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match closely with those from the Mud Tank and Kovdor 
carbonatitic zircons. Increased HREE in rims ((Lu/Gd)N 
43–112) relative to cores ((Lu/Gd)N 6–7.5) and the local-
ized presence of xenotime are attributable to reactive, 
mineralizing fluid compositions enriched in Y, REE and 
P. Cathodoluminescence further reveals HREE fractiona-
tion in rims, evidenced by a narrow-band Er3+ emission at 
405 nm. The extreme depletion of U in core and rim zir-
con is characteristic for this mineral deposit and is indica-
tive of a persistent common source. U depletion is also a 
characteristic for zircons from carbonatitic or kimberlitic 
systems. 232Th–208Pb (SHRIMP II) geochronological data 
reveal the age of zircon cores as 1,325 ± 60 Ma and a rim-
alteration event as 455.6 ± 28.27 Ma. The combined find-
ings are consistent with a protolithic igneous origin for zir-
con cores, from a period of intrusive, alkaline–carbonatitic 
magmatism. Fluid processes responsible for the REE–Nb 
mineralizations affected zircon rim growth and degradation 
during the widely reported Caledonian events, providing a 
new example in a localized context of HREE enrichment 
processes.

Keywords  Zircon · SHRIMP geochronology · Rare earth 
elements · HREE fractionation · Cathodoluminescence 
spectroscopy · Carbonatites

Introduction

The Bayan Obo Fe–Nb–REE-ore deposit was first known 
in the early twentieth century only for its iron-ore reserves, 
mainly magnetite with some haematite. It was only later 
that the high concentrations of rare earth ore minerals and 
niobium were recognized, and today it is the largest REE 
deposit known, accounting for much of China’s domination 

Abstract E xtremely U-depleted (<1  ppm) zircons from 
H8 banded ores in the East Orebody of the Bayan Obo 
REE–Nb–Fe deposit are presented, with mineral composi-
tions, textures, 232Th–208Pb SHRIMP ages and petrological 
context. Cores of East Orebody zircon contain up to 7 wt% 
HfO2 and are zoned, depicting bipyramidal crystal forms. A 
distinct generation of patchy, epitaxial rim zircon, similarly 
depleted in U, is intergrown with rare earth ore minerals 
(bastnäsite, parisite, monazite). Overprinting aegirine tex-
tures indicate paragenetically late, reactive Na-rich fluids. 
Chondrite-normalized REE patterns without Eu anomalies 
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of world production of rare earth oxides (Chakhmouradian 
and Wall 2012; Hatch 2012). Yet the origin of the deposit 
is still under much discussion (Kynicky et  al. 2012, and 
Smith et  al. 2014). Situated within deformed sheets of a 
succession of Proterozoic metasediments known as the 
Bayan Obo Group in the North China Craton, and consid-
ered no younger than about ~1,200–1,400 Ma (Drew et al. 
1990; Chao et al. 1997; Yang et al. 2011a, b), the host rock 
to the Fe–Nb–REE orebodies is known as “H8 Dolomite” 
in the published geological map of Drew and Meng (1990). 
Mineralogy of the unaltered unit is indicated by Drew et al. 
(1990) as a simple assemblage of sedimentary calcite and 
dolomite, but in the orebodies area, a much more diverse 
mineralogy is found, which, in highly varying proportions, 
can include alkali silicates (riebeckite, albite, aegirine, 
phlogopite), monazite, magnetite, apatite, fluorite, calcite, 
dolomite, baryte and rare earth fluorocarbonates (Smith 
et al. 2014). The main outcrop of H8 is up to 1 × 18 km and 
aligned ENE/WSW, along with sets of thrust faults with 
a similar trend (Drew and Meng 1990; Drew et al. 1990). 
In the hybrid map/satellite image of Fig.  1a, some exten-
sive ribbons of stockpile can be seen which limit accessi-
bility and mask, in particular, the exposure of the northern 
contact of the H8 dolomite. The succession is best shown 
in Tao et  al., (1998), Fan et  al. (2006), and in Yang et  al. 
(2011a) along with the locations of some carbonatite dykes 
in the region. Yang and Woolley (2006) affirm the recent 
recognition of H9 (previously described as slate), as meta-
morphosed trachyte and basalt, with reference to the work 
of Hao et al. (2002). Other authors have also reported alka-
line igneous rocks in the region of a variety of ages since 
about ~1.9 Ga (e.g. Nie et al. 2002 reporting 302–249 Ma, 
and Wang et  al. 2003 reporting 1.54–1.92 G a) refreshing 
the question of the placement of the deposit among the 
more unusual categories of “carbonatite clans” as explained 
by Mitchell (2005).

Small carbonatite dykes (1–2  m thick) intrude vari-
ous parts of the Bayan Obo Group within a few km of 
the orebodies (Drew et  al. 1990; Tao et  al. 1998; Le Bas 
et al. 1992; Yang et al. 2003; Yang and Woolley 2006; Le 
Bas et al. 2007) and are dated at 1,354 ± 59 (Yang et al. 
2011a). Zircons in three carbonatite dykes in the Bayan 
Obo region yield dates of 1,894–1,956 Ma and unremark-
able Th/U ratios, and they contain inclusions of quartz 
and feldspar, features which are consistent with basement 
inheritance as reported by Liu et al. (2008) (see Table 1). In 
Yang et al. (2011b), 1,227 ± 60 Ma mafic dykes together 
with 1,354  ±  59  Ma carbonatite dykes are associated 
with marginal rifting that occurred during the break-up of 
the supercontinent Columbia and thought to be a part of 
extensive global magmatism events in the Mesoprotero-
zoic (Ernst et al. 2008). A substantial diversity of ages of 
alkaline–carbonatite magmatic events is consistent with 

other carbonatitic provinces globally, as shown in the world 
carbonatites map of Woolley and Kjarsgaard (2008) in 
which it can be seen that carbonatite occurrences tend to 
be location specific and age diverse, thus providing strong 
evidence for lithospheric origins for the source magmas 
(Woolley and Bailey 2012).

A wide envelope of fenitizing mineralizations, often 
characterized by overprinting alkali silicates, is now well 
documented for the Bayan Obo deposit (e.g. Yuan et  al. 
2000; Smith 2007; Le Bas 2008). This is consistent with a 
general consensus that a diverse set of mineralizing fluids 

Fig. 1   Bayan Obo location a geological map (Drew and Meng 1990) 
superimposed onto a terrain image (Google Earth) of the 4 × 2.5 km 
study area, centred on 41°48′12 N  and 109°57′50E. The Main and 
East orebodies are outlined in orange dash and the northern mine 
dump area, obscuring much of the northern boundary of H8, is par-
tially outlined in white. The Google Earth source consisted of a 
mosaic of images from the Landsat ETM+ (30 m spatial resolution) 
and Quickbird (60 cm resolution) for two different dates. The Quick-
bird data covered the main pits. The image was clipped from Google 
Earth and geometrically registered to the original UTM (WGS84) 
coordinate system using ground control points extracted from Google 
Earth. The geological map was scanned at a resolution of 600  dpi, 
converted to jpeg format and geometrically corrected using ten 
ground control points also determined from features in the Google 
Earth imagery. Data processing was carried out using the Erdas Imag-
ine image processing software. This software was also used for data 
visualization including image overlays and the application of blend-
ing to allow visualization of map and terrain. b Terrain image of 
the northern section of the East Pit showing approximate locations 
of samples (collected on two separate field visits in 1990 and 1995) 
from the northern part of the 1,582 m level
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evolved at Bayan Obo, with compositions closely associ-
ated with alkaline–carbonatite suites (Campbell and Hen-
derson 1997; Smith et al. 1999, 2000; Smith and Hender-
son 2000; Yuan et al. 2000; Zhang et al. 2003; Wang et al. 
2003; Fan et al. 2004; Ni et al. 2004; Fan et al. 2006; Smith 
2007; Kynicky et  al. 2012; Smith and Spratt 2012; Smith 
et al. 2014). A current review of the geochemical and iso-
topic complexity of Bayan Obo is explained in Smith et al. 
(2014), culminating with an overall genetic model for the 
deposit, and highlighting key remaining questions. Con-
trols on rare earth mineralizations generally, and specifi-
cally for Bayan Obo, are best understood with reference 
to a thematic volume on rare earths (Chakhmouradian and 
Wall 2012).

Zircon and xenotime of the present study were first 
reported by Campbell (1998) and represent the only known 
occurrence of zircon from either the Main or East Orebod-
ies at Bayan Obo (Fig.  1). This paper presents a full tex-
tural, compositional and 232Th–208Pb age characterization 
of the occurrence in the context of the Proterozoic host rock 
suite and the REE mineralization and discusses REE behav-
iour throughout the geological history of the zircon. Trace 
element compositions in zircons from a variety of igneous 
rock types are listed by Belousova et al. (2002) and evalu-
ated for their use as source indicators. Partitioning behav-
iour of trace elements between zircon and magmas associ-
ated with carbonatitic systems remains poorly understood, 
as no experimental data have been produced, and other 

indicators, relating to REE partitioning between immis-
cible silicate–carbonatite melts, are limited (Blundy and 
Dalton 2000; Blundy and Wood 2003; Chakhmouradian 
and Williams 2004; Chakhmouradian 2006; Chakhmoura-
dian and Zaitsev 2012; Rodionov et al. 2012; Veksler et al. 
2012; Martin et  al. 2013). However, Chakhmouradian 
(2006) states that partitioning of the high-field-strength 
elements (HFSE) that include the HREE are controlled by 
charge constraints relating to the crystallographic environ-
ment, and in general, carbonatitic HFSE are considered to 
originate from partial melting of metasomatized mantle 
sources (Chakhmouradian 2006; Blundy and Dalton 2000). 
Zr/Hf ratios exceeding 32 are reported for carbonatitic zir-
con based on a small number of occurrences. Particularly 
scarce are discussions of zircon-associated xenotime (e.g. 
Spandler et al. 2004; Wall et al. 2008), but new and deeper 
understanding of the behaviour of the HREE is evident in 
Williams-Jones et al. (2012) and the deposit-specific refer-
ences therein.

The understanding of zircon alteration has advanced 
rapidly in recent times, not least because of deeper experi-
mental and theoretical insights into element speciation and 
mobility in hydrothermal systems (Williams-Jones et  al. 
2012) but also because of major advances in analytical 
capabilities. A collection of papers on the mineralogy and 
geochemistry of zircon has been produced by Hanchar and 
Hoskin (2003), with a further, shorter, special issue intro-
duced by Harley and Kelly (2007). Detailed compilations 

Table 1   Brief overview of Bayan Obo geochronology

Material Method Age (Ma) Reference

Whole rock Sm–Nd 1,580 Yuan et al. (1992)

Whole rock (trachytic) Sm–Nd 1,096 Yuan et al. (2000)

Whole rock (H8/orebodies area) Sm–Nd 1,273 ± 100 Zhang et al.(2001)

Whole rock (H8/orebodies area) Sm–Nd 1,341 ± 160 Yang et al. (2011a)

Whole rock (H9 “K-slates”) Sm–Nd 1,096 ± 56 Zhang et al.(2001)

Whole rock (H9 “dark-slates”) Sm–Nd 1,208 ± 123 Zhang et al.(2001)

Bastnäsite and monazite (main Orebody) Sm–Nd 1,313 ± 41 Zhang et al.(2001)

Whole rock (carbonatite dykes) Sm–Nd 1,354 ± 59 Yang et al. (2011a)

Kuangu carbonatite vein Rb–Sr 433 Yuan et al. (1992)

Aeschynite 232Th–208Pb 273 “Other workers” quoted by Yuan et al. (1992)

Biotite Rb–Sr 255 “Other workers” quoted by Yuan et al. (1992)

Bastnäsite and monazite 232Th–208Pb 532–418 Chao et al. (1992)

Monazite 232Th–208Pb 555–398 Wang et al. (1994)

REE minerals (excluding monazite) and aegirine 147Sm–143Nd 425 Wang et al. (1994)

Zircon in quartz-monzonite, Hejao, ~50 km to south U–Pb 451 ± 17 Wang et al. (1994)

Zircon in anorogenic magmatic rocks U–Pb 1,800 Wang et al. (2003)

Zircon in carbonatite dykes (inherited basement) U–Pb 1,894–1,956 Liu et al. (2008)

Zircon in basement gneiss U–Pb 1,917–1,948 Wang et al. (2002)

East Orebody zircon CORES 232Th–208Pb 1,325 ± 60 Ma This paper

East Orebody zircon RIMS 232Th–208Pb 455.6 ± 28.3 This paper
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and reviews of zircon textures (Corfu et al. 2003), and the 
presentation of recrystallization mechanisms (Geisler et al. 
2007), are especially pertinent to the present study of the 
Bayan Obo zircon occurrence. Textural analysis of zircon 
has sustained major advances in recent years, in part, due 
to an increasing recognition of the possibility of hydrother-
mal/fluid alteration processes affecting this resilient min-
eral. Use of CL imagery and spectral analysis has also con-
tributed to a new understanding of growth, recrystallization 
and alteration histories of zircons from many geological 
settings. While a high confidence in radiometric dating 
studies of zircons undoubtedly remains, textural analyses 
along with trace element data serve to support and fine-tune 
their findings.

Geochronological studies from Bayan Obo are best sum-
marized in Fig. 4 of Kynicky et al. (2012), in Smith et al. 
(2014), and a brief overview is given in Table 1 (this paper). 
Whole rock ages tend to cluster in the 1,200–1,400  Ma 
range, but some older dates are reported from nearby rocks. 
It is clear that there is a better consensus on the age of the 
main mineralizations (broadly Caledonian, ~400–550 Ma) 
than on the age and origin of the host rock protolith. This 
is addressed in the present study with SHRIMP II 232Th–
208Pb analyses of two generations of East Orebody (unit 
H8) zircon. Advances in zircon isotopic systems (Scherer 
et  al. 2007; Condon and Schmitz 2013), robust charac-
terizations of standards (e.g. Compston 2001) and data 
processing methods (Sambridge and Compston 1994; Sir-
combe 2004) are considered in relation to the 232Th–208Pb 
geochronological data of this study.

Methods

Fieldwork in the Main, East and West Orebodies and 
nearby carbonatite dyke outcrops was conducted for the 
collection of rock samples from in situ exposures and loose 
boulders, and GPS (global positioning system) data were 
collected. The location of each site was further determined 
by descriptive field notes (those of the present author and of 
Paul Henderson), supported by unpublished Chinese maps, 
mining company information and images from Google 
Earth as shown in Fig. 1.

The backscattered electron (BSE) images were under-
taken on analytical scanning electron microscopes, operat-
ing at 15  keV. Colour cathodoluminescence (CL) images 
were collected using a Nuclide Corporation Luminoscope 
operating at 11.5 keV and 8 mA, and attached to a petro-
logical microscope. Daylight print and slide photographic 
films were used (mostly 400ASA) as well as digital pho-
tography. Typical film exposure times ranged from 20 to 
120 s. Colour CL imagery allows for visualization of sec-
tor zoning and of textural variation in hue, supported by 

quantification of differences with the collection of CL spec-
tra. The CL spectral investigation was undertaken courtesy 
of Oxford Instruments, using their Jeol 840A SEM operat-
ing at 15 keV, 0.3 nA and fitted with a MonoCL2 detector. 
Slits were set at 100 and 250  μm according to sensitivi-
ties for each grain. The spectral scans on single spots were 
taken across a wavelength range of 250–700 nm. The mon-
ochromatic greyscale images depict CL signals at two dif-
ferent wavelengths: 578.7 and 405 nm. These spectral data 
provide information aiding interpretation of changes in the 
distribution of REE activators of CL in the zircon structure, 
and they also aid consideration of defect-related lumines-
cence (Nasdala et al. 2003), which can lead to grain-edge 
artefacts.

EPMA spot analyses and element maps were undertaken 
using a Cameca SX50 electron microprobe operating at 
20 keV and 15 nA. In Online Resource 1, analytical param-
eters are given (standards, crystal detectors, X-ray lines and 
relevant interferences, investigated empirically and correc-
tions applied). Inclusions in zircon and other accompany-
ing mineral phases were semi-quantitatively characterized 
by energy dispersive spectrometry (EDS) on a Hitachi 
S2500 SEM at 20 keV.

Trace elements, including the full range of REE, were 
obtained by laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) on 30 and 10 μm spots 
using a ESI (New Wave Research) UP193FX excimer laser 
coupled to an Agilent 7500cs ICP-MS housed in the Nat-
ural History Museum, London. This has a pulse width of 
<4 ns and a homogenized beam. The transport gas used in 
the cell was He at a flow rate of 0.44 l min−1, mixed prior 
to the torch with Ar at a flow rate of 1.1  l  min−1. Stable 
ablation was achieved at a laser fluence of 3.3 J cm−2 and 
frequency of 10 Hz. Element ratios to an internal standard 
isotope (29Si) were determined by referencing background-
corrected integrated intensities from zircon signals to the 
external calibration standard NIST612 glass. Absolute ele-
ment concentrations were then calculated from Si concen-
trations determined by EPMA in the programme ExLAM 
(Zachariáš and Wilkinson 2007). Limits of detection were 
set at the conventional 3σ of the background signal varia-
tion (Longerich et al. 1996). The NIST612 glass was also 
used to assess instrument precision and to monitor any 
effects of spot size (none were evident). Zircon 91500 
(Wiedenbeck et al. 2004) was used as a secondary standard. 
Analyses of the standards are given in Online Resource 2, 
and the REE are shown with the working values for zircon 
91500 from Wiedenbeck et  al. (2004). Error bars shown 
for standard 91500 working values represent the combined 
effects of sample heterogeneity and interlaboratory varia-
tions (Wiedenbeck et  al. 2004). Determinations made for 
the present study are well within these uncertainties, but it 
was noted that for the mid-heavy REEs (Eu–Lu), results for 
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the 10 micron spots appear slightly lower than those for the 
30 micron spots. This apparently systematic error is signifi-
cantly less than the errors associated with heterogeneity of 
standard 91500 or the range in detected values from natural 
samples.

A number of non-formula elements (e.g. Na, Ca, Fe, 
Ba) were determined to help monitor possible contamina-
tion of the sample analyses by inclusions, and these have 
been included in the tables. Abrupt changes in the signals 
during ablation also provided evidence that grain bounda-
ries to inclusions had been encountered. Time-resolved 
raw cps signals were rigorously scrutinized and analyses 
with significant contamination were discarded outright. 
Contaminants expected were baryte, REE-ore minerals 
(fluorocarbonates and monazite), apatite, alkali silicates 
and magnetite. In the case of xenotime, veins and larger 
inclusions are readily identified from X-ray mapping, but 
YPO4 is also likely to be in solid solution with ZrSiO4 here 
(see later discussion on Er3+ activation of CL in a zircon 
matrix). Although the maximum available number of time 
slices (m/z sweeps) was always selected for integration, in 
most cases only short sections (≈10–40 time slices rather 
than ideally >40) of “clean” (contaminant-free) zircon sig-
nal could be resolved from the ablation traces from this 
small texturally complex grain. While counting statistics—
a major contribution to uncertainty for elements close to 
the LOD—will be degraded and a certain degree of scatter 
introduced to the dataset, tests on the continuous “clean” 
signal from 91500 zircon have shown that detected con-
centration values stabilize between 4 and 12 integrated 
time slices for the various REE elements. For the Bayan 
Obo sample, analytical scatter was most significant for the 
LREE, and in particular, for La close to the LOD, limiting 
the use of these data in discrimination diagrams based on 
LREE ratios (Hoskin 2005). For the middle and HREE, and 
despite the time-slice issues described above, systematic 
variations between core and rim values indicated that the 
data could be grouped into discrete populations outside the 
range of analytical scatter, and these populations are pre-
sented in the “Results” section.

Radiometric dating was undertaken by sensitive, 
high-resolution ion microprobe (SHRIMP II) analysis 
(Compston et  al. 1984; Ireland and Williams 2003) using 
the 232Th–208Pb system due to insufficient U (<1 ppm) for 
the more conventional duel dating method using 238U–206Pb 
and 235U–207Pb. The beam current was 3–8 nA, and an ini-
tial spot size of 20 μm was used, later increased to 30 μm 
for improved sensitivity. The Th content of zircon was 
variable, and usable analyses were limited by detectability 
(>7 ppm). Online Resource 3 lists data from 39 SHRIMP 
spots on the QGNG zircon standard, analysed alternately 
with every two analyses of the sample. This was for close 
referencing and adjustments in relation to instrument drift 

monitoring and for precision in evaluation of the age of 
the QGNG standard (Compston 2001). The QGNG isoch-
ron plots for three sessions are presented with the tables 
in Online Resource 3. Details of the analytical methodol-
ogy and data processing procedures (mixture modelling, 
probability density distributions) are given in Compston 
et al. (1984), Sambridge and Compston (1994), Compston 
(2001) and Sircombe (2004).

Samples and field context

The Main and East Orebodies at Bayan Obo display promi-
nent, fine-scale compositional banding (magnetite, apatite 
and fluorite), generally planar but with notable undulating 
and boudinage-like features, and cut by later generations of 
fluorite and aegirine–apatite veins (reviewed in Smith et al. 
2014). These “banded ores” are also rich in REE fluorocar-
bonates and monazite. Zircon is highly restricted in occur-
rence to one main rock specimen, BM 1996, P4 (24) (in the 
collection of The Natural History Museum, London), from 
the 1,582 m level, East Orebody, north side (Fig. 1b), and 
to a second, very minor occurrence nearby, in BM 1995, P3 
(39). The mineral assemblage in the main sample is domi-
nated by apatite, REE fluorocarbonates and aegirine, giv-
ing it a green–brown appearance. Magnetite and fluorite are 
also present but less abundant than in other rocks typical 
of the banded ores. Monazite is widespread, fine-grained, 
disseminated and often occurring as inclusions in apatite. 
Sample BM 1995, P3 (39) contains sparse 10–30-μm zir-
con fragments that tend to occur as clusters enclosed by 
massive fluorite. The assemblage is dominated by fluorite, 
carbonates (calcite, dolomite and REE-enriched), apatite 
and alkali silicates. A lineated fabric is apparent, in line 
with fluorite-dominant bands up to a few millimetres thick. 
No zircon was found in any of the other rock specimens 
that were collected from close by [BM 1996, P4 (11), BM 
1996, P4 (12) and BM 1996, P4 (25)] or elsewhere from 
within the NHM Bayan Obo collections.

Textural characteristics and zircon paragenesis

Bayan Obo zircon displays multiple textural characteristics, 
recording a long and varied geochemical history. Two main 
generations are described, representing preserved magmatic 
and post-magmatic events. Zircon grains range in size from 
200 to 700  μm, and elongation ratios average 1.42, with 
a range of 1.1–1.7 (see Corfu et  al. 2003). Key recurrent 
textural features described below are illustrated in Fig.  2 
and also in Online Resource 4 where locations of SHRIMP 
analysis spots are shown. Undulating growth zonation in 
the very centres of cores is seen in BSE contrast and by 
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CL intensity contrast. These zones do not appear to have 
any relationship to crystal-face development and represent 
the earliest formed parts of the grains, interpreted as due to 
igneous resorption processes. Mineral inclusions found in 
cores include aegirine, aegirine–augite, and a hint of phlo-
gopite from minor K and Al peaks in the EDS spectrum. In 
contrast to the inner cores, oscillatory zonation in the outer 
cores is highly euhedral, followed by an abrupt change to 

a relatively thick band of apparently unzoned zircon. This 
specific pattern of growth periodicity is repeated in many 
grains. Core sector zoning, where present, is displayed 
almost exclusively by CL intensity contrast. Truncation 
features are seen within the zoned cores and particularly 
at interfaces with a distinct separate growth of rim zircon, 
mantling the cores. In some places, the transition from core 
to rim growth appears continuous (Online Resource 4 by 
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scale bars). Mostly, however, the interface is irregular, giv-
ing more rounded outlines to the cores, and marked by a 
high intensity of CL emissions in the yellow band. Very 
intense CL emissions are also seen along planar fractures 
and around mineral inclusions, and this is consistent with 
increased crystal defect concentrations in these locations 
(Corfu et al. 2003). Inward-penetrating core–edge features 
as shown especially well in the Hf X-ray map (Fig. 2f) tes-
tify to a narrow reaction zone of about 10–20 μm in which 
Hf atoms have apparently been redistributed parallel to the 
core–edge interface. Implications of this are discussed later 
in the interpretation of processes.

The thickness of rim zircon is highly variable, and 
sometimes volumetrically significant relative to their cores. 
Although the rim features around many of the grains mimic 
the “cauliflower” zircons seen in Corfu et  al. (2003) and 
Geisler et  al. (2007), the “polycrystalline/multifaceted” 
types reviewed by these authors are different from those 
seen in the present study. This is because of the observed 
optical continuity with core zircon and because of the par-
tial outer face development, generally of single, large crys-
tals. However, rim growth is irregular, patchy and accom-
panied by abundant intergrowths and inclusions, including 
aegirine, bastnäsite, parisite, xenotime and baryte. Xeno-
time is also present as cross-cutting veins through core 
and rim zircon (Fig.  2c BSE and 2  h P Kα X-ray map). 
A macroporosity can be seen in rim growth (e.g. Online 
Resource 4), texturally very similar to that seen in Putnis 
(2002). Rims are not zoned, but the CL patterns are mottled 

and random. Rim fragments frequently occur as rounded 
masses, as seen in the far right of BSE image Fig.  2c. 
Parts of the rim zircons display bluer hues in CL, consist-
ent with comparative CL spectral data (Fig.  2a, b, d). In 
the ~500 μm vicinity of many grains is the occurrence of 
~10–20 μm angular fragments of zircon. These fragments 
are best observed using CL imagery, as they stand out in 
high CL contrast to all other mineral phases in these rocks, 
including luminescent apatite and fluorite. They appear to 
be texturally similar to sparse zircon fragments occurring 
in sample BM 1995, P3 (39).

Zircon compositions

Electron microprobe analyses of zircon are shown in 
Table 2, grouped into core and rim data and a traverse set of 
16 analyses running from core to rim (see Online Resource 
5 for spot locations and a compositional profile for the 
major elements). Atoms per formula unit calculated to four 
oxygens indicate consistently a slight depletion of Si + P in 
the tetrahedral sites. This imbalance could be due to some 
of the REE or non-formula elements existing in interstitial 
sites, or as microinclusions of other phases (e.g. ThO2). 
Cores typically contain 2–7 wt% HfO2, varying with oscil-
latory growth zonation. Rim Hf averages 2.2  wt% HfO2, 
less variable than in the cores, consistent with textures 
observed by BSE imagery. The Hf Mα X-ray map (Fig. 2f) 
demonstrates oscillatory fluctuation of Hf with the grow-
ing zircon crystal. It also provides compelling evidence for 
redistribution of Hf at the core–rim interface, in a reaction 
zone of ~10 μm thickness. Yttrium was rarely detected by 
EPMA in core zircon, but appeared as 0.1–0.2 wt% Y2O3 in 
the rims, mostly accompanied by P2O5 indicating zircon–
xenotime-coupled substitution ZrSiO4  ↔  YPO4 in solid 
solution. Alternatively, an increased presence of xenotime 
microinclusions in a purer ZrSiO4 lattice (Geisler et  al. 
2007) would give the same data. Neither Th nor U was 
detected by EPMA.

Trace element data determined from LA-ICP-MS anal-
yses are given in Table 3 grouped into core and rim data, 
and equivalent summary data from carbonatitic (Yuan et al. 
2008; Rodionov et al. 2012) and alkali pegmatitic zircons 
(Soman et al. 2010) are also listed. Figure 3a demonstrates 
the positive correlations between Y, Sc and ΣREE in zircon 
cores, indicating adherence to geochemical behaviour as a 
group. The correlation remains strong for Y and ΣREE in 
rim zircon but not for Sc (Fig. 3b), and this is most likely 
to be related to the very high charge/radius ratio for Sc, 
enhancing its hydrothermal complexation stabilities over 
the other trivalent REE and allowing it to remain in solution 
in conditions where the other REE are precipitated (Wil-
liams-Jones et al. 2012). A discrimination diagram defined 

Fig. 2   Textural features of Bayan Obo zircon and accompany-
ing mineral phases from rock BM 1996, P4(24). a Panchromatic 
cathodoluminescence (CL) image. b SEM-CL spectral profiles taken 
from two spots on an equivalent grain, core and rim, and applicable 
to images a, d and e. A distinct change is illustrated in CL emission 
spectra from core to rim in the blue range (~320–420 nm) showing 
high intensities of blue in rim zircon only. Broad-band yellow CL 
(~450–650 nm) is variably seen in both core and rim zircon. Superim-
posed on the broad-band emissions in the spectra, are finely resolved 
peaks at 405–407 and 475 nm, with an additional peak in the rim at 
531 nm. The 405 nm peak is attributed to Er3+ activation (see “Dis-
cussion” in text). c Backscattered electron (BSE) image. Bright 
phases are REE-ore minerals, plus minor baryte. Baryte is parageneti-
cally late, partially replacing a REE-mineral inclusion and vein–xeno-
time in the “£”-shaped feature, top left. Some very rounded patches 
of rim zircon are seen well in BSE, for example, in the far right and 
the lower left of image c. d, e SEM-CL: wavelength-specific images 
at 405 nm (blue) and 577 nm (yellow). Note that the HREE-enriched 
xenotime veins are non-luminescent. f Hf Mα X-ray map showing 
euhedral, oscillatory growth zonation. Enlarged inset shows inward-
penetrating Hf enrichment zones aligned with the irregular core–rim 
boundary. Arrows depict the likely direction of progression of a reac-
tion front. g Si Kα X-ray map showing abundant aegirine external 
to, and as inclusions in, rim zircon. Some aegirine crystals overprint 
rim zircon and the xenotime vein (upper left of image). h P Kα X-ray 
map depicting xenotime veins and, lower left, apatite grains. Xeno-
time here is paragenetically bracketed by rim zircon (earlier), and 
aegirine and baryte (later)

◂



	 Contrib Mineral Petrol (2014) 168:1041

1 3

1041  Page 8 of 23

Ta
bl

e 
2  

E
le

ct
ro

n 
m

ic
ro

pr
ob

e 
an

al
ys

es
 in

cl
ud

in
g 

a 
co

re
 to

 r
im

 tr
av

er
se

 o
f 

zi
rc

on

L
oc

at
io

ns
 o

f 
an

al
ys

es
 a

re
 s

ho
w

n 
in

 O
nl

in
e 

R
es

ou
rc

e 
5

a  L
O

D
 =

 M
ea

n 
bl

an
k 

+
 3

SD
b  M

ea
su

re
d 

as
 F

e2+
. S

ee
 D

ro
op

 (
19

87
) 

fo
r 

Fe
3+

 c
on

ve
rs

io
n.

 O
nl

y 
tr

ac
e 

le
ve

ls
 d

et
er

m
in

ed
 a

nd
 a

ttr
ib

ut
ed

 to
 m

ag
ne

tit
e 

co
nt

am
in

at
io

n.
 O

m
itt

ed
 f

ro
m

 f
or

m
ul

a 
ca

lc
ul

at
io

ns

O
th

er
 e

le
m

en
ts

 a
na

ly
se

d 
bu

t 
al

w
ay

s 
be

ne
at

h 
de

te
ct

io
n 

w
er

e:
 N

b 2
O

5 
<

0.
26

, 
Ta

2O
5 

<
0.

20
6,

 T
iO

2 
<

0.
07

6,
 T

hO
2 

<
0.

22
8,

 U
O

2 
<

0.
14

, A
l 2

0 3
 <

0.
05

, 
M

gO
 <

0.
05

, 
C

aO
 <

0.
13

7,
 M

nO
 <

0.
15

5 
an

d 
Pb

O
 <

0.
25

1 
(w

t%
)

O
xi

de
 

w
ei

gh
t %

L
O

D
a

C
or

e 
to

 r
im

 tr
av

er
se

 in
 6

4.
5 

m
ic

ro
ns

C
or

es
 

R
im

s 

9
10

11
12

13
14

15
16

17
18

19
20

21
22

23
24

1
2

3
4

8
25

26

Si
O

2
0.

06
7

32
.0

3
31

.9
2

31
.4

7
31

.9
6

32
.0

8
31

.9
3

31
.7

2
31

.8
1

32
.2

4
32

.3
5

31
.8

6
32

.1
2

31
.9

4
31

.7
4

32
.2

8
32

.1
31

.9
31

.5
32

.5
8

32
.2

5
32

.0
3

31
.4

9
31

.9
7

Z
rO

2
64

.2
4

62
.3

1
61

.6
8

61
.9

3
63

.5
5

61
.6

9
62

.4
2

65
.3

8
65

.7
8

66
.0

5
65

.8
2

65
.0

5
65

.3
5

65
.3

3
65

.6
7

65
.3

6
61

.8
1

62
.4

5
65

.5
66

.3
64

.1
4

65
.7

9
66

.1
5

H
fO

2
0.

32
4

3.
88

9
7.

01
8

7.
19

2
8.

18
4.

79
8

6.
50

5
6.

38
4

2.
48

2.
24

7
2.

43
2

2.
17

7
2.

97
7

1.
77

2
1.

53
7

1.
81

2
1.

97
2

6.
80

3
6.

90
6

2.
10

2
2.

48
5

4.
81

8
1.

70
3

1.
41

5

Fe
O

b
0.

11
0.

11
4

0.
86

6
0.

43
6

Y
2O

3
0.

03
9

0.
04

7
0.

08
3

0.
37

4
0.

25
8

0.
22

3
0.

12
9

0.
09

1
0.

08
0.

12
3

0.
21

4

L
a 2

O
3

0.
07

8

P 2
O

5
0.

05
0

0.
05

1
0.

06
3

0.
05

2
0.

08
9

0.
07

0.
07

2
0.

06
4

0.
23

3
0.

22
8

0.
10

9
0.

13
9

0.
13

3
0.

13
1

0.
06

5
0.

14
6

To
ta

ls
10

0.
2

10
1.

3
10

0.
4

10
2.

1
10

0.
5

10
0.

2
10

0.
6

99
.7

1
10

0.
3

10
0.

8
99

.8
6

10
0.

3
99

.6
7

99
.1

10
0.

1
99

.8
1

10
0.

7
10

0.
9

10
0.

4
10

1
10

1
10

0
10

0.
3

M
ol

ec
ul

ar
 f

or
m

ul
a 

ba
se

d 
on

 4
 o

xy
ge

ns

Z
r

0.
97

0.
94

3
0.

94
4

0.
93

5
0.

95
8

0.
93

9
0.

94
9

0.
98

8
0.

98
6

0.
98

6
0.

99
1

0.
97

7
0.

98
3

0.
98

7
0.

98
3

0.
98

2
0.

93
7

0.
95

0.
97

7
0.

98
7

0.
96

5
0.

99
3

0.
99

H
f

0.
03

4
0.

06
2

0.
06

4
0.

07
2

0.
04

2
0.

05
8

0.
05

7
0.

02
2

0.
02

0.
02

1
0.

01
9

0.
02

6
0.

01
6

0.
01

4
0.

01
6

0.
01

7
0.

06
0.

06
1

0.
01

8
0.

02
2

0.
04

2
0.

01
5

0.
01

2

Y
0.

00
1

0.
00

1
0.

00
6

0.
00

4
0.

00
4

0.
00

2
0.

00
2

0.
00

1
0.

00
2

0.
00

3

L
a

Σ
 A

-s
ite

1.
00

4
1.

00
5

1.
00

8
1.

00
7

1
0.

99
7

1.
00

6
1.

01
1

1.
00

6
1.

00
7

1.
01

1.
00

4
1.

00
5

1.
00

5
1.

00
3

1.
00

1
0.

99
9

1.
01

1
0.

99
6

1.
00

9
1.

00
7

1.
01

1.
00

5

Si
0.

99
2

0.
99

0.
98

8
0.

99
0.

99
2

0.
99

7
0.

98
9

0.
98

6
0.

99
1

0.
99

1
0.

98
4

0.
99

0.
98

6
0.

98
4

0.
99

1
0.

98
9

0.
99

2
0.

98
2

0.
99

7
0.

98
5

0.
98

8
0.

97
5

0.
98

1

P
0.

00
1

0.
00

2
0.

00
1

0.
00

2
0.

00
2

0.
00

2
0.

00
2

0.
00

6
0.

00
6

0.
00

3
0.

00
4

0.
00

3
0.

00
3

0.
00

2
0.

00
4

Σ
 T

-s
ite

0.
99

3
0.

99
2

0.
98

9
0.

99
0.

99
4

0.
99

9
0.

99
1

0.
98

6
0.

99
1

0.
99

1
0.

98
4

0.
99

2
0.

99
2

0.
99

0.
99

4
0.

99
3

0.
99

5
0.

98
2

1
0.

98
5

0.
98

8
0.

97
7

0.
98

5

Z
r/

H
f

29
15

15
13

23
16

17
45

49
47

52
38

61
71

61
58

16
16

54
45

23
66

83



Contrib Mineral Petrol (2014) 168:1041	

1 3

Page 9 of 23  1041

Ta
bl

e 
3  

T
ra

ce
 e

le
m

en
ts

 in
 B

ay
an

 O
bo

 z
ir

co
n 

by
 LA


-I

C
P-

M
S

C
or

es
M

ea
n 

 
ou

te
r 

co
re

±
2σ

  
ou

te
r 

co
re

R
im

s
M

ea
n 

ri
m

 
C

10
, C

11
, C

15

±
2σ

 r
im

Y
ua

n 
et

 a
l. 

(2
00

8)
R

od
io

no
v 

et
 a

l. 
 

(2
01

2)

So
m

an
 e

t a
l. 

(2
01

0)
 

Z
om

ba
-M

al
os

a

C
12

b 
ce

nt
ra

l
B

07
C

13
C

14
C

07
C

08
C

10
C

11
C

15
M

ud
 T

an
k

K
ov

do
r

Z
ir

co
n 

I
Z

ir
co

n 
II

N
o.

 o
f s

li
ce

sa
10

40
12

25
8

9
14

29
14

 L
a

0.
08

6
0.

14
0

0.
18

2
0.

18
6

0.
16

9
0.

05
1

0.
44

5
0.

12
1

0.
12

8
0.

51
2

0.
32

0
0.

54
3

0.
02

0.
16

0.
7

27

 C
e

1.
41

0.
52

0
0.

73
2

0.
61

5
0.

62
2

0.
21

3
3.

56
0.

64
9

3.
15

0.
98

3
3.

68
2.

60
2.

86
1.

43
6

64
7

21
9

 P
r

0.
06

0
0.

18
1

0.
11

2
0.

11
8

0.
12

2
0.

14
4

0.
04

7
0.

07
5

0.
06

1
0.

03
9

0.
07

1
1.

6
16

 N
d

2.
83

1.
13

1.
33

1.
07

1.
18

0.
26

5
0.

78
4

0.
51

5
0.

45
9

1.
80

0.
92

5
1.

52
1.

06
6

17
.1

84

 S
m

1.
51

1.
87

0.
95

3
1.

49
1.

44
0.

92
2

1.
46

2.
49

0.
42

6
2.

10
1.

67
2.

19
1.

65
6

27
54

 E
u

0.
70

3
1.

38
0.

99
2

0.
83

3
1.

07
0.

56
3

0.
45

3
0.

33
1

1.
87

0.
59

5
2.

60
1.

69
2.

03
1.

14
4

3.
6

10
.0

 G
d

3.
02

9.
76

4.
47

5.
97

6.
73

5.
45

2.
47

23
.3

6.
07

25
.4

18
.3

21
.2

6.
02

25
20

8
15

6

 T
b

0.
41

7
3.

03
1.

39
1.

85
2.

09
1.

69
2.

28
0.

70
1

15
.3

3.
90

14
.6

11
.3

12
.8

1.
76

7
62

41

 D
y

6.
94

34
.6

16
.0

19
.2

23
.3

19
.9

44
.7

14
.1

31
5

80
.5

29
2

22
9

25
9

16
.5

71
92

8
59

0

 H
o

2.
37

9.
78

4.
62

5.
73

6.
71

5.
43

21
.2

6.
01

14
3

38
.4

12
8

10
3

11
3

4.
82

22
35

4
23

2

 E
r

7.
34

36
.2

15
.3

24
.5

25
.3

20
.9

11
8

34
.0

69
1

22
6

63
5

51
8

50
7

16
.8

89
1,

85
0

1,
35

7

 T
m

1.
50

6.
70

3.
26

4.
25

4.
74

3.
54

28
.7

7.
66

15
1

56
.4

12
5

11
1

97
.9

2.
99

16
45

8
37

2

 Y
b

13
.1

54
.4

25
.5

31
.4

37
.1

30
.6

27
2

75
.0

1,
14

8
48

1
98

9
87

3
69

6
24

.9
11

0
3,

60
7

3,
05

1

 L
u

2.
81

7.
67

3.
35

5.
33

5.
45

4.
32

34
.3

12
.3

14
6

81
.0

13
5

12
1

70
.0

3.
86

17
45

1
40

5

Σ
REE




44
.0

16
7

78
.2

10
3

11
6

53
1

15
1

2,
64

1
97

6
2,

35
6

1,
99

1
83

.0
3

37
9.

8
8,

61
5

6,
61

4

 S
m

/L
a N

28
.1

21
.1

8.
3

12
.8

5.
22

5.
30

6.
52

10
6.

6
59

.6
61

.3
3.

2

 L
u/

L
a N

31
6

52
5

17
7

27
6

74
2

97
9

6,
10

5
2,

54
8

1,
50

7
6,

20
3

14
4

 L
u/

G
d N

7.
47

6.
32

6.
03

7.
18

11
2

50
10

7
43

5.
16

5.
47

17
21

 Y
b/

Sm
N

8.
63

29
.1

26
.7

21
.1

18
6

46
1

1,
12

9
47

1

 Y
/H

o N
0.

89
0.

82
0.

81
0.

89
0.

90
0.

90
1.

03
0.

83
1.

04



	 Contrib Mineral Petrol (2014) 168:1041

1 3

1041  Page 10 of 23

Ta
bl

e 
3  

c
on

tin
ue

d

C
or

es
M

ea
n 

 
ou

te
r 

 
co

re

±
2σ

  
ou

te
r 

co
re

R
im

s
M

ea
n 

ri
m

 

C
10

,C
11

,C
15

±
2σ

 r
im

Y
ua

n 
et

 a
l. 

(2
00

8)
R

od
io

no
v 

et
 a

l. 
 

(2
01

2)

So
m

an
 e

t a
l. 

(2
01

0)
 

Z
om

ba
-M

al
os

a

C
12

b 
ce

nt
ra

l
B

07
C

13
C

14
C

07
C

08
C

10
C

11
C

15
M

ud
 T

an
k

K
ov

do
r

Z
ir

co
n 

I
Z

ir
co

n 
II

N
o.

 o
f s

li
ce

sa
10

40
12

25
8

9
14

29
14

 N
a

14
.9

14
.9

 A
l

1.
10

2.
89

1.
99

2.
53

 S
ib

14
8,

90
0

14
8,

30
0

14
9,

60
0

14
9,

60
0

14
9,

16
7

1,
50

1
14

8,
30

0
14

8,
30

0
14

8,
30

0
14

8,
30

0
14

8,
30

0
14

8,
30

0

 C
a

23
15

8

 S
c

84
.5

23
3

15
3

17
4

18
6

83
.1

10
6

10
9

15
0

97
.3

12
8

12
5

53
.0

52
1

52
9

 T
i

4.
74

4.
74

3.
92

3.
0

11
.0

 S
r

0.
66

5
0.

20
0

0.
36

7
0.

19
1

0.
25

3
0.

19
8

0.
68

2
0.

27
7

0.
25

7
0.

18
5

0.
32

6
0.

25
6

0.
14

1
3.

1
6.

4

 Y
61

.6
23

4
11

0
14

9
16

5
12

7
55

6
15

9
4,

30
0

93
3

3,
89

0
3,

04
0

3,
67

0
25

,4
34

15
,5

91

 N
b

1.
1

1.
9

25
.1

1.
1

9.
4

27
.3

11
.1

1.
4

18
0

8.
10

12
2

10
3

17
5

1,
65

2
1,

97
1

 S
n

2.
20

6.
63

2.
41

3.
74

5.
00

3.
48

2.
64

2.
22

2.
43

0.
59

8

 B
a

4.
72

2.
10

2.
15

1.
91

2.
05

0.
25

5
5.

51
1.

02
1.

02

 H
f

47
,6

00
18

,3
00

18
,9

00
17

,3
00

18
,1

00
1,

64
0

14
,4

00
15

,3
00

13
,7

00
11

,7
00

13
,8

00
13

,1
00

2,
33

0

 P
b

1.
74

0.
83

0
1.

07
0.

58
4

0.
82

8
0.

48
4

0.
70

0
1.

15
1.

27
1.

21
0.

17
2

1.
9

12
.3

 T
h

5.
32

5.
74

5.
71

4.
26

5.
24

1.
70

14
.6

4.
10

33
.2

2.
55

37
.1

24
.3

37
.9

14
,2

37
15

,1
16

 U
0.

01
0

0.
12

5
0.

06
7

0.
16

3
0.

43
8

0.
04

9
0.

32
3

0.
27

0
0.

40
0

T
h/

U
47

8
45

.7
75

.8
51

.7
11

5

C
on

ce
nt

ra
tio

ns
 in

 p
pm

, n
or

m
al

iz
ed

 to
 S

i f
ro

m
 E

PM
A

 d
at

a.
 C

ho
nd

ri
te

-n
or

m
al

iz
ed

 REE



 v

al
ue

s 
fo

r 
Fi

g.
 3

 a
re

 n
ot

 li
st

ed
 b

ut
 w

er
e 

ca
lc

ul
at

ed
 u

si
ng

 th
e 

B
oy

nt
on

 (
19

84
) 

ch
on

dr
ite

 v
al

ue
s

a  “
N

o.
 o

f 
sl

ic
es

” 
re

fe
rs

 to
 th

e 
in

te
gr

at
io

n 
in

te
rv

al
, r

ep
re

se
nt

in
g 

de
pt

h 
of

 a
bl

at
io

n 
w

ith
 ti

m
e.

 I
m

pr
ov

ed
 c

ou
nt

in
g 

st
at

is
tic

s 
ar

e 
ac

hi
ev

ed
 w

ith
 >

20
 s

lic
es

, b
ut

 >
40

 is
 o

pt
im

al
b  S

i t
ak

en
 f

ro
m

 e
le

ct
ro

n 
m

ic
ro

pr
ob

e 
da

ta

Fe
, M

n 
an

d 
Ta

 w
er

e 
al

w
ay

s 
be

lo
w

 th
ei

r 
de

te
ct

io
n 

lim
its

 (
Fe

: 8
–9

1 
pp

m
, M

n:
 0

.2
4–

2.
69

 p
pm

 a
nd

 T
a:

 0
.0

12
–0

.1
37

 p
pm

)

Su
bs

cr
ip

t N 
=

 c
ho

nd
ri

te
-n

or
m

al
iz

ed
 v

al
ue



Contrib Mineral Petrol (2014) 168:1041	

1 3

Page 11 of 23  1041

Fig. 3   Patterns of trace element 
data. a Y and Sc correlated with 
ΣREE, core zircon, b Y and 
Sc correlated with ΣREE, rim 
zircon. Increased hydrother-
mal stability of Sc over Y and 
ΣREE is indicated in its lower 
values and decreased correlation 
coefficient in rim zircon. c Ten-
tative discrimination diagram 
(after Hoskin 2005) based on 
chondrite-normalized LREE 
ratios (Boynton 1984 normali-
zation data). Note discussion in 
the text on analytical uncer-
tainly for the Bayan Obo LREE 
and La data, and discussion on 
coprecipitation of LREE phases 
with rim growth, both factors 
limiting the applicability of this 
type of discrimination for these 
particular zircons. d Chondrite-
normalized REE diagram 
for Bayan Obo zircon (this 
study), for average Mud Tank 
Carbonatite zircon (Yuan et al. 
2008), for Kovdor Carbonatite 
zircon (Rodionov et al. 2012) 
and for Zomba–Malosa alkaline 
pegmatitic zircon (Soman et al. 
(2010)
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by Hoskin (2005) and based on LREE ratios tentatively 
places both core and rim data from Bayan Obo zircons 
close to the magmatic field (Fig. 3c). However, it was noted 
in separate tests that analytical scatter for the LREE, and 
especially for La being very close to the limit of detection, 
could be significant for the Bayan Obo data in which <40 
time slices were possible to use. Therefore, the value of this 
type of discrimination for these particular data is limited. 
Very low values of La are nevertheless indicated and would 
tend to preclude any trend towards the hydrothermal field 
of Hoskin (2005). The overwhelming and independent evi-
dence for major fluid events associated with the paragenetic 
stage in which rim zircon grew therefore requires deeper 
explanation. Firstly, the enhancement of HREE in the rims 
(Table 3; Fig. 3d) is consistent with the work of Smith et al. 
(2000) and Williams-Jones et al. (2012) in which high con-
centrations of mobilized REE, by F−, CO3

2− and phos-
phate complexation in hydrothermal/metasomatic fluids, 
precipitated as fluorocarbonate ore minerals (LREE, also 
monazite), and as solid solutions within zircon (HREE). 
Secondly, the intensity of LREE mineralization (bastnäsite, 
parisite, monazite, plus apatite to a lesser extent), display-
ing intimate intergrowths with rim zircon, would very 
likely provide an effective mineralogical buffer, specifically 
limiting LREE entry into zircon. Thus, the hydrothermal 
field of the Hoskin (2005) discrimination diagram based on 
(Sm/La)N versus La (ppm) may not be entirely applicable 
for zircons in strongly LREE-mineralized environments, as 
at Bayan Obo.

Figure 3d is a chondrite-normalized plot of the REE in 
Bayan Obo zircon compared with that of the Mud Tank 
carbonatite (Yuan et  al. 2008), the Kovdor carbonatite 
(Rodionov et al. 2012) and the Zomba-Malosa alkali peg-
matite (Soman et al. 2010). There is remarkable agreement 
between the average cores of Bayan Obo zircon with the 
average Mud Tank zircon, particularly with respect to Gd/
LuN ratios and to the absence of Eu anomalies. A similar 
pattern is seen in the Kovdor carbonatitic zircon, but at 
increased levels of REE. Soman et al. (2010) data for zir-
con from an alkali pegmatite exhibit negative Eu anomalies 
and greater overall REE enrichment with higher Gd/LuN 
ratio (Table  3). The HREE are markedly raised in Bayan 
Obo rims by over one order of magnitude relative to the 
cores, with Lu/GdN ratios variable at 43–112 (rims) and 
consistent at 6–7 (cores). Chondrite-normalized LREE are 
similar in both cores and rims, except that a small positive 
Ce anomaly is apparent in rim zircon. Chondrite-normal-
ized Y values are similar to those of Ho as often reported, 
due to ion size and charge similarity (Wall et al. 2008). It 
is important to note here that current understanding of par-
titioning behaviours of REE in zircon–carbonatite systems 
are limited, but a few studies have shown that they are not 
equivalent to those in zircon–silicate systems (Blundy and 

Dalton 2000; Veksler et al. 2012, Martin et al. 2013). A full 
interpretation of the low LREE signatures in the magmatic 
core zircon therefore remains open.

Niobium, Ti and other HFSE are generally below 
10  ppm, with the exception of two rim spikes for Nb; a 
moderate correlation between Th and Nb indicates possible 
aeschynite inclusions, or thorite where Th alone is raised. 
Aeschynite is known from the Bayan Obo deposit (e.g. 
Chao et al. 1997; Yang et al. 2001; Zhang et al. 2003; Smith 
and Spratt 2012) and reported as paragenetically related to 
the Caledonian events, consistent with zircon data of the 
present study. Cesbron et  al. (1993) remark on the possi-
bility of (Ta, Nb)5+ balancing REE3+ in the zircon crystal 
structure, and this is also a possibility at the trace levels 
of Nb under consideration as well as various discussions 
on non-stoichiometry and interstitial sites (Hoskin and 
Schaltegger 2003). Insufficient data for Ti, either in this 
study or for other zircons in carbonatitic systems, precludes 
any attempt at its use as a geothermometer at present. Ura-
nium concentrations were consistently under 1 ppm in both 
cores and rims, similar to extreme depletions in the Mud 
Tank and Kovdor zircons (Yuan et al. 2008; Rodionov et al. 
2012), and raising important implications for magma and 
fluid sources over protracted timescales (see “Discussion”).

232Th–208Pb SHRIMP II geochronology

It is assumed from the textural study that radiometric ages 
of only two geological events are recorded in the zircons 
of Bayan Obo, and these are (1) the igneous crystallization 
of the core, and (2) the alkaline alteration of the later epi-
taxial rim growth. 232Th–208Pb isotope ratios for the Bayan 
Obo zircon samples are presented in Table 4, grouped by 
19 core analyses and 12 rim analyses. Isochrons presented 
in Fig.  4(a) cores, and (b) rims, represent two distinct 
age populations. Initial Pb (208Pb/204Pb) data are given in 
Online Resource 6. With a limited data set comprising a 
range of “age components”, a mixture modelling approach 
was applied to the evaluation and presentation of the geo-
chronological data (Sambridge and Compston 1994), in 
addition to simpler averages and weighted means, and the 
results are compared in Table 5. From the probability den-
sity distributions in Fig. 5, the core crystallization date is 
1,324.7 ± 4.12 Ma based on one assumed age. The quoted 
±4  Ma precision on this 1,325  Ma age is numerically 
correct based on statistical analysis of the 232Th–208Pb 
data, and on rationalization of a single age component 
(see below), but it is misleading, giving an inappropriate 
impression of very high precision. We consider that this 
is most likely due to the probable “chance” symmetry in 
the data distribution (Fig.  5a histogram part), where two 
peaks straddle the 1,325  Ma result. Taking account of 
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this, the limitations of the Th–Pb system, and of the very 
small data set available, we therefore suggest a less pre-
cise 1325 ± 60 Ma, as the best present estimate of the tim-
ing of the core zircon crystallization. One assumed age 
for the core data is texturally justified, despite the double-
peak histogram distribution in Fig. 5a. A further justifica-
tion for assuming one core age is given in Fig. 5b, where 
approximate core spot locations are shown in relation to 
results <1,325 Ma or >1,325 Ma (individual spot ages are 
listed in Table 4). It can be seen that no pattern is appar-
ent. With reference to Table 4, note that two outliers (C3 
at 1,140.5  Ma and C15 at 1,481.7  Ma) both have large 
errors on the 208/204Pb ratio. Analysis C15 additionally is 
based on a very low Th concentration (8 ppm). Figure 5c 
is a cumulative probability density distribution for the rim 

spots. The rim age of 455.6 ± 28.27 Ma is considered to 
be the best estimate of true age, based on an assumption 
of two distinct age components (Table 5) where the second 
age component of 876  Ma is acknowledged as resulting 
from 3 suspect analyses that probably intersected inclu-
sions or pores, had disturbed Pb, or perhaps contained 
older, xenocryst fragments; (see spots C29, C30 and D37 
in Online Resource 4). Nevertheless, the presence of older 
fragments would be partially aligned with a reported Neo-
proterozoic metamorphic event of 809  ±  80  Ma (Zhang 
et  al. 2003), based on Sm–Nd and placed in overall geo-
chronological context by Smith et  al. (2014). An alter-
native interpretation using the same data (this zircon 
study), but based on an assumption of one distinct age is 
537.3 ± 24.08 Ma).

Table 4   Summary SHRIMP 
data grouped by core and rim 
spots

232  Th measured as ThO+ for 
the 248/204 listing. Standard 
error denoted as “±”. Data 
exclude 4 core and 7 rim spots 
that had poor counting statistics, 
mainly due to Th < 7 ppm. 
Other outliers were included 
in the data set, but large errors 
were noted for C3, C15 and J18

Spot 248/204 ± 208/204 ± Th ppm Age ±

Cores

C-2 20,835 871 663.57 27.74 650.0 1,493.5 6.4835

C-3 7.68E+06 2.56E+06 166,670 55,556 261.5 1,140.5 5.6128

C-5 40,597 2,264.9 1,052.6 58.726 867.2 1,375.8 5.6904

C-7 29,205 7,875.6 672.49 181.35 15.2 1,397.1 42.455

C-15 3.42E+06 3.90E+08 1.00E+05 1.14E+07 8.4 1,481.7 82.115

D40 1.56E+05 75,873 4,149.4 2,014.4 162.5 1,336.7 12.34

D41 15,852 5,422.8 423.37 144.83 16.8 1,354 55.271

D42 62,146 33,561 1,569.9 847.77 56.1 1,280.6 22.877

J-16 1.16E+05 28,543 2,907 718.29 261.5 1,363.4 7.3574

J-17 10,734 1,445.6 282.33 38.021 47.6 1,295 30.382

J-18 1.79E+05 1.46E+05 5,025.1 4,090.8 107.7 1,476.6 12.145

J-19 83,119 51,585 2,061.9 1,279.6 88.0 1,381 19.96

J-20 52,757 17,143 1,326.3 430.95 92.3 1,344.4 15.538

J-21 2.11E+05 1.11E+05 4,902 2,571.1 221.5 1,289.8 7.7497

J-22 16,534 1,967.7 420.52 50.045 129.2 1,254.4 17.565

N-24 6.96E+05 2.54E+05 15,873 5,794.9 1,108 1,263.5 4.1464

N-26 3.15E+05 1.12E+05 8,264.5 2,937 553.9 1,436.2 4.8779

O-23 3.09E+05 2.33E+05 7,518.8 5,653.2 156.9 1,276.1 17.769

P-25 3.63E+05 2.58E+05 8,000 5,696 341.5 1,212.1 7.6916

Rims

C-12 4,240.8 522.75 65.083 8.0226 19.0 286.53 60.71

C-13 1,523.3 193.27 54.996 6.9778 5.4 501.93 187.46

C-14 3,135.8 433.9 70.562 9.7637 9.5 499.96 96.851

C-29 1,150.3 93.055 59.266 4.7946 8.0 776.45 141

C-30 1,724.2 121.04 76.558 5.3746 20.4 936.64 77.113

C-31 3,148.3 362.02 81.321 9.3509 31.8 639.48 94.697

C-32 5,414.4 1,855.8 93.853 32.168 5.8 617.42 164.51

C-33 1,540 158.96 59.421 6.1331 9.6 654.72 150.3

D-37 7,063.9 2,206.4 155.09 48.441 8.9 886.19 101

D-38 7,435.8 1,027.4 97.714 13.501 24.4 422.73 42.906

D-39 4,488.2 633.21 89.238 12.59 17.7 546.85 83.097

E-35 5,068 1,037.5 92.507 18.938 8.9 545.57 89.899
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Discussion

The highly localized distribution of zircon at Bayan Obo, 
together with core-growth textures and compositions, is con-
sistent with an overall interpretation of a suite of small-intru-
sive alkaline–carbonatitic rocks, and its accompanying wide 
envelope (spatially and temporally) of fluid-dominant min-
eralization and fenitization. The lack of clear, field-observed 
intrusive rock boundaries in the East Orebody at Bayan Obo 
is by no means conclusive evidence that such boundaries did 
not exist. Fenitization and other fluid-rich reactive processes 
with intense deformation are likely to have obliterated sharp 
boundaries otherwise observable at field scale. At the grain 
scale, the possibility of zircon metamictization by alpha par-
ticle emitters is generally ruled out for the Bayan Obo zir-
cons because their compositions are strongly depleted in U 

and also very low in Th. This has implications for the inter-
pretation of zircon paragenesis, and for the evaluation of CL 
emissions, as metamictization can contribute to quenching of 
the CL signal in zircon (Nasdala et al. 2003). In the follow-
ing discussion, nuances of CL emissions are evaluated, core–
rim interface issues are explored, and a geological history is 
outlined, followed by special attention to the source magma 
and the mineralization.

Interpretation of cathodoluminescence imagery and spectra

Zircon has been the subject of a considerable body of 
cathodoluminescence (CL) studies due to its excellent 
and varied luminescent properties and its relative durabil-
ity enabling their preservation. Many textural, spectral 
and experimental (doping) studies have been undertaken 

Fig. 4   232Th–208Pb isochrons 
for Bayan Obo zircon: a cores, 
b rims. 232Th measured as 
248ThO+

(b) 
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in recent years, described and evaluated in Nasdala et  al. 
(2003). In addition, MacRae and Wilson (2008) provide a 
useful database applicable to CL and other luminescence 
techniques for a wide variety of minerals and materials, 
with a review by Götze (2012) on CL applications in the 
geosciences. Of relevance to the present work are refer-
ences to broad-band yellow and blue CL and narrow-band 
emissions centred on 405, 475 and 530 nm.

In the core zircon, CL emissions are generally seen to 
be in the yellow region, and this is confirmed by the broad-
band spectrum peaking between 500 and 600 nm (Fig. 2b). 
Although some yellow CL in zircon is attributed to “intrin-
sic emissions”, as seen in pure, undoped, synthetic ZrSiO4 
(Rémond et al. 1995), the textures displayed indicate addi-
tional causes. Most strikingly, the core–rim boundaries 
exhibit very intense yellow CL, rapidly decreasing in inten-
sity away from the edges (the core side of the interface). 
So high is the intensity that bright reflections are seen in 
the surrounding grain boundaries (e.g. Fig. 2a). This is rea-
sonable to expect, given that escape depths of CL signals 
are considered to be relatively large (Nasdala et al. 2003). 
According to Götze et al. (1999), such broad-band yellow 
CL is attributed to defects on the tetrahedral SiO4 groups. 
Rémond et al. (1995) in a CL study of REE-doped zircons 
also discuss the impacts of structural defects and other edge 
phenomena. High-defect concentrations at the core–rim 
interfaces of Bayan Obo grains are consistent, along with 
growth zone truncations, with degradation of cores. Defect-
related CL is also consistent with the increased intensity of 
CL along some fractures (Fig. 2a). A third type of texture 

in the Bayan Obo specimens giving broad-band yellow CL 
is thought to be chemical alteration effects, as described 
by Corfu et al. (2003) and experimentally by Geisler et al. 
(2003). The expression of alteration is seen as inward-pen-
etrating bulbous fronts and feathery features that superim-
pose fine-scale core zonations and that also engulf the blue/
blue–green CL of the patchy rim growth to give a mottled 
appearance. Narrow-band yellow CL is evident from the 
growth textures and CL spectra, most notably in the fine-
scale oscillatory, and sector zoning (Fig.  2 and Online 
Resource 5). These bright zones are attributed to activation 
by Dy3+, with narrow-band peak clusters centred on 480 
and 580  nm (Cesbron et  al. 1993; Hanchar and Marshall 
1995; Götze et al. 1999; Richter et al. 2006; MacRae and 
Wilson 2008).

The broad-band blue CL (~300–450 nm) is most evident 
in the rim growth, and this type of emission is generally 
considered as “intrinsic”, as determined from studies on 
synthetic, pure zircons (Cesbron et al. 1993 and Götze et al. 
1999). Additionally, Hanchar et  al. (2001) found a dull, 
blue CL in synthetic zircons doped with “non CL active” 
La3+ and Yb3+. In Nasdala et al. (2003), broad-band blue 
CL is demonstrated in spectra of two Australian zircons, 
from the McBride Province, and from the Mud Tank car-
bonatite. In neither of these examples is a very intense blue 
band seen, and Nasdala et al. (2003) attribute this partly to 
the relatively more intense yellow band emissions in most 
zircons and partly to the general decrease in instrument 
sensitivities at wavelengths in the blue region. Despite this, 
the relatively high-intensity broad-band blue emission of 

Table 5   Comparative evaluations of SHRIMP data

Statistical parameters and results for one and four assumed ages for cores, and for one and two assumed ages for rims. Our best present estimate 
of the core age is 1,325 ± 60 Ma, with a lower recommended precision than calculated, accounting for the limitations of this small data set in 
the distribution of data (see explanation in the text). The second assumed age component in the rims is represented by three outlying rim analy-
ses which are attributed either to older fragments or, more likely, to Th contamination from inclusions such as monazite or aeschynite. Ages in 
bold are considered to be the best estimates of true core-growth and rim-alteration ages

PDD probability density distribution

Type of evaluation Data 
origin

No. of data 
points

No. of assumed 
ages

Age (Ma) ± p ± Negative log 
likelihood

Degrees of 
freedom

Chi square

Mean Cores 19 1 1,339.6 94

Weighted mean 19 1 1,366.2 1.94

PDD 19 1 1,324.7 4.12 1 0.22 1,520.03 18 168.89

PDD 1 4 1,140.5 5.61 0.053

4 4 1,458.65 3.71 0.202 0.11

7 4 1,366.31 3.99 0.372 0.148

7 4 1,260.03 3.46 0.374 0.155 82.7 12 13.783

Mean Rims 12 1 609.54 43.81

PDD 12 1 537.3 24.08 1 34.02 11 6.185

PDD 3 2 876.47 67.36 0.279

9 2 455.64 28.27 0.721 0.259 15.17 9 3.371
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the Bayan Obo rim zircon (Fig. 2b) stands in marked con-
trast to previous reports and warrants further considera-
tion of causes related to trace element composition. The 
strong, narrow-band peak at 405 nm and a weaker one at 
325 nm (Fig. 2b), together with the trace element findings 
of this study (Table 3; Fig.  3), testify to increased HREE 
involvement in rim growth, since in a study on REE-doped 
zircons, Cesbron et  al. (1993) demonstrated major peaks 
for Er3+ at these wavelengths, supported by Richter et  al. 
(2006) and MacRae and Wilson (2008). A third major Er3+ 
peak is listed at 480  nm by Cesbron et  al. (1993), but is 
considered unresolvable with the Dy3+ narrow-band cluster 
and generally intense broad-band yellow CL in this wave-
length region. Nasdala et al. (2003) list another Er3+ peak 
at 530 nm (after Rémond et al. 2000), which could account 
for the pointed shape at the apex of the broad-band yellow 
emission seen in Fig. 2b.

Further, unique value of the monochromatic CL images 
is in the evaluation of phases present. It has been discussed 
as to whether the (Y, HREE)PO4 component of microprobe 
and LA-ICP-MS data for the rim zircon is present in true 
solid solution with ZrSiO4 or as microinclusions of xeno-
time enclosed within purer zircon, according to the disso-
lution–reprecipitation reaction mechanism of Geisler et al. 
(2007). The evidence from Fig. 2d (image of the 405 nm 
emission in which xenotime appears dark, but bright in 
the P Kα map, Fig. 2h) and from Fig. 2b (broad-band blue 
emission that distinguishes zircon from xenotime, Rich-
ter et al. 2006) is that the CL activator, Er3+, is operating 
absolutely within the mineralogical context of zircon in 
true solid solution and not occurring as a separate phase of 
xenotime. This finding does not undermine significant other 
lines of evidence for reaction of zircon at Bayan Obo; it 
merely indicates that the zircon rims had equilibrated with 
fluids rich in P and REE, distinct from the older magmatic 
growth, and that preserved reaction zones from later dis-
solution processes were narrow (~10–20 μm as described 
earlier).

Deductions from the core–rim interface

The dramatic change in characteristics between core and 
rim zircon is worthy of special attention. Firstly, it needs 
to be stated that the coexisting preservation of euhedral 
crystal faces of core growth alongside oscillatory zone 
truncations and irregular edges, together with the absence 
of radial fractures and an appropriate mineral assemblage, 
all precludes any notion of sedimentary abrasion. Instead, 
a corroding fluid attacking both cores and rims and actively 
precipitating new phases could conceivably achieve both 
the irregular and crystal-face sensitive morphologies 
observed. These resultant paradoxical textures are best 
explained with reference to heterogeneous properties of 

the compositionally variable core zircon lattice. A corro-
sion interpretation is supported by recent developments in 
the understanding of zircon alteration and fluid-rich disso-
lution–reprecipitation reaction fronts (Geisler et al. 2007), 
which appear to explain the interface-parallel (inward-pen-
etrating) zones, where Hf has apparently been locally redis-
tributed (Fig. 2f). The examples demonstrate the close rela-
tionship of the reaction front to the dissolved edge behind it 
and support the hypothesis of zircon reaction with a fluid. 
The fragmentary nature (including rounding) of rim zircon 
together with the CL evidence of inwardly penetrating bul-
bous fronts (Corfu et al. 2003) also support an interpreta-
tion of reaction and dissolution, and demonstrate that the 
expression and extent of corrosion vary with subtleties of 
zircon composition and properties, with rims having been 
preferentially altered over cores.

Geological history

(i) Early magmatic growth (1,325 ± 60 Ma)

In the central parts of zircon cores, the undulatory resorp-
tion textures seen are indicative of a magmatic environ-
ment, where episodic periods of Zr undersaturation in the 
magma are likely to have occurred (Corfu et  al. 2003). 
Immediately beyond these central zones, the ubiquitous 
oscillatory compositional zonation seen would have been 
governed by processes at the crystal–melt interface (e.g. 
diffusion rates, Zr and Hf saturation and redox conditions, 
Corfu et al. 2003; Harley and Kelly 2007). Hoskin (2000) 
further suggested that “external” (magma system) pro-
cesses such as differentiation can control the ordering of 
oscillatory zonations in zircon. This is largely supported by 
Fowler et  al. (2002), in their interpretation of “thick har-
monic zones” as evidence of large-scale periodic change in 
the magma system. In contrast, their high-resolution, fine-
scale oscillatory zonations were attributed to crystal–melt 
interface dynamics (Hoskin 2005). In the present study, 
the observed periodicity in core-growth patterns most 
notably highlights a limited stage during which fine-scale 
oscillatory growth occurred, where compositionally oscil-
lating growth was sensitive to the immediate environment 
at the crystal/melt interface, particularly with respect to 
Zr/Hf ratios and probably also of REE as evidenced by 
CL. The incorporation of REE into the zircon structure as 
a solid solution in the well-documented xenotime substi-
tution, REE3+ +  P5+ = Zr4+ +  Si4+, is dependent on an 
adequate supply of P to the crystal/liquid interface, and 
this is partly controlled by the diffusion rate of P relative 
to crystal growth (Hoskin 2000). However, Cherniak and 
Watson (2003) note that charge balancing for the REE does 
not necessarily need to come from P in a coupled substitu-
tion; it may occur with O-site defects or hydroxyl groups. 
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The sector zoning seen in the Bayan Obo cores, and prob-
ably caused by REE variation as it is not apparent on the 
Hf X-ray maps, is similarly attributed to current hypotheses 
on diffusion kinetics and differential growth rates of crystal 
faces (Fowler et al. 2002; Corfu et al. 2003).

Chondrite-normalized REE patterns in Bayan Obo 
cores are well matched with the Mud Tank and Kovdor 

carbonatitic zircons (Yuan et  al. 2008, Rodionov et  al. 
2012) and tentatively fit in the magmatic field of the Hoskin 
(2005) discrimination diagram based on LREE ratios. Nio-
bium concentrations in Bayan Obo zircon cores are much 
lower than in the alkaline rock zircons of Soman et  al. 
(2010), and Ta was not detected at all. Belousova et  al. 
(1998) discuss Nb/Ta in zircon, highlighting the probable 
influence of Nb minerals in carbonatitic environments, on 
the ratio.

The low elongation ratios of Bayan Obo core zircons, 
coupled with the major and trace element compositions, are 
indicative of intrusive, possibly plutonic, magmatic growth 
(Corfu et al. 2003), and this has implications for our under-
standing of the origin of the protolith suite of the Bayan 
Obo Fe–Nb–REE deposit. The pyramid-dominant mor-
phology is also significant because of its possible associa-
tion with melts of kimberlitic–alkaline–carbonatitic origin.

(ii) Epitaxial overgrowths (rims)

The characteristics of rim zircon growth in terms of com-
positions, morphology, intergrowths, CL colours, zoning 
patterns and radiometric age collectively support a meta-
somatic secondary growth and fluid alteration explana-
tion, contemporaneous with the main REE-fluorocarbonate 
mineralization event reported by (Chao et al. 1992; Wang 
et  al. 1994; Campbell and Henderson 1997 and Kynicky 
et  al. 2012), and are indicative of a fluid with significant 
activity of P. Evident from the preservation of volumetri-
cally significant “new” bipyramidal crystal forms outlining 
rim zircon, it is deduced that there must have been a period 
in which thick, sub- to euhedral overgrowths, abundantly 
intergrown with REE (ore) and other minerals, developed 
around the magmatic cores. The apparent smooth growth 
transition from core to rim seen in a few places suggests 
that zircon precipitation (rather than degradation) was dom-
inant at this time, and the promotion of outer crystal-face 
development suggests growth in an open fluid environment, 
perhaps analogous to the residual fluids fractionated from a 
melt as in the model of Harley et al. (2007) in their Fig. 1, 
stage F. Although this model of Harley et al. (2007) is of 
a high-temperature terrain, the equivalent (carbothermal 

Fig. 5   a Probability density distribution (PDD) of SHRIMP Th–Pb 
data overlaying age component histogram for 19 core components, 
assuming one true age. The multipeaked curve represents the cumu-
lative probability. See Compston et  al. (1984) and Sircombe (2004) 
for a full discussion of the procedure and its advantages over simple 
histogram presentations. b SHRIMP spot positions in relation to age 
results of individual data points. Just one assumed age is justified 
from the textural information, in which no spatial pattern is evident 
from the pre-and post-1,325 Ma age results. c Cumulative probability 
curve for 12 rim ages, resolved into two age components at 456 and 
876 Ma (explanation in the text and in Table 5)

◂
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fluids) in an alkaline–carbonatitic system at lower tem-
peratures might be envisaged (Fan et al. 2006; Smith 2007; 
Williams-Jones et al. 2012). Such residual fluids are likely 
to have concentrated the REE, leaving their signature in 
the overgrowths. The expression of this at Bayan Obo is 
in the abundant REE-ore mineral intergrowths with rim 
zircon (LREE-enriched bastnäsite, etc.), and in the rim 
compositions where the sum of the lanthanide group ele-
ments plus P is higher than in the cores and where HREE 
are enriched ((Lu/Gd)N 43–112). Apatite is also abundant, 
rich in REE and intergrown with rim zircon (see type II 
apatite of Campbell and Henderson 1997), highlighting the 
role of P in the system at this stage. It is considered likely 
that the age of the epitaxial overgrowths was reset during 
an aegirine alteration stage which partially dissolved zircon 
(see below).

(iii) Metasomatism (455.6 ± 28.27 Ma)

Evidence of remobilization of HREE is in secondary xeno-
time occurring as cross-cutting veins through zircon (also 
as inclusions) and first reported in Campbell (1998). It 
raises the question of reactive processes occurring subse-
quent to rim growth. According to the Geisler et al. (2007) 
model, non-metamict, trace element-rich (solid solution) 
zircon is replaced by trace element-poor, purer zircon, with 
the formation of secondary phases derived from the com-
ponents of solid solution. In an environment dominated 
by the LREE, it is deduced that components for locally 
precipitated xenotime could have been derived from the 
P  + Y  +  HREE-enriched rim zircon determined in this 
study as well as by mineral-controlled fractionation from 
the REE fluids. Direct evidence for zircon degradation of 
Bayan Obo cores has been seen in the Hf Mα X-ray map 
of Fig.  2f, where Hf distribution is related to the irregu-
lar core–edge surface rather than the crystal growth zones 
seen nearby. The only way in which Hf atoms could move 
in this 10–20-μm reaction front is with the breakdown of 
the zircon structure, if only temporarily, in a dissolution–
reprecipitation-type mechanism after Geisler et al. (2007). 
Unlike Hf, however, it is suggested that some Y + HREE 
was locally mobilized and reprecipitated as a separate 
phase of xenotime, explaining the veins observed. It is fur-
ther suggested that rim zircon was much more susceptible 
to alteration and dissolution than core zircon for the follow-
ing reasons: (1) its skeletal habit, intensively intergrown 
with other phases giving a high surface area to its grain 
boundaries; (2) its macroporosity; and (3) its composition 
relating to Si4+ ↔ P5+ substitution, HREE enrichment and 
possible lattice stress/defects from small stoichiometric 
imbalances. Evidence from CL colours showing patches of 
blue rim growth edged by bulbous yellow alteration fronts 
resembling some of the experimental findings of Geisler 

et al. (2003), supports this interpretation. Thus, aggressive 
fluids capable of dissolving silicates, selectively corroded 
rim zircon over core zircon (though both generations were 
attacked), releasing pre-concentrated HREE for localized 
reprecipitation as xenotime. Such processes, in which Zr 
and other HFSE can be remobilized in appropriate fluid-
rich environments, are consistent with reports of hydrother-
mal remobilization processes concentrating the HREE in 
new mineral phases, as in Sheard et  al. (2012), and with 
the experimental fractionation of REE in an alkali-P system 
(Williams-Jones et  al. 2012). Paragenetically late aegirine 
overprinting zircon and xenotime, seen in the Si Kα map 
(Fig.  2g), is suggestive of pervasive alkaline fenitization 
affecting the zircon-bearing rock. Moreover, the high activ-
ity of Na+ in this fluid (Smith 2007) might have contrib-
uted to its dissolving power. This would be consistent with 
the association of melt peralkalinity and zircon saturation 
(Watson and Harrison 1983), but in a fluid context. It is 
also consistent with the age of aegirine veins reported by 
Chao et al. (1997) as 438 ± 25 Ma (late Caledonian); the 
Type III apatites of Campbell and Henderson (1997) in 
aegirine veins; and the post-banding stage 3 aegirine veins 
and alteration of Smith (2007) and Smith et  al. (2014). 
Fluorite occurrence in this rock is also indicative of fluid 
compositions, paragenetically multipulsed, both earlier and 
later than the aegirine stage.

Source magma

In view of the growing body of evidence that the Bayan 
Obo region has seen multiple episodes of carbonatitic 
activity (e.g. Drew et  al. 1990; Campbell and Henderson 
1997; Yang et al. 2003; Mitchell 2005; Yang and Woolley 
2006; Le Bas et al. 2007; Kynicky et al. 2012; Smith et al. 
2014) and that the world-class REE-ore mineral deposits 
there mainly originate from carbonatite-derived fluids (e.g. 
Fan et  al. 2006; Smith 2007), a comparison of zircons in 
the present study with those of known carbonatitic associa-
tion (Mud Tank and Kovdor) is essential. A further impera-
tive to this evaluation is that questions still remain about 
the determination of the host rock protolith suite and defor-
mation at Bayan Obo.

In a detailed review of the mineralogy of high-field-
strength elements in carbonatitic and phoscoritic rocks, 
Chakhmouradian and Williams (2004) stated that the 
chemical evolution of zircon in carbonatite melts is not 
well known. They describe many reports, however, of zir-
con of undoubted primary magmatic origin (e.g. Claesson 
et  al. 2000), especially where there is an accompanying 
assemblage that includes silicates such as phlogopite. Some 
characteristics of zircons from known kimberlite–alkaline–
carbonatite systems documented in the literature (Belous-
ova et al. 1998; Claesson et al. 2000; Belousova et al. 2002; 
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Corfu et  al. 2003; Chakhmouradian and Williams 2004) 
are that they tend to form large (>250 μm), bipyramidal, 
stubby forms. The work of Page et al. (2007) on kimberlitic 
zircons from four continents supports these observations 
and confirms further the common occurrence of oscillatory 
growth zoning with sharp truncations where only fragments 
of the megacrysts remain. The zircons of the present study 
compare well with some of these characteristics, especially 
with respect to the lack of prism face development and the 
low elongation ratios (“stubby” forms). While the ~700 μm 
lengths of the largest Bayan Obo zircons do not approach 
the megacrystic, cm-scale proportions of the kimberlitic 
zircons described by Belousova et al. (1998) and Page et al. 
(2007), they do tend to exceed the upper limit of ~200 μm 
for zircons in “common rocks” as reported by Corfu et al. 
(2003).

In terms of chemical compositions, low Hf contents are 
observed in zircons from kimberlite–alkaline–carbonatite 
systems (<2 wt% HfO2 from Kola, Chakhmouradian and 
Williams 2004, and <1wt% from Lofdal, Namibia, Wall 
et al. 2008) and Zr/Hf ratios of 30–41 in Belousova et al. 
(1998). The Bayan Obo zircon with its high Hf content (up 
to 7wt% HfO2 and Zr/Hf ratios averaging only 24 in the 
cores with a median of 16) is not consistent with this pat-
tern, and instead, might indicate a fractionated melt where 
the Zr/Hf ratio has decreased relative to chondritic values 
of 37 (Hoskin and Schaltegger 2003). High Th/U ratios 
(or very low U) are reported in zircons from kimberlite–
alkaline–carbonatite systems (Davis 1977; Belousova et al. 
1998, 2002; Chakhmouradian and Williams 2004; Page 
et  al. 2007). Specifically, Yuan et  al. (2008) list U con-
centrations in zircon averaging 50 ppm for the Mud Tank 
carbonatite and 9  ppm for the Monastery kimberlite. For 
Kovdor, U is extremely depleted at <1  ppm (Rodionov 
et  al. 2012). Together with the trace element data of the 
present study, this bears consistency with the wider context 
of reported Th/U ratios at Bayan Obo (Chao et  al. 1992; 
Wang et al. 1994; Chao et al. 1997) and with a lithospheric 
mantle or lower crustal source. Rare earth partitioning in 
zircon-melt systems is discussed by Hanchar and van 
Westrenen (2007), generally supporting the known prefer-
ence for HREE in the zircon structure. Although equivalent 
data for trace element partitioning between zircon and non-
silicate melts remain unknown, Chakhmouradian and Zait-
sev (2012) describe recent research on REE behaviours and 
immiscible melts. They explain that trace element patterns 
derived from element partitioning models, and experimen-
tal data from Veksler et al. (2012), are suggestive of strong 
partitioning of REE into the silicate phase in immiscible 
carbonate–silicate systems. These findings are consistent 
with experimental data of Martin et al. (2013), who further 
report that increased REE partitioning into a carbonatite 
melt can occur with higher SiO2 contents of the immiscible 

silicate melt. The presence of water also increases REE 
partition coefficients for a carbonatite melt in a carbon-
atite–silicate system (Martin et  al. 2013). Conversely, in 
immiscible fluoride-silicate and phosphate-silicate systems, 
the REE partition preferentially into the non-silicate phase 
(Veksler et al. 2012). These recent discussions further indi-
cate some evidence for LREE–HREE fractionation, HFSE 
fractionation and variable behaviours of alkali-group ele-
ments—all being sensitive to bulk melt compositions and 
to the hydrous status of the system. Such complexities in 
carbonatitic systems, which are only just beginning to be 
investigated, thus limit the present discussion on petroge-
netic context of the rare Bayan Obo zircons. However, the 
absence of an Eu anomaly is indicative of a plagioclase-
free melt, suggesting silica-undersaturation in the magma 
from which zircon crystallized, and matching well with the 
REE composition of zircon from the Mud Tank and Kovdor 
carbonatites (Yuan et al. 2008; Rodionov et al. 2012).

Relationship of zircon growth history to the rare earth 
mineralization

Key papers in the Bayan Obo literature refer to a “main 
mineralization event” for the formation of the highly 
enriched (up to several wt% RE2O3) bastnäsite–parisite–
monazite dominant REE mineralization occurring in the 
Main and East Orebodies at Bayan Obo (e.g. Chao et al. 
1992; Wang et al. 1994; Chao et al. 1997). However, it is 
established that significant REE mineralization (monazite 
occurrence) was in the late Mesoproterozoic, explained 
in the review by Smith et al. (2014). Nevertheless, Wang 
et  al. (1994) date the main metasomatic, REE-ore con-
centrating event as Caledonian, around 555–420  Ma on 
the basis of 232Th–208Pb analyses of monazite, and it is 
thought by some authors to be penecontemporaneous with 
major, possibly subduction-related tectonic shearing at 
this time (Chao et  al. 1997). Temperatures in the range 
~250–480 °C for the main mineralization have been con-
strained by various fluid inclusion and mineral reaction 
studies (e.g. Smith et al. 1999; Smith and Henderson 2000; 
Fan et al. 2006; Qin et al. 2007), and by thermodynamic 
modelling of silicate assemblages (Smith 2007). These 
temperatures further support a fluid-dominant, metaso-
matic origin for the rim zircon assemblage. The main ore-
deposition stage also links paragenetically with the type 
II apatites of Campbell and Henderson (1997) because of 
their intergrowth occurrence and REE-enriched composi-
tions. The findings of Smith et  al. (2000), relating REE 
ratios in Bayan Obo mineral compositions to fluid evolu-
tion, are partially mirrored in the HREE enrichment of the 
present zircon rims. Smith et  al. (2000) reported La–Nd 
ratios as ~3–7 in early monazite (attributed to CO2 flu-
ids) and ~0.6–2 in late REE fluorocarbonates (attributed 
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to more aqueous fluids). Zircon REE patterns with sec-
ondary xenotime occurrence are also consistent with new 
experimental data in Williams-Jones et al. (2012), which 
demonstrate temperature-sensitive REE fractionation with 
progressive fluid–rock interaction in a P-NaCl system, 
and the tendency for HREE to remain in the local “input 
zone”. So the rim zircon age (455.6 ± 28.27 Ma) of the 
present study is considered to be related to the aegirine 
overprint, in which the earlier epitaxial rim growth was 
reset. Corrosive fluid infiltration relating to reactive deg-
radation of zircon, locally mobilizing Y and HREE and 
precipitating late xenotime veins and aegirine (requiring 
a high activity of Na+, Smith 2007), is also indicated in 
Wang et al. (1994) at 430–420 Ma, closely matching that 
of the present study.

Conclusions

The zircon occurrence in the northern part of the East Ore-
body at Bayan Obo has provided a unique record of the 
early geological history of the region as well as providing 
a powerful set of data complementing rifting-magmatism 
models of the supercontinent Columbia in the Mesopro-
terozoic, and the existing consensus as to the Caledonian 
timing of the main, transformative and REE-ore concen-
trating mineralization events, and their alkaline–carbona-
titic sources. The combination of imaging methods (BSE, 
CL and X-ray mapping) along with the determination of 
CL spectra, major and trace element compositions and 
232Th–208Pb ages have together enabled a detailed growth 
and degradation history to be determined and have high-
lighted some features of the geochemical behaviour of the 
REE. Bayan Obo zircon cores have been shown to repre-
sent part of a magmatic, intrusive, carbonatitic protolith 
suite that crystallized at 1,325  ±  60  Ma. Epitaxial man-
tles with increased (Y, HREE)PO4 substitution crystallized 
during the main REE mineralization event and incorpo-
rated LREE-ore minerals and other phases as inclusions 
and intergrowths. Subsequent dissolution–reprecipita-
tion processes by aggressive, Na–P–F-bearing fluids at 
455.6  ±  28.27  Ma left evidence in (a) the inward-pene-
trating reaction fronts where Hf was locally redistributed; 
(b) the patchy rim textures, (c) CL features, (d) localized 
secondary xenotime veins derived from fluid reaction with 
HREE-enriched zircon rims, (e) the overprinting textures 
of the alkali silicate phases. The textural and geochemi-
cal signatures observed are testimony to the complex-
ity of fluid-related processes repeatedly reported for the 
Bayan Obo mineralization (Kynicky et  al. 2012; Smith 
et al. 2014). Nevertheless, they are consistent with previ-
ous reports on the evolution of ore fluids and with current 

developments in the understanding of fractionation of indi-
vidual REE in hydrothermal systems.

The notable scarcity of zircon occurrences at Bayan Obo 
and their diverse petrologic characteristics have together 
refocused attention on the nature of the protolith in the area 
of the banded orebodies. Such studies are very limited due 
to the lack of preservation of protolith components, but 
determination of protolith variations and characteristics is a 
challenge that could best shed light on the full origin of this 
world-class mineral deposit.
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