalized plots, as well as a 555 

positive Ce anomaly (Fig. 8C). Such REE distributions of the inclusion zircon, which is 556 
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metasomatic in origin, though similar to magmatic zircon seen in most granitic settings (e.g., 557 

Hoskin and Schaltegger, 2003; Hoskin, 2005), is analogous to hydrothermal zircon from the 558 

Yankee Lode in the Mole granite, Australia (Pettke et al., 2005). The aegirine inclusions that co-559 

precipitated with the inclusion zircon contain significantly higher LREE and lower HREE 560 

concentrations, and have complementary REE-normalized patterns to the inclusion zircon (Fig. 561 

8). These two minerals are the only minerals in this assemblage that contain significant REE, 562 

given that the co-precipitated albite and quartz contain negligible amounts of REE (cf. Bea, 563 

1996). Thus, the depletion in LREE plus Gd and Tb seen in the inclusion zircon, likely reflects 564 

the incorporation of the lighter REE into the co-precipitated aegirine, especially given the 565 

volumetric dominance of aegirine relative to zircon (cf. Wu et al., 2021). In an analogous 566 

manner, positive Ce anomalies in zircon and negative anomalies in aegirine likely reflect the 567 

partitioning of Ce4+ more readily into zircon than aegirine given that it has the same valence as 568 

Zr4+, whereas the trivalent Fe site in aegirine better accommodates Ce3+ than Ce4+. 569 

 570 

Implications for the published petrological, isotopic, and geochronological data 571 

The zircon-quartz pseudomorphs shown in Figure 3D of Yang et al. (2020) were equated by 572 

those authors to the hydrothermal zircon of Yang et al. (2013, 2014, 2020), in which only zircon 573 

mineral separates were analyzed. If that is the case, their hydrothermal zircon would be the same 574 

as the pseudomorph zircon described in Wu et al. (2021) and this study, although without 575 

petrographic context for the mineral separates, there is still some uncertainty. The fact that their 576 

hydrothermal zircon exhibits generally comparable REE chemical features to the pseudomorph 577 

zircon described here (Fig. 10), could add credence to this conclusion. However, there are 578 

several discrepancies between our descriptions of the pseudomorph zircon and the hydrothermal 579 
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zircon described by Yang et al. (2013, 2014, 2020). First, the hydrothermal zircon mineral 580 

separates of Yang et al. (2013, 2014, 2020) mainly exhibit featureless CL, whereas the CL 581 

images of zircon pseudomorphs reported here mostly exhibit a core-rim structure, although 582 

Domain I can be occasionally featureless (Figs. 5E, G; 6B). Secondly, when the chemical data of 583 

Yang et al. (2013, 2014, 2020) are combined with our data on the pseudomorph zircon, two 584 

populations are evident in a bivariate plot of ZrO2 vs. HfO2 (Fig. 11). Population I consists of 585 

probe data from this study, defining a trend that is characterized by invariably high 586 

concentrations of ZrO2 that decrease slightly with increasing HfO2 concentrations. The probe 587 

data of Yang et al. (2013, 2014) are also consistent with this trend. Population II represents the 588 

probe data from Yang et al. (2020) that are characterized by variable ZrO2 but invariably low 589 

HfO2 concentrations. There are two possible explanations for such differences. The first is that 590 

the zircon pseudomorphs described by Wu et al. (2021) and this study are equivalent to the 591 

hydrothermal zircon described in Yang et al. (2013, 2014, 2020), and this type of zircon can 592 

exhibit different major-element chemistry and CL features, albeit with generally comparable 593 

REE features. In this scenario, the subsolvus granite described in Yang et al. (2013, 2014, 2020) 594 

is in fact the Na-metasomatized, agpaitic, transsolvus granite of Wu et al. (2021), which is 595 

consistent with the presence of perthite and microcline in the same rocks (cf. Yang et al., 2020). 596 

The differences in major-element chemistry could be explained if the two pseudomorph zircon 597 

populations on Figure 11 represent replacement of two different alkali zirconosilicate protocrysts 598 

that contained different Zr and Hf concentrations but had comparable REE characteristics that 599 

were later inherited by the pseudomorph zircon. The alternative is that the hydrothermal zircon 600 

reported by Yang et al. (2013, 2014), which follows the same trend as the pseudomorph zircon of 601 

Population I, represents crystals from the zircon-quartz pseudomorphs, but that Population II 602 
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from Yang et al. (2020) comprises zircon mineral separates from other rock types (possibly the 603 

miaskitic phases), but were misinterpreted as the pseudomorph zircon. In either scenario, the 604 

hydrothermal zircon reported by Yang et al. (2013, 2014) equates to the pseudomorph zircon 605 

reported in Wu et al. (2021) and this study. 606 

 607 

Yang et al. (2013, 2014) reported extremely low δ18O values for the hydrothermal zircon 608 

(pseudomorph zircon), and suggested that meteoric water entered the Baerzhe zircon-forming 609 

system. If their interpretation is correct, the discussion above means that the incursion of 610 

meteoric water occurred during zircon-quartz pseudomorph formation during autometasomatism 611 

of the agpaitic granite. Autometasomatism, however, excludes participation of external fluids, 612 

which is inconsistent with mixing of magmatic fluids with meteoric fluids during the formation 613 

of pseudomorph zircon, as suggested by Yang et al. (2013, 2014). Given the uncertainties with 614 

what was analyzed in the O-isotopic study, and how that relates to what has been documented in 615 

this study, this contradiction will need to be addressed in future studies. 616 

 617 

The deuteric and variably altered magmatic zircon in the hematized miaskitic granite reported by 618 

Qiu et al. (2019) has different petrographic, textural, and chemical (cf. Fig. 12) characteristics to 619 

the metasomatic zircon in the agpaitic granite reported here and by Wu et al. (2021). In addition, 620 

the deuteric zircon of Qiu et al. (2019) has distinct chemistry relative to all the other reported 621 

zircon compositions at Baerzhe (Yang et al., 2013, 2014, 2020; this study). These facts add more 622 

credence to the fact that the inclusion and pseudomorph zircon from the agpaitic phases resulted 623 

from autometasomatism. Moreover, in consideration of the interpretation that deuteric zircon, 624 

which veins primary amphibole, was directly precipitated from a fluid (Qiu et al., 2019), the 625 
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fluid responsible for zircon mineralization and alteration in the transsolvus miaskitic granite was 626 

constrained to that granite (possibly through autometasomatism), and was not one of the zircon-627 

forming fluids that affected the agpaitic granite.  628 

 629 

Therefore, crystallization of metasomatic zircon at Baerzhe was governed by at least two stages 630 

of autometasomatism that occurred in the transsolvus miaskitic and agpaitic granites. Abundant 631 

REE- and Be-rich, amphibole-replacement zircon, which was suggested above to have formed 632 

through reactions of later REE-Nb-Be-mineralizing fluid reacting with the agpaitic granite, was 633 

hypothesized to have crystallized later than the other types of metasomatic zircon in the agpaitic 634 

granite. This REE-Nb-Be-mineralizing fluid, unlike the Na metasomatism of the agpaitic granite 635 

or the fluid responsible for deuteric zircon in the miaskitic granite, permeated both the 636 

transsolvus agpaitic and miaskitic phases, and was responsible for ubiquitous hematization on 637 

the transsolvus rocks (cf. Wu et al., 2021). In this case, one may predict that this REE-Nb-Be-638 

mineralizing fluid has precipitated some zircon in the altered miaskitic phase. This prediction can 639 

be tested only if the Be concentration from the zircon from the altered miaskitic granite is 640 

known. Two stages of autometasomatism, in combination with a more widespread REE-Nb-Be-641 

rich fluid contributed to the final status of Zr mineralization at Baerzhe. The hypersolvus granites 642 

at Baerzhe, unlike the transsolvus rocks, were not affected by this invasive REE-Nb-Be-rich 643 

fluid, as there is no visible hematization seen in these rocks. Given that the hypersolvus and 644 

transsolvus granites have similar mineralogy, this is most likely related to lower porosity and 645 

permeability of the hypersolvus rocks, likely related to the lack of autometasomatism and 646 

alteration that would have developed porosity in the transsolvus rocks.  647 

 648 
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The 124.86 ± 0.63 Ma U-Pb age of deuteric zircon (i.e., timing of Zr mineralization) and the 649 

122.82 ± 0.62 Ma U-Pb age of monazite (i.e., timing of REE mineralization) in the miaskitic 650 

phase, provided by Qiu et al. (2019), suggest that REE mineralization postdated zircon formation 651 

in the transsolvus miaskitic granite. This is consistent with the fact that REE mineralization 652 

occurs as replacement of zircon in both the miaskitic and agpaitic rocks (Wu et al., 2021). The 653 

different types of zircon from the agpaitic phase should also postdate deuteric zircon in the 654 

miaskitic phase, as the agpaitic phase is more evolved than the miaskitic phase albeit in the same 655 

magmatic lineage (Wu et al., 2021). This is in line with the U-Pb age of the zircon pseudomorphs 656 

(123.5 ± 3.2 Ma) reported by Yang et al. (2013), although the error in this age makes this 657 

uncertain. A schematic diagram illustrating the development of alteration and zircon formation 658 

associated with autometasomatism in the transsolvus miaskitic and agpaitic granites, and the 659 

hematization and Be-REE-Nb mineralization that affected both types of granite is shown in 660 

Figure 13. 661 

 662 

CONCLUSIONS AND IMPLICATIONS 663 

Documentation of the textural and chemical characteristics of metasomatic zircon from the REE-664 

Nb-Be-Zr-mineralized agpaitic granite Baerzhe using microbeam techniques, combined with 665 

assessment of published data on zircon for the deposit, suggest that metasomatic zircon in the 666 

agpaitic granite at Baerzhe precipitated from at least two different fluids. The inclusion zircon 667 

within snowball quartz crystallized from the incipient fluid stage and was related to Na 668 

metasomatism. Zircon and aegirine inclusions of this stage inherited the chemistry of this early 669 

fluid. Partitioning of REE between zircon and aegirine explains the generally HREE-enriched 670 

REE chondrite-normalized patterns of the inclusion zircon that are comparable to those of typical 671 
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magmatic zircon in granitic settings. Amphibole-replacement zircon, on the other hand, 672 

precipitated from a later fluid that contained higher Be and REE concentrations, especially 673 

LREE, than the Na-metasomatizing fluid. The REE-Be-rich nature of this late-stage fluid likely 674 

indicates a genetic relationship with the late-stage REE-Nb-Be-mineralizing event that affected 675 

both the miaskitic and agpaitic granites. The pseudomorph and elpidite-replacement zircon 676 

crystals share the same origin. It is unclear how the fluid responsible for their formation relates 677 

to the other fluids, but the pseudomorphs formed as a result of reaction between the Na-678 

metasomatizing fluid and elpidite protocrysts. Acquisition of trace-element chemistry of 679 

unaltered elpidite would better constrain this model. 680 

 681 

Comparison of the zircon characteristics with published oxygen isotope data (Yang et al., 2013) 682 

suggests that during the formation of the zircon-quartz pseudomorphs, the system was open and 683 

was infiltrated by meteoric water. The differences between metasomatic zircon in the agpaitic 684 

and miaskitic granites indicates that deuteric zircon in the miaskitic granite precipitated from a 685 

fluid that was constrained to that phase. Similarly, the early Zr-forming fluid in the agpaitic 686 

phase was constrained to that granite, and did not affect the miaskitic granite. This suggests that 687 

during Zr mineralization, both the miaskitic and agpaitic phases experienced autometasomatism 688 

that was restricted to their parental granites and did not migrate. This explains the localization of 689 

Na-metasomatism, in particular aegirine alteration of amphibole, to the agpaitic phase. A more 690 

pervasive REE-Nb-Be-rich fluid affected both the miaskitic and agpaitic granites at a later stage, 691 

and crystallized the amphibole-replacement zircon through localized interaction with the agpaitic 692 

phase. The multi-stage metasomatic zircon-forming events seen at Baerzhe reveal a more 693 

complex history of zircon formation in alkaline complexes than previously thought (Yang et al., 694 
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2013, 2014, 2020; Qiu et al., 2019; Wu et al., 2021). Such complexity in the formation of 695 

metasomatic zircon could apply to similar alkaline settings that contain high Zr endowments. 696 
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Fig. 1

Figure 1. (A) Location of the Baerzhe deposit in China, at the eastern part of Central Asian orogenic belt. (B) A sketch 
that shows the distribution and relationships of the four rock types identified by Wu et al. (2021) at the Baerzhe
granitic complex. The two transsolvus granites are mineralized, whereas the two hypersolvus granites are 
unmineralized.



Fig. 2

REE Nb

Figure 2. Ore grade vs. tonnage diagrams for REE and Nb mineralization that show how Baerzhe compares to other 
important deposits (black solid circles: mineralization in alkaline-peralkaline settings; grey solid circles: mineralization 
in carbonatites). Data after Wall (2014), Linnen et al. (2014), Dostal (2016), Kalashnikov et al. (2016), Verplanck et al. 
(2016), Xie et al. (2016), and Wu et al. (2021).



Fig. 3

Figure 3. Rock types in the ZK7-02 drill core from 0 to 200 m, showing sampling locations and distribution of Na 
metasomatism, hematization, and snowball quartz. Note that Na metasomatism and snowball quartz are both 
restricted to the hematized transolvus granite.



Fig. 4

Figure 4. Optical and back-scattered (BSE) photomicrographs of representative textures and types of metasomatic 
zircon in the agpaitic granite at Baerzhe: (A) A polycrystalline snowball quartz aggregate that contains aegirine, albite, 
and zircon inclusions with a concentric arrangement. The yellow dashed lines delineate the concentric zoning of 
inclusion minerals. (B) Aegirine and zircon inclusions in a snowball quartz crystal. (C) Pseudomorph zircon, which 
occurs in a large, euhedral pseudomorph that contains subequal amounts of zircon and quartz. (D) Amphibole-
replacement zircon that occurs in association with astrophyllite, hematite, and annite, formed through partial 
replacement of amphibole (cf. Wu et al., 2021). This type of zircon was partially replaced by bastnäsite. (E) A snowball 
quartz-hosted elpidite crystal that has been partially replaced by calciocatapleiite, and the elpidite-replacement 
zircon (cf. Wu et al., 2021).  (F) A REE-Nb-Be-rich pseudomorph, mainly comprising hingganite, aeschynite, and 
hematite, hosted by a secondary quartz aggregate. Abbreviations: Ab = albite, Aeg = aegirine, Amp = amphibole, Ann 
= annite; Ast = astrophyllite, Bst = bastnäsite; Ctp = calciocatapleiite, Elp = elpidite, Hmt = hematite, Kfs = K-feldspar, 
Qz = quartz, SB = snowball, Zrn = zircon



Fig. 5

Figure 5. Representative optical, BSE, and cathodoluminescence (CL) photomicrographs of the inclusion and 
pseudomorph zircon: (A – C) Optical, BSE, and CL images of an inclusion zircon crystal. I, II, and III refer to the 
different domains of the inclusion zircon crystal (see text for details). (D and E) Optical and CL images of 
pseudomorph zircon crystals. (F – G) Optical and CL images of two pseudomorph zircon crystals. I, II, and III refer to 
the different domains of the pseudomorph zircon crystal (see text for details).



Fig. 6

Figure 6. Representative BSE and CL photomicrographs of the elpidite-replacement and amphibole-replacement 
zircon: (A and B) BSE and CL images of elpidite-replacement zircon crystals. (C and D) CL images of amphibole-
replacement zircon crystals.



Fig. 7

Figure 7. (A, B, and C) Automated Raman filter maps for an inclusion zircon crystal, tuned respectively, to the 353 ± 5 
cm-1, 438 ± 5 cm-1, and 1,001 ± 5 cm-1 bands. (D, E, and F) Automated Raman filter maps of a pseudomorph zircon 
crystal, tuned respectively, to the 353 ± 5 cm-1, 438 ± 5 cm-1, and 1,001 ± 5 cm-1 bands. I, II, and III refer to the 
different domains of an individual zircon crystal (see text for details).



Fig. 8

Figure 8. Bivariate plots of (A) HfO2 vs. ZrO2 concentrations and (B) ΣREE vs. SiO2 concentrations in the various types 
of zircon at Baerzhe. (C) Chondrite-normalized spider diagram of the different types of zircon and aegirine inclusions 
from the agpaitic granite at Baerzhe. Chondrite values after McDonough and Sun (1995).



Fig. 9

Figure 9. (A) The a.p.f.u. sum of trivalent and pentavalent cations (ΣREE + Sc + Al + Fe3+ + Nb + Ta + P) vs. the a.p.f.u. 
sum of the tetravalent cations (Si + Zr + Hf) of the different types of metasomatic zircon. (B) The same plot as (A) but 
excluding Fe, i.e., if Fe is present as Fe2+. The negative correlation with a slope close to -1 shows that the examined 
zircon displays a xenotime substitution, the dominant crystal-chemical control for trace-element accommodation in 
zircon.



Fig. 10

A B

Figure 10. A comparison of the REE chemistry of the hydrothermal zircon reported by Yang et al. (2013, 2014) to the 
pseudomorph and elpidite-replacement zircon examined in this study. (A) Chondrite-normalized plot of the three 
types. (B) A Sm/La N vs. ΣREE plot of the three types together with the inclusion and amphibole-replacement zircon. 
The three types of zircon are comparable and are distinct from the inclusion and amphibole-replacment zircon.



Fig. 11

Figure 11. Comparison of the pseudomorph and elpidite-replacement zircon reported in this study with the 
hydrothermal zircon reported by Yang et al. (2013, 2014, 2020), on a bivariate plot of HfO2 vs. ZrO2 concentrations. 
This plot demonstrates that there are two populations of zircon: Population I comprises the pseudomorph/elpidite-
replacement zircon and the hydrothermal zircon reported by Yang et al. (2013, 2014), and Population II comprises the 
hydrothermal zircon reported by Yang et al. (2020).



Fig. 12

Figure 12. Chondrite-normalized REE distributions of the altered and deuteric zircon in the altered miaskitic granite 
reported by Qiu et al. (2019) and the metasomatic zircon in the agpaitic granite. This plot shows that the chemistry of 
metasomatic zircon from the agpaitic granite is different to the altered or deuteric zircon in the miaskitic phase.



Fig. 13

Figure 13. A schematic diagram illustrating the emplacement sequences (A - C), autometasomatism, and hematization
(REE-Nb-Be-mineralizing event) of the Baerzhe miaskitic-agpaitic complex, and their impact on multi-stage 
metasomatic zircon crystallization. Abbreviations: HM = hypersolvus miaskitic granites, namely the fine-grained and 
porphyritic hypersolvus phases; TM = transsolvus miaskitic granite; TA = transsolvus agpaitic granite; Auto A = 
autometasomatism in the transsolvus miaskitic granite; Auto B = autometasomatism in the transsolvus agpaitic 
granite.



Rock	type Type	of	samples	described References Agpaitic/miaskitic Mineralization Alteration Zircon	occurrence Zircon	origin Comments

Fine-grained/porphyritic	hypersolvus	granite Core	and	surface	rock	samples Wu	et	al.	(2021) Miaskitic None Unaltered In	equilibrium	with	amphibole	and	perthite Magmatic

Unaltered	transsolvus	granite Core	and	surface	rock	samples Wu	et	al.	(2021) Miaskitic None Unaltered In	equilibrium	with	amphibole	and	perthite Magmatic

Hematized	transsolvus	granite Core	and	surface	rock	samples Qiu	et	al.	(2019),	Wu	et	al.	
(2021),	this	study Miaskitic REE-Nb-Be Hematization

In	equilibrium	with	amphibole,	perthite,	and	quartz	
(altered	magmatic	zircon);

enclosed	in	quartz	as	aggregates	(deuteric	zircon)
Altered	magmatic	and	deuteric Originally	described	by	Qiu	et	al.	(2019)	as	

the	mineralized	transsolvus	granite

Na-metasomatized	transsolvus	granite Core	and	surface	rock	samples Wu	et	al.	(2021),	this	study Agpaitic Zr	+	REE-Nb-Be Na	metasomatism
Inclusion	in	snowball	quartz;	pseudomorph	after	primary	
zirconosilicate	minerals;	partial	replacement	of	elpidite;	

partial	replacement	of	amphibole
Metasomatic

Hypersolvus	granite Zircon	mineral	separates Yang	et	al.	(2013,	2014) N.A. None N.A. N.A. Magmatic

Subsolvus	granite Zircon	mineral	separates Yang	et	al.	(2013,	2014) N.A. Zr	+	REE-Nb-Be N.A. N.A. Hydrothermal Whether	this	is	the	same	phase	investigated	
later	by	Yang	et	al.	(2020)	is	unknown

Subsolvus	granite Core	and	surface	rock	samples Yang	et	al.	(2020) N.A. Zr	+	REE-Nb-Be Na	metasomatism Mineral	clusters	in	quartz Hydrothermal

The	transsovlus	nature	of	this	granite	was	
misinterpreted	as	subsolvus;
hydrothermal	zircon	is	analogous	to	the	
pseudomorph	type	described	in	Wu	et	al.	
(2017)	and	this	study

Abbreviations:	N.A.	=	not	available

Table	1.	Compilation	of	rock	and	zircon	types	described	at	Baerzhe	in	some	recent	literatures
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