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A B S T R A C T

Earth's largest rare earth element (REE) ore deposit at Bayan Obo, China, is hosted in a dolomitic marble of
Mesoproterozoic age, the genesis of which remains controversial, whether it is of sedimentary or igneous origin.
Evidence of Caledonian-age recrystallization further complicates the interpretation of geochemical data from
this complex. This study provides new insights into the petrogenetic history of the Bayan Obo host dolomite by
documenting major and trace element abundances, and the first-reported δ11B values combined with radiogenic
(Sr, Nd, Pb) and stable (C, O) isotope results. Boron abundances of the carbonates investigated are typical for
carbonatites worldwide (0.4–1.1 ppm) and overlap with those for fresh (unaltered) mid-ocean ridge basalts
(MORBs). Boron isotope ratios do not exhibit any systematic correlations with their corresponding B contents,
light rare earth element (LREE) concentrations, δ13CPDB or δ18OSMOW compositions. For seven dolomite samples
characterized by pristine 87Sr/86Sr(i) values (< 0.70340), the δ11B compositions range from −3.6 to −9.0‰,
which vary between those for typical asthenospheric (MORB) mantle (−7.1 ± 0.9‰) and an enriched mantle
source. The δ11B values for the remaining samples span a wide range (−14.5 to −1.0‰) and given their
corresponding more radiogenic 87Sr/86Sr(i) compositions (> 0.70340) suggest hydrothermal alteration.
Additionally, εNdCHUR values (1.3 Ga) define two groups corresponding to pristine samples (−1.5 to 1.2) and
those containing recrystallized REE-bearing phases (−3.0 to −12.6). Together, the major and trace element
abundances, δ11B values, and radiogenic isotope data for the host dolomitic marble at Bayan Obo are consistent
with an upper mantle origin, and are best explained through the involvement and mixing of at least three distinct
mantle reservoirs. When combined with radiogenic and B isotope results from other carbonatite complexes
within China (Maoniuping, HYC- Huayangchuan, QMC- Qiganbulake mafic–ultramafic‑carbonatite complex,
Miaoya, TNCC- Trans-North China Carbonatites) of varying emplacement ages (between ~26 and ~2000 Ma),
these all suggest derivation from enriched upper mantle source regions during the past ~2 billion years.
Comparison of the initial Pb isotope ratios reported here for Bayan Obo carbonates to those from the 440 Ma
Miaoya carbonatite complex may be attributed to either a significant increase in the upper mantle's 238U/204Pb
ratio under present-day China over a ~900-million-year interval, or simply reflects derivation from distinct
upper mantle sources.

1. Introduction

Carbonatites are alkali and carbon-rich igneous rocks of great eco-
nomic interest due to their enrichment in strategic metals and elements,
such as Sr, Nd, P, Ta, Nb, and rare Earth elements (REEs; e.g., Bell and
Simonetti, 2010; Jones et al., 2013). These rocks are most often asso-
ciated with intra-plate continental rift areas, but do occur in a number
of different tectonic settings including oceanic environments and oro-
genic belts (Woolley, 1989; Woolley and Kjarsgaard, 2008). The origin
of carbonatite melt is still subject to debate with three main

mechanisms proposed: 1. Direct partial melting of a metasomatized
upper mantle source (e.g., Gittins and Harmer, 2003; Bell and
Simonetti, 2010), 2. As a product of liquid immiscibility from carbo-
nated silicate melts (e.g., Lee and Wyllie, 1998; Lee et al., 2000), or 3.
Generated by extreme melt differentiation from a parental carbonated
silicate magma via fractional crystallization (e.g., Veksler et al., 1998;
Mitchell, 2005; Cooper et al., 2011). The exact mantle source invoked
by the first hypothesis is also contentious since two main competing
interpretations exist; one advocates for carbonatite melt derivation
from the subcontinental lithospheric mantle (SCLM; e.g., Bailey, 1993),
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while the other involves an asthenospheric origin (e.g., Bell and
Simonetti, 2010). Evidence from various radiogenic isotope studies of
younger carbonatites (< 200 Ma) suggest the involvement of several
mantle components in the generation of carbonatite magmas, princi-
pally HIMU (high-μ; 238U/204Pb) and EMI (Enriched Mantle I; Zindler
and Hart, 1986; Bell and Simonetti, 1996; Bell and Tilton, 2001; Bell
and Simonetti, 2010); the latter components were attributed to the
mantle sources of oceanic island basalts (OIBs) and mantle plumes
(Zindler and Hart, 1986). Also, the exact origin of mantle carbon (C)
within carbonatites is unknown and may represent a mixture of sources,
as it could be juvenile, recycled, or both (e.g., carbonate minerals/
fluids; Bell and Simonetti, 2010; Hulett et al., 2016).

Carbonatites are found on all continents with ≥500 occurrences
worldwide, and span a wide range in age (~3.0 billion years ago to
present-day; Woolley and Kjarsgaard, 2008), which allows them to
monitor the chemical evolution of the Earth's upper mantle over billions
of years (e.g., Bell et al., 1982). Moreover, their alkali-rich nature af-
fects both the chemical and physical properties of the upper mantle due
to metasomatism of the continental lithosphere, impacting many sub-
surface processes, such as partial melting and the distribution of in-
compatible trace elements (Bell and Blenkinsop, 1987; Simonetti et al.,
1998; Bell and Simonetti, 2010). Additionally, the predominance of
carbonate in these rocks directly ties their petrogenesis to the Earth's
deep carbon cycle and the origin of mantle C (Bell and Simonetti, 2010;
Hulett et al., 2016). For example, Bizzaro et al. (2002) argued for the
presence of a long-lived, secluded, enriched mantle source based on the
Hf isotopic data for ~3-billion-year-old carbonatite (Tupertalik,
Greenland). This supports the notion that carbonatites (and kimber-
lites) can tap deep mantle sources containing recycled crustal materials
via upwelling plumes (e.g., Smith et al., 2018). Thus, carbonatite
magmatism may provide important insights into both ancient and
present-day mantle processes, including deep carbon recycling.

Regardless of their exact petrogenesis, carbonatites are key REE
economic resources with the world's largest REE deposit being the
Bayan Obo carbonatite complex located in northern China (Fig. 1; Le
Bas et al., 1992; Yuan et al., 1992; Le Bas et al., 1997). The Bayan Obo
ore body is hosted in a dolomitic marble with an unclear origin, even
after ~90 years of study. The main point of contention involves de-
termining the exact derivation of the Bayan Obo host dolomite, whether
it is sedimentary (Meng, 1982; Tu et al., 1985; Wang et al., 1994) or
igneous in origin (Le Bas et al., 1997; Yang and Le Bas, 2004; Yang
et al., 2011; Fan et al., 2016; Ren et al., 2019; Yang et al., 2019; Chen
et al., 2020). More recently, Smith et al. (2015) argued for a multi-stage
evolution of the complex, which involved intrusion of an alkaline ig-
neous system within the sedimentary Bayan Obo Group sequence
during Mesoproterozoic rifting (1.3 Ga). This was followed by Cale-
donian-aged metasomatism during the subduction of the Mongolian
plate under the North China Craton (~450 Ma). This multi-step pet-
rogenetic model integrates the mineralogy, field observations, geo-
chronology and geochemistry of previous studies, and acknowledges
that the petrogenesis of the area is complicated by regional deforma-
tion, metamorphism, and metasomatism (Smith et al., 2015; Ren et al.,
2019).

Over the last few decades, boron and its isotopes have become a
viable and reliable, non-traditional stable isotope system for tracking
geological processes, including those in magmatic systems due to ad-
vances in analytical techniques (e.g., Marschall and Foster, 2017 and
references therein). Importantly, boron has been linked to deep mantle
carbon via investigations of boron-bearing blue diamonds (Gaillou
et al., 2012; Smith et al., 2018). Its incompatible nature leads to a
distinct depletion in the asthenospheric (MORB) mantle (≤1 ppm;
Chaussidon and Jambon, 1994; Marschall et al., 2017) and enrichment
in the continental crust (up to ~40 ppm; Kasemann et al., 2000). The
relatively high mass difference (~10%) between 10B and 11B causes
large natural variation in δ11B (~100‰) ranging from −7.1 ± 0.9‰
in asthenospheric mantle (Marschall et al., 2017) to +39.6 ± 0.04‰

in modern seawater (Foster et al., 2010). While the isotopic signature of
boron has yet to be well-established for carbonatites, preliminary data
has revealed a temporal trend that spans the past ~2.1 billion years of
Earth history (Hulett et al., 2016). Boron isotopic signatures for older
carbonatites (> 300 Ma) are characterized by asthenospheric mantle
values (−7.1 ± 0.9‰; Marschall et al., 2017), while younger carbo-
natites (< 300 Ma) show increased variation and exhibit more positive
values (−4 to +5‰). The latter feature has been interpreted as in-
dicating an increased presence of recycled boron-enriched material
within the mantle source that gives rise to carbonatite magmas with
increasing geologic time (Hulett et al., 2016). Moreover, when com-
bined with more traditional, radiogenic (Nd, Pb, Sr) and stable (C, O)
isotope signatures, boron isotope compositions provide valuable in-
formation about the chemical nature and the possible presence of
subducted (recycled) crustal materials within their mantle source re-
gion (e.g., Hulett et al., 2016; Çimen et al., 2018, 2019).

This study reports for the first-time boron isotopic compositions for
the Bayan Obo host dolomitic marble to provide further insights into its
petrogenesis. The results presented here once again demonstrate the
robust nature of boron within mantle-derived carbonates in main-
taining their inherited mantle isotopic signature despite undergoing
secondary processes, such as mid-amphibolite grade metamorphism
and/or hydrothermal activity (e.g., Çimen et al., 2019). Additionally,
the chemical and isotopic data from this study are compared with those
from the younger Miaoya carbonatite complex (~440 Ma old; Çimen
et al., 2018), several relatively proximal carbonatites (Fig. 1 inset;
Huayangchuan (HYC), Trans-North China Carbonatites (TNCC), Mao-
niuping), and the distal Qiganbulake mafic–ultramafic‑carbonatite
complex (QMC), in order to examine the temporal, chemical evolution
of the upper mantle in this region of present-day China over a period of
~900 million years.

2. Geological background

The Bayan Obo ore deposit is located on the northern border of the
North China Craton (NCC) in Inner Mongolia, Northern China and lies
south of the Central Asian Orogenic Belt (Fig. 1). Basement rocks at
Bayan Obo consist of Archean mylonitic granite-gneiss, and Paleopro-
terozoic syenite, granodiorite and granite-gneiss (Fan et al., 2016). The
orebody is typically considered to be part of a Mesoproterozoic meta-
sedimentary sequence, the Bayan Obo Group, which contains sand-
stone, limestone, and slate (Fig. 1). This group represents sediments
deposited during a period of marginal rifting from ~1.8 Ga to ~1.2 Ga
and correlated to the breakup of the NCC from the supercontinent
Columbia (Zhao et al., 2003; Zhai, 2004). An additional result of this
rifting was the formation of mafic (basaltic to basaltic-trachy-andesitic)
dyke swarms and carbonatite dykes throughout the region (Yang et al.,
2009). The nearly 100 carbonatite dykes identified in the area vary
from 0.5–2.0 m wide and 10–200 m long (Le Bas et al., 1992; Tao et al.,
1998; Yang et al., 2011; Fan et al., 2014). These carbonatites intrude
both the basement rocks and the Bayan Obo Group producing fenites
from metasomatized country rock (Fan et al., 2016 and references
wherein).

Bayan Obo's REE-Nb-Fe bearing ore is hosted within the Bayan Obo
Group by a dolomitic marble typically termed as H8, that is overlain by
K-rich slate (H9) and folded into a synclinal core (Fan et al., 2016 and
references therein). The REE deposit is characterized by three exposed
orebodies, Main, East, and West that have differing REE concentrations
and distribution (Smith et al., 2015; Fan et al., 2016). The H8 marble
shows significant variations in both mineralogy and geochemistry. The
major mineral constituents are dolomite and calcite with abundant
apatite, monazite, barite, bastnaesite, and magnetite (Le Bas et al.,
2007; Smith et al., 2015; Liu et al., 2018a). H8 can additionally be
defined as fine-grained (FG), coarse-grained (CG), and heterogeneous
(HG) marble based on grain size, and these are characterized by distinct
chemical and isotopic signatures (Bai and Zhongxin, 1985; Le Bas et al.,
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1997; Chen et al., 2020). The REE concentrations of H8 are generally
≥1 wt% classifying it as a REE ore deposit (Yang et al., 2017). The
samples studied here are from a 1700 m drill core and thus have not
been subjected to recent post-formation surface weathering or altera-
tion processes.

3. Methods

3.1. Micro-XRF mapping

Qualitative chemical element maps (Ca, Ce, Fe, Mg, Mn, P, S, Si, Ti)
for petrographic thin sections (~100 μm thick) of ten of the dolomite
samples investigated here (1508, 1532, 1551, 1551.6, 1559, 1649.5,
1666, 1679, 1729, 1730) were obtained using an Edax Orbis micro-XRF
instrument housed at the Center for Environmental Science and
Technology (CEST), University of Notre Dame. The chemical element
maps (Fig. 2; additional maps in supplementary information) were
generated using a 30 μm beam overnight (~12 h) with an amplifier
time of 12.8 μs and a fluorescent energy of 32 kV.

3.2. Microprobe analyses

Major and minor element concentrations (Table 1; Fig. 3) for mi-
nerals from nine of the carbonatites were determined by using a CA-
MECA SX-50 electron microprobe (EMP) at the University of Notre
Dame. The EMP was operated with a 15 kV of accelerating voltage,
25 nA of beam current, and a beam diameter of 10 μm. The instrument
was calibrated using the following standards per element; olivine (Fe,
Mn), dolomite (Mg, Ca), and plagioclase (Sr). The peak and background
counting times were 20 s for Mn and Fe, 10 s for Sr, Mg, and Ca. The
raw k-ratios obtained were corrected using the CalcZAF program.

3.3. Trace element concentrations

Carbonate samples were processed for trace element abundance
determinations (Table 2) in a class 1000 clean room laboratory at the
Midwest Isotope and Trace Element Research Analytical Center (MI-
TERAC), University of Notre Dame. Fragments (2–3 cm) obtained from
varying depths of a 1700 m drill core were crushed, and carbonate
fractions were subsequently hand-picked with the aid of a binocular
microscope; the carbonate separates were then powdered by mortar
and pestle. Several samples are from the same depth (meter) interval
and indicated with a B (e.g., 1551 and 1551B), which are not duplicates
and thus should be treated and discussed as separate samples. Ap-
proximately 50–60 mg of powder for each sample was digested in pre-
cleaned 15 mL Savillex® Teflon beakers using 4 mL of high purity 16 N
HNO3 overnight at room temperature. The digested samples were
centrifuged and supernatants were subsequently diluted to ~50 mL
with 18 MΩ cm−2 ultrapure water.

Trace element abundances were obtained using a Nu Plasma AttoM
High Resolution Inductively Coupled Plasma Mass Spectrometer (HR-
ICP-MS) in medium resolution mode (M/ΔM ≈ 3000) housed within
MITERAC. The instrument's wet-plasma introduction system consists of
a cyclonic spray chamber within a Peltier cooling device (at 7 °C),
Meinhard nebulizer, and quartz torch. At the start of each analytical
session, the instrument was tuned and calibrated with a multi-element
1 ppb standard solution. The concentrations of the trace elements were
determined by a standard/spike addition method (Jenner et al., 1990),
which includes corrections for matrix effects and instrumental drift.

3.4. Sr, Nd, Pb isotopes analyses

Sr, Nd, and Pb isotope ratio determinations were conducted sub-
sequent to ion exchange chromatography on a Nu Plasma II Multi-
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Fig. 1. Main diagram illustrates the geological map of the Bayan Obo district, northern China. Samples investigated here are from the host dolomitic marble of
Mesoproterozoic Age (indicated by blue star). The inset displays the locations of Bayan Obo (star), Miaoya carbonatite complex (MCC; orange triangle), Maoniuping
(purple circle), Huayangchuan (HYC; yellow pentagon), Qiganbulake mafic–ultramafic-carbonatite complex (QMC; red square) and Trans-North China Carbonatites
(TNCC; blue diamond) within China. Modified after Yang et al. (2011) and Fan et al. (2016). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Collector (MC) ICP-MS housed in MITERAC, which is equipped with a
DSN-100 desolvating nebulizing system; a brief description of each
separation chemistry is provided below.

All chemical separation methods employed the use of high purity
acids produced in-house with the use of Savillex DST-1000, sub-boiling,
acid purification systems. For separation of Sr, 13.4 cm ion exchange
columns containing 4.3 mL of 200–400 mesh AG 50W-X8 resin were
cleaned with 6 N HCl and 18 MΩ cm−2 ultrapure water and condi-
tioned with high purity 2.5 N HCl. Purified Sr is eluted with high purity
2.5 N HCl, dried down, and brought back into ~2 mL of 2% HNO3 for
isotopic analysis. Strontium isotope measurements were conducted
following the protocol outlined in Balboni et al. (2016). Strontium
isotope data were acquired in static, multi-collection mode using 5
Faraday collectors for a total analysis time of 400 s. 85Rb was monitored
to correct for any isobaric overlap of 87Rb with 87Sr. The accuracy and
reproducibility of the results were verified with repeated measurement
of the NIST SRM 987 strontium isotope standard, which yielded an
average value of 0.71025 ± 0.00004 (n = 4).

For purification of Nd, the rare earth elements (REEs) were first
separated during the Sr ion exchange chemistry. They are eluted after
Sr by using 6 N HCl. Subsequently, Nd was isolated from the REEs with
9.7 cm columns containing 1.22 mL 50–100 mesh Eichrom Ln-Spec
resin. The resin is cleaned with 6 N HCl and conditioned with 0.18 N
HCl while Nd is collected with 0.3 N HCl. Purified Nd aliquots were
dried down and brought back into ~2 mL of 2% HNO3 for analysis.
Neodymium isotope data was acquired in static, multi-collector mode
using seven Faraday collectors. Instrumental mass bias was corrected
for using the 146 Nd/144Nd ratio (0.7219) while accuracy and re-
producibility were assessed via repeated measurements of the JNdi-1
standard (Tanaka et al., 2000; 143Nd/144Nd = 0.512115; n = 3).

For Pb separation, two sets of polypropylene columns fitted with a
polystyrene frit filled with ~20 μL of 70–150 mesh Merck AG 1-X8 resin
were used. The resin is cleaned with 18 MΩ cm−2 ultrapure water and
6 N HCl and conditioned with 0.8 N high purity HBr. Pb elutes with 6 N
HCl and is dried down and then brought into 2% HNO3 for analysis.
Lead isotope data was collected following the protocol in Simonetti
et al. (2004). The purified Pb aliquot is spiked with a NIST SRM 997
Thallium standard solution (5 ppb). The 205Tl/203Tl was measured in
order to monitor instrumental mass bias (exponential law;
205Tl/203Tl = 2.3887), and 202Hg was analyzed for the 204Hg

interference correction on 204Pb. Data acquisition consists of a thirty-
second on-peak zero on seven Faraday collectors followed by two
blocks of 25 scans (10 s each). To ensure accuracy and reproducibility a
10 ppb solution of NIST SRM 981 Pb standard doped with NIST SRM
997 Tl was analyzed prior to the analytical session. Replicate mea-
surements of the NIST SRM 997 Pb isotope standard (n = 4) yielded the
following average Pb isotope ratios; 206Pb/204Pb = 16.935 ± 0.003,
207Pb/204Pb = 15.488 ± 0.002, 208Pb/204Pb = 36.686 ± 0.008.

3.5. δ13C and δ18O compositions

Carbon and oxygen isotope analyses were conducted in the Center
for Environmental Science and Technology (CEST) at the University of
Notre Dame. The powdered carbonate fraction (200–300 μg) of each
sample was digested using the conventional orthophosphoric acid
method involving ~0.2 mL concentrated H3PO4 in sealed tubes at room
temperature (25 °C) for 24 h (McCrea, 1950). The sample gas was
flushed with He into a Delta V with Thermo Gasbench Isotope Ratio
Mass Spectrometer for isotopic analysis. Carbon and oxygen isotope
ratios are reported in per mil notation (‰) relative to Peedee Belemnite
(PDB; Craig, 1957) for δ13C and standard mean oceanic water (SMOW;
Coplen et al., 1983) for δ18O. Three external limestone standards (NBS
19, YWCC, RoyCC) were used to ensure the accuracy of the δ13C and
δ18O results obtained.

3.6. Boron concentrations

Boron abundances of the samples investigated here were obtained
via solution-(wet plasma) mode analysis using the same Nu Plasma
AttoM HR-ICP-MS instrument described earlier. Sample powders
(50–60 mg) were digested at room temperature in concentrated high
purity HNO3 acid and subsequently diluted to a volume of 50 mL with
18 MΩ cm−2 ultrapure water. Indium was used as an internal standard
to monitor and correct for instrument drift and matrix effects. Boron
contents were calculated based on an external calibration technique
using a certified boron elemental standard solution (NIST SRM 3107;
certified concentration of 999.2 ppm).

Fig. 2. Micro(μ)-XRF chemical element maps of
several samples from Bayan Obo studied here. A.
Sample 1551.6 shows distinct pockets of REE-
bearing monazite-(Ce) (Mz) along fractures and a
phlogopite vein (Phl) hosted by the predominant
dolomite (Dol) matrix; B. Sample 1559 has magne-
tite (Mt) grains surrounded by Mn-rich carbonate
(MneCa) and significant bastnaesite inclusions
(Bas); C. Sample 1679 contains pyrite (Py) and a vein
of alkali-amphibole (Amp) within a dolomite matrix;
D. Sample 1729 displays monazite-(Ce) pockets
along with accessory apatite (Ap) crystals in a do-
lomite matrix.
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3.7. In-situ, semi-quantitative assessment of boron distribution

High spatial resolution analyses obtained by laser ablation (LA)-ICP-
MS were conducted in order to better evaluate the boron isotope
compositions for the Bayan Obo carbonates reported here (Table 3). In
particular, the analytical goals were to determine: 1- boron abundances
in the different phases present within individual Bayan Obo samples, 2-
boron contents within different textural areas of individual samples,
and 3- boron concentrations for samples with either contrasting pet-
rographic characteristics and/or δ11B values. Due to the lack of an
appropriate matrix-matched external standard, the absolute (ppm)
boron concentrations cannot be calculated as with standard laser

ablation analyses; however, the relative differences (if present) in re-
corded ion signal intensities may serve as an effective proxy for com-
paring relative boron concentrations at the 100's of micron scale within
selected samples.

Semi-quantitative assessment of the in-situ boron abundances for
the Bayan Obo samples were obtained by laser ablation-ICP analysis
during a single day of analysis using a New Wave Research UP213
Nd:YAG laser system coupled to the same Nu Plasma Attom HR-ICP-MS
described above. Both single spot and raster analyses were performed
using a spot size of 250 μm with a 2 Hz repetition rate resulting in an
energy density of ~2 J/cm2. Prior to analysis, the 11B background
signal was measured for ~60 s with the laser on and shuttered. The
instrument was tuned for maximum boron ion signal and monitored
throughout the analytical session using the NIST SRM 610 glass wafer
(B = 351 ppm) as the reference material, which gave a median 11B ion
signal of 453,400 ± 124,000 (2σ level) counts per second (cps) (n= 7
analyses). This corresponds to an approximate ion yield of 1300 cps/
ppm for 11B, and provides a rough estimate of the expected B ion signal

Table 1
Major and minor elemental abundances (wt.%) of select samples from Bayan
Obo

Sample/point MgO FeO MnO CaO SrO SUM

1508-1 16.14 5.73 1.66 28.19 0.14 51.86
1508-2 14.60 7.86 1.80 28.35 0.17 52.77
1508-3 14.75 7.53 1.59 28.37 0.19 52.43
1508-4 13.83 8.46 1.79 28.14 0.19 52.41
1508-5 14.40 8.18 1.73 28.08 0.03 52.42
1532-1 15.08 7.52 1.62 27.73 0.24 52.19
1532-2 14.78 7.35 1.82 28.17 0.27 52.39
1532-3 15.79 6.42 1.90 27.65 0.26 52.01
1532-4 14.75 7.75 1.77 27.89 0.18 52.35
1532-5 15.13 7.27 2.00 28.07 0.28 52.74
1532-6 16.01 6.48 1.98 27.63 0.36 52.47
1532-7 15.97 6.34 2.04 27.90 0.26 52.50
1532-8 15.96 6.41 1.97 28.32 0.29 52.96
1551-1 14.80 7.46 1.69 28.68 0.35 52.97
1551-2 14.91 6.31 1.73 28.24 0.20 51.40
1551-3 15.36 7.04 1.45 28.66 0.25 52.77
1551-4 14.87 7.41 1.60 28.16 0.22 52.26
1551-5 16.18 6.25 1.52 27.99 0.33 52.28
1551-6 15.30 7.17 1.62 27.95 0.27 52.31
1551-7 15.39 7.37 1.59 27.80 0.30 52.46
1551-8 15.31 7.73 1.62 27.97 0.29 52.92
1551.6-1 15.92 6.08 1.49 28.10 0.23 51.81
1551.6-2 15.34 6.99 1.60 28.08 0.27 52.27
1551.6-3 15.37 6.41 1.68 28.38 0.33 52.18
1551.6-4 14.74 7.17 1.80 28.74 0.27 52.72
1551.6-5 16.20 5.91 1.19 28.25 0.27 51.82
1551.6-6 14.91 7.05 1.88 28.66 0.16 52.66
1559-1 15.96 5.67 1.55 28.03 0.31 51.52
1559-2 15.31 6.68 1.83 28.13 0.26 52.22
1559-3 14.87 7.49 1.62 28.15 0.31 52.45
1559-4 16.32 5.92 1.45 28.04 0.33 52.06
1559-5 14.41 8.98 1.92 28.19 0.12 53.63
1649.5-1 16.44 5.64 1.25 28.06 0.44 51.84
1649.5-2 16.95 5.30 1.09 27.61 0.45 51.39
1649.5-3 15.98 6.33 1.63 27.95 0.42 52.30
1649.5-4 15.87 6.48 1.69 28.13 0.40 52.57
1649.5-5 15.60 6.71 1.71 27.71 0.34 52.06
1649.5-6 15.64 6.45 1.65 28.32 0.30 52.36
1649.5-7 15.79 6.10 1.60 28.06 0.40 51.95
1649.5-8 15.70 6.54 1.55 27.94 0.44 52.17
1666-1 15.09 6.88 1.50 28.18 0.46 52.12
1666-2 15.03 6.72 1.37 27.97 0.46 51.55
1666-3 15.45 6.51 1.37 28.10 0.59 52.03
1666-4 16.03 6.12 1.39 27.49 0.53 51.55
1666-5 15.52 6.02 1.39 27.74 0.65 51.32
1729-1 13.81 9.19 1.60 27.73 0.41 52.75
1729-2 15.01 7.54 1.33 27.67 0.46 52.01
1729-3 15.65 7.14 0.83 28.37 0.39 52.38
1729-4 14.50 8.23 1.57 27.89 0.49 52.68
1729-5 14.21 8.38 2.10 27.57 0.33 52.59
1730-1 14.58 9.13 2.11 27.01 0.32 53.14
1730-2 15.54 7.23 1.73 27.41 0.26 52.18
1730-3 15.20 7.79 1.75 27.47 0.25 52.47
1730-4 15.09 7.62 1.92 27.42 0.25 52.30
1730-5 14.93 7.75 1.90 27.53 0.22 52.32
1730-6 14.88 8.04 1.99 27.13 0.33 52.36
1730-7 13.91 9.57 2.17 26.93 0.31 52.89

Fig. 3. Major and minor element compositions obtained by electron microprobe
analyses for carbonates from the Bayan Obo ore-bearing host body. (a) MgO (wt
%) and (b) SrO (wt%) vs. CaO (wt%), (c) FeO (wt%) vs. MgO (wt%). These are
compared to compositional data for Bayan Obo dolomite samples from Chen
et al. (2020).
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for the Bayan Obo dolomite samples (≤1 ppm; Table 2), while also
taking into account the difference in sample matrices being ablated
(silicate vs. carbonate).

3.8. δ11B compositions

Procedures for boron isotope analyses were adapted from Hulett
et al. (2016). Sample powders (0.1–0.25 g) were digested in con-
centrated HNO3 and dried down at 95 °C. Subsequent to digestion,
samples were purified by ion-exchange column chemistry using a 1 mL
pipette tip filled with ~250 μL of the B-specific Amberlite IRA-743 resin
pre-cleaned with 2% HNO3. Isotope ratio measurements of the purified
B sample aliquots (~100 ng total B) were determined via solution-mode
on a Nu Plasma II multi-collector-ICP-MS housed within MITERAC.
Each analysis consisted of a 30 s on-peak zero cycle followed by a two-
minute analysis cycle involving simultaneous measurement of 10B and
11B ion signals on Faraday collectors. To minimize background B ion
signals, a boron-free, wet plasma introduction system was used, which
consisted of a PFA nebulizer, PFA spray chamber (housed within a
peltier cooling device @7 °C), and demountable quartz torch equipped
with a sapphire injector. Aliquots (~0.003 g) of a modern coral stan-
dard (δ11B = +23‰) obtained from Dr. Troy Rasbury at Stony Brook
University were repeatedly digested, and underwent the same ion ex-
change chemistry with each batch of samples so as to validate the B
isotope results obtained; the calculated average δ11B value and asso-
ciated standard deviation is +23.2 ± 0.5‰ (13 replicates), which
agrees with the recommended value cited above. In addition, sample-
standard bracketing employing a ~ 100 ppb solution of the NIST SRM
951a boron isotope standard was used to correct for instrument drift
and ensure acceptable reproducibility, typically< 0.5‰ (2σ level) per
analytical session; the NIST SRM 951a solution typically yielded ~0.7 V

Table 2
Trace element concentrations (ppm) in Bayan Obo samples.

1508 1508B 1559 1559B 1729 1729B 1730 1649.5 1666 1666B 1679 1679B 1532 1551 1551B 1551.6

FG FG FG FG FG FG FG CG CG CG CG CG HG HG HG HG

B 1.06 0.69 0.40 0.58 0.55 0.86 0.92 1.14 0.42 0.78 0.56 0.76 0.82 0.60 0.78 0.89
Sc 38.5 23.6 6.9 22.6 4.4 10.2 7.8 18.2 16.9 30.1 20.4 20.3 13.1 10.2 21.4 33.1
V 7.4 5.4 14.5 7.1 7.6 4.2 0.7 6.2 9.1 12.7 2.9 6.3 2.1 2.4 3.1 4.2
Cr 0.6 1.5 0.3 0.8 2.9 0.0 bdl 0.3 0.6 1.0 0.7 1.4 0.7 0.4 0.6 0.1
Co 7.7 2.5 1.1 4.7 9.0 3.8 0.2 4.0 3.1 5.2 13.5 11.4 1.8 1.0 5.6 7.9
Ni 2.8 1.8 1.6 2.1 1.5 0.8 0.5 1.1 2.3 1.1 2.9 3.0 2.4 1.7 1.9 2.0
Cu 0.6 bdl 0.6 bdl 1.0 bdl bdl bdl 0.6 bdl 1.4 8.1 bdl 0.6 bdl bdl
Zn 64.6 60.8 180 96.3 1688 329 30.0 305 54.1 67.1 65.7 125 70.0 3.7 149 202
Rb 0.0 0.0 0.6 2.2 0.7 0.8 0.7 0.0 0.4 0.0 0.0 0.0 0.3 1.9 2.3 0.7
Sr 1100 1252 1552 629 1118 1012 432 1600 2754 1472 1286 1692 1712 1215 545 1193
Y 42.9 43.4 106 46.2 52.9 36.0 21.7 71.9 70.7 89.8 98.5 83.5 62.6 227 50.7 124
Zr 0.1 0.3 0.1 0.6 0.1 0.2 0.2 0.1 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.2
Nb 1.2 10.3 3.3 32.2 27.4 12.8 29.1 0.5 3.9 1.7 0.4 2.7 7.9 2.9 4.3 5.8
Mo 2.0 0.7 0.4 0.6 6.8 0.7 0.0 1.1 4.0 2.5 0.7 4.3 1.4 4.7 0.8 1.8
Cs 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.1 0.0
Ba 444 1000 293 421 443 437 568 372 273 650 99.3 67.0 39.6 99.5 407 777
La 761 1123 1167 317 1134 357 573 509 712 1299 410 208 473 564 208 1017
Ce 932 1501 1594 720 1898 744 888 892 474 1623 489 302 503 1108 369 1151
Pr 83.7 135 150 74.9 191 91.5 87.3 119 44.6 144 50.0 32.6 46.9 139 38.2 116
Nd 257 418 500 246 674 367 282 538 141 487 194 110 156 594 134 431
Sm 18.3 36.4 111 16.6 64.6 31.5 23.0 58.5 29.6 50.6 18.5 15.9 20.3 100 19.4 53.6
Eu 5.9 7.6 12.6 4.7 10.9 10.4 6.9 14.9 4.5 18.3 8.8 7.4 5.8 43.3 5.6 15.5
Gd 13.1 18.6 41.0 12.6 25.8 19.5 15.1 32.8 13.8 33.8 24.0 15.2 15.2 104 14.9 37.5
Tb 1.6 1.6 5.5 2.1 2.2 1.7 1.4 3.8 1.9 4.1 4.4 2.5 2.1 14.5 2.1 4.9
Dy 7.3 6.5 25.2 12.4 8.5 7.8 6.1 15.8 9.1 18.5 23.4 14.7 10.5 66.2 11.9 24.1
Ho 1.4 1.1 3.8 2.3 1.4 1.3 0.9 2.3 1.5 2.7 3.7 2.4 1.7 9.5 2.2 3.8
Er 3.1 2.2 7.5 5.6 3.0 2.9 2.0 4.1 2.9 5.3 6.8 4.8 3.8 16.9 4.8 7.3
Tm 0.3 0.2 0.6 0.6 0.4 0.3 0.2 0.3 0.2 0.4 0.6 0.4 0.4 1.5 0.4 0.7
Yb 1.9 1.4 2.7 2.7 1.8 1.5 1.1 1.6 1.1 2.1 2.4 1.7 1.7 5.4 2.2 2.9
Lu 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.2 0.2 0.1 0.2 0.5 0.2 0.3
W 0.1 0.1 0.1 0.4 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.4 0.2 0.1 0.1
Pb 22.3 33.4 114 41.6 287 202 78.3 35.1 27.9 101 66.6 137 12.9 27.6 14.7 34.7
Th 4.5 6.9 2.6 6.5 25.8 2.0 2.4 1.4 1.1 0.6 0.4 0.3 2.7 2.1 2.5 11.3
U 0.08 0.07 0.38 0.05 0.62 0.71 0.06 0.06 0.04 0.02 0.03 0.01 0.24 0.03 0.03 0.14
LREE 2053 3214 3522 1375 3962 1591 1854 2118 1402 3603 1161 668 1199 2506 769 2769
TREE 2088 3253 3621 1418 4016 1637 1888 2193 1437 3688 1236 717 1240 2768 814 2866

bdl = below detection limit; LREEs = sum of light rare earth elements (La to Sm); TREEs = total of all rare earth element abundances. FG = fine-grained dolomite
matrix; CG = coarse-grained dolomite matrix; HG = heterogeneous-grained (mixed) dolomite matrix.

Table 3
Carbon, oxygen, and boron isotope data from Bayan Obo carbonates.

Sample Type δ13C (‰) Uncertainty δ18O (‰) Uncertainty δ11Ba (‰)

1508 FG -2.3 0.1 12.4 0.1 -6.5
1508B FG -1.7 0.1 13.7 0.2 -3.8
1559 FG 0.6 0.1 14.5 0.1 -6.2
1559B FG -0.1 0.1 14.5 0.1 -1.0
1729 FG -0.6 0.1 12.1 0.1 -14.5
1729B FG 0.5 0.1 12.9 0.1 -7.8
1730 FG 0.8 0.1 12.7 0.2 6.4
1649.5 CG -0.9 0.0 14.0 0.1 -7.9
1666 CG -0.6 0.1 13.7 0.1 -9.0
1666B CG 0.1 0.1 14.3 0.1 -3.6
1679 CG 0.1 0.1 14.3 0.1 -7.6
1679B CG -0.4 0.1 13.4 0.1 -8.6
1532 HG -1.6 0.1 13.9 0.2 -3.4
1551 HG -0.2 0.1 13.6 0.1 -7.1
1551B HG -1.2 0.0 13.8 0.1 -1.9
1551.6 HG -1.8 0.1 13.8 0.1 -5.2

a δ11B associated uncertainty (± 0.5‰) based on replicate analyses of in-
house coral standard
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ion signal of 11B. Boron isotope results are reported as averages of
several duplicate runs with acceptable reproducibility (e.g., 1508; −6.9
and −6.1‰) using the conventional δ11B (‰) notation (e.g., Hulett
et al., 2016). Replicate analyses of samples were not always performed
on the same day.

4. Results

4.1. Petrography and major and trace element geochemistry

Several of the μ-XRF chemical element maps produced for samples
studied here (Fig. 2; additional maps found in supplementary in-
formation) display the dominant dolomitic carbonate matrix along with
accessory minerals (e.g., bastnaesite, monazite, apatite, phlogopite,
pyrite) reported previously for Bayan Obo's host ore body (Smith et al.,
2015 and references therein). Detailed mineralogical and petrological
studies of the Bayan Obo carbonatite have documented over 170 named
minerals including both 20 REE- and Nd-bearing minerals (Chao et al.,
1995; Zhang et al., 1996; Smith et al., 2015; Fan et al., 2016; Yang
et al., 2017; Liu et al., 2018a; Ren et al., 2019). Smith et al. (2015) and
Liu et al. (2018a) proposed that the complex mineralogy of the Bayan
Obo dolomitic marble formed via a multi-stage paragenetic sequence
where the earliest minerals to crystallize include dolomite, calcite,
apatite, limited quartz, albite, and zircon cores. Notably, Smith et al.
(2015) stated that the earliest phase of REE mineralization involved
monazite-(Ce) intergrown with ferroan dolomite developing along
grain boundaries and fractures within the marble. This texture is visible
in the μ-XRF maps for samples 1551.6 and 1729 where monazite-(Ce)
grains occupy fractures in the host dolomite (Fig. 2a, d). Proposed
secondary paragenetic stages include the formation of apatite, magne-
tite (one of the main Fe-bearing minerals), fluorite, and alkali-amphi-
boles, such as aegirine and riebeckite (Fig. 2b, c; Smith et al., 2015; Liu
et al., 2018a, 2018b; Ren et al., 2019). Of importance, Chen et al.
(2020) noted significant intra-sample variability of the Bayan Obo host
dolomite both in relation to the trace element contents and radiogenic
isotope compositions, which correlate to the dominant grain size of
carbonate within the sample. Specifically, Chen et al. (2020) categor-
ized the dolomite into three facies; fine-grained (FG: 1508, 1508B,
1559, 1559B, 1729, 1729B, 1730), coarse-grained (CG: 1649.5, 1666,
1666B, 1679, 1679B) and heterogeneous (HG: 1532, 1551, 1551B,
1551.6); a distinction recognized and used in this study. The major and
minor element compositions for nine of the samples investigated here
are listed in Table 1 and illustrated in Fig. 3. The MgO and CaO wt%
concentrations are consistent with carbonates of dolomitic composi-
tions (13.81–16.95% and 26.93–28.74%, respectively; Table 1), and
these overlap with previously reported Bayan Obo host dolomite values
(Ren et al., 2019; Chen et al., 2020). All of the dolomite samples are
ferroan in composition (5.30–9.57 wt% FeO) with SrO concentrations
varying between 0.03 and 0.65 wt%.

Trace element and boron concentrations for carbonate separates
examined here are reported in Table 2. Of note, the hand-picked se-
parates may not consist of entirely 100% carbonate as micron-sized
inclusions of other minerals, in particular REE-bearing phases (e.g.,
apatite, monazite) may be present, and their presence may bias the
exact REE abundances in the sample aliquots investigated here. This is
evident in Fig. 4 which compares the REE abundances obtained here to
concentrations reported for bulk rock (solution mode-ICP-MS) diges-
tions and in-situ, high spatial resolution analyses (laser ablation-ICP-
MS) of dolomite grains from Bayan Obo (both from Chen et al., 2020).
The results displayed in Fig. 4 indicate chondrite normalized REE pat-
terns consistent with those reported in previous work (Chen et al.,
2020), and as expected, plot between the data for bulk rock digestions
and in-situ analyses. The former will always yield the highest con-
centrations as REE-bearing phases are also digested in the solution
mode, whole rock analyses (gray field in Fig. 4), and the latter will have
the lowest contents as these are micron-scale investigations of solely the

dolomite matrix (purple field in Fig. 4). The total rare earth element
(TREE) concentrations of the sample powders studied here vary be-
tween 717 and 4016 ppm, and the corresponding chondrite-normalized
(CN)-REE patterns (Fig. 4) show light rare earth element (LREE) en-
richment (La/Lu(CN) = 94–950). Of note, sample 1551 has higher
concentrations of heavy REEs (HREEs; Eu to Ho), which may be due to
the documented trace element variability within the Bayan Obo host
dolomite (Chen et al., 2020). For example, 1551B is taken from the
same drill core depth as 1551, but is characterized by a significantly
lower TREE content (~1900 ppm).

Additionally, the abundances for the remaining trace elements for
the samples analyzed here (Table 2) in general overlap with published
results for Bayan Obo's host dolomite (Yang et al., 2011; Chen et al.,
2020). The boron concentrations reported here are ≤1 ppm, which fall
within the range defined for both unaltered (fresh) and high-tempera-
ture altered mid-ocean ridge basalts (MORBs; Spivack and Edmond,
1987; Ishikawa and Nakamura, 1992; Marschall et al., 2017). These B
abundances are also consistent with a vast majority of reported boron
concentrations for carbonatites worldwide (Hulett et al., 2016; Çimen
et al., 2018, 2019), and are markedly lower than those for bulk con-
tinental crust (average = 10 ppm; Marschall et al., 2017) and the range
for carbonate sediments (13–26 ppm; Ishikawa and Nakamura, 1993).

4.2. Boron, carbon, and oxygen isotope data

Oxygen and carbon stable isotope data obtained for carbonates ex-
amined here are listed in Table 3 and illustrated in Figs. 5 and 6. Fig. 5a
displays the oxygen isotopic compositions of the Bayan Obo samples
with their corresponding LREE contents compared to those for carbo-
nate separates from Miaoya carbonatite complex (MCC; Çimen et al.,
2018). Fig. 6 includes a comparison of the C and O isotope results ob-
tained here to those for carbonates from the MCC (Çimen et al., 2018).
The δ18OSMOW (‰) and δ13CPDB (‰) values for the Bayan Obo samples
vary between +12.1 and +14.5 ‰ and -2.3 and 0.8 ‰, respectively,
and do not plot within the field for “primary igneous carbonatites
(PIC)” (δ18OSMOW ~ +6 to +10 ‰ and δ13CPDB ~ -4 to -8 ‰; Keller
and Hoefs, 1995; Fig. 6a). All of the samples analyzed in this study plot
above and to the right of the PIC box. Additionally, the δ18OSMOW and

Fig. 4. Chondrite-normalized REE patterns for samples from Bayan Obo (solid
and dotted lines) analyzed in this study compared to 1. Solution mode, whole
rock samples for Bayan Obo host dolomite (gray shaded region), 2. In-situ
coarse-grained dolomite grains (teal shaded field), and 3. In-situ fine-grained
dolomite grains (purple shaded field) from Chen et al. (2020). Chondrite data
are from Sun and McDonough (1989). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

C. Kuebler, et al. Chemical Geology 557 (2020) 119859

7



δ13CPDB values for the Bayan Obo samples overlap with previously
documented C and O isotope compositions for Bayan Obo's host dolo-
mitic marble, but differ from those of carbonatite dolomites or sedi-
mentary dolomites (Fig. 6a; Le Bas et al., 1997; Smith et al., 2015). The
δ13CPDB and δ18OSMOW values for the Bayan Obo carbonates do not plot
along a unique Rayleigh fractional crystallization line (Fig. 6a; after
Deines, 1989).

The first-reported boron isotopic compositions (δ11B) for the Bayan
Obo carbonates analyzed here are listed in Table 3 and define a total
range of values between -14.5 and +6.4 ‰. Samples consisting of fine-
grained (FG) dolomite exhibit the greatest range of δ11B values (−14.5
to +6.4‰; Table 3); specifically, sample 1729 (FG) yields the most
depleted δ11B value (−14.5‰), compared to MORB, whereas another
fine-grained dolomite sample (1730) is characterized by the heaviest
δ11B value (+6.4‰; Table 3). In contrast, the range of values for
samples containing coarse-grained (CG; −9.0 to −3.6‰) and hetero-
geneous-grained (HG) dolomite (−7.1 to −1.9‰; Table 3) are less
variable. Moreover, there is no correlation between boron isotope
compositions and their corresponding B concentrations (not shown).
Fig. 5b also illustrates a lack of correlation between δ11B signatures
with corresponding total LREE concentrations. Eight of the carbonates
record δ11B compositions that are within uncertainty of the accepted
value for asthenospheric MORB mantle (−7.1 ± 0.9‰; Marschall
et al., 2017) independent of their C and O isotope compositions and
TREE contents (Figs. 5 and 6). Of importance, there is significant var-
iation in the δ11B values reported for carbonate samples taken at the
same depth interval within the core, with several pairs indicating as
much as 5‰ difference for all three types (FG, CG, HG) of dolomite
matrix (Table 3); there is only one pair (1679 and 1679B) that yields
δ11B values within the reported analytical uncertainty (−7.6‰
and − 8.6‰; Table 3). The boron isotope data are compared with their
corresponding oxygen, carbon, and Sr isotope compositions in Figs. 6
and 7. Fig. 7a shows a negative trend between Sr contents and δ11B

values.

4.3. Radiogenic (Sr, Nd, Pb) isotope data

The Sr, Nd, and Pb isotopic compositions for the samples analyzed
here are listed in Tables 4, 5a and 5b, and illustrated in Figs. 7 and 8,
and these are compared to those reported for carbonates from the
Miaoya carbonatite complex (MCC; Çimen et al., 2018). Although a
single stage isotopic evolution of Bayan Obo may be inadequate to
describe the complexity of the protracted mineralization, a single em-
placement age of 1.3 Ga (Smith et al., 2015) is adopted here for cal-
culation of initial Sr, Nd, and Pb isotope ratios; the latter will be used to
characterize any possible inherited isotopic signatures of the mantle
source. The dolomitic carbonate samples record low 87Rb/86Sr values
(0.00004–0.013) resulting in minimal age-decay corrections to mea-
sured 87Sr/86Sr values yielding two groups of initial values;

Fig. 5. (a) δ18OSMOW and (b) δ11B values vs. LREE abundances for Bayan Obo
samples investigated here compared to those reported for carbonates from
Miaoya carbonatite complex (Çimen et al., 2018). Each type of carbonate from
Bayan Obo is colour coded; fine-grained (FG; orange), coarse-grained (CG;
green), and heterogeneous (HG; yellow). (b) Asthenospheric mantle boron
isotopic composition field (−7.1 ± 0.9‰; Marschall et al., 2017) indicated
with dashed blue lines. Associated analytical uncertainty, where not visible, is
within the size of the symbol. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Oxygen, carbon, and boron isotopic compositions for samples from
Bayan Obo (this study) and Miaoya (Çimen et al., 2018). (a) δ13CPDB (‰) vs.
δ18OSMOW (‰) with blue shaded area indicating the “Primary Igneous Carbo-
natite (PIC)” field (Keller and Hoefs, 1995). The green outline shows the range
of C and O isotope compositions compatible with closed-system fractional
crystallization, and the dashed lines represent Rayleigh fractional crystal-
lization lines (m = 0.4) of carbonatites adopting different initial C and O iso-
tope values within the PIC (after Deines, 1989). The purple shaded field en-
compasses C and O isotope values for the Bayan Obo host dolomite from
previous studies (Le Bas et al., 1997; Smith et al., 2015). Other shaded regions
indicate sedimentary (yellow) and carbonatite (green) dolomites from Smith
et al. (2015). (b) δ13CPDB (‰) and (c) δ18OSMOW (‰) vs. δ11B (‰) with shaded
area corresponding to the PIC field and asthenospheric (MORB) δ11B values
(Marschall et al., 2017). Dashed blue lines indicate an extension of the latter
field to heavier C and O isotope values. Associated uncertainties, where not
visible, are within the size of the symbol. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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0.70300–0.70333 and 0.70345–0.70441 (Table 4). These overlap with
previously reported values for the host dolomitic marble (Le Bas et al.,
1997; Smith et al., 2015; Chen et al., 2020). The two groups of Sr
isotopic compositions closely align with the Chen et al. (2020) bimodal
classification of dolomite facies from Bayan Obo based on their
87Sr/86Sr(i) values; coarse-grained samples are characterized by
87Sr/86Sr ratios of 0.70295–0.70314, whereas fine-grained/hetero-
geneous samples record ratios of 0.7032–0.70465. Corresponding
RbeSr and SmeNd isochron plots (not shown) yield errorchrons (i.e.,
associated with significant uncertainties) with corresponding ages of
~2.7 Ga and ~397 Ma, respectively. The latter may be attributed to

resetting of this isotope system due to Caledonian metasomatic events
(~450 Ma; Smith et al., 2015). The 147Sm/144Nd ratios vary between
0.044 and 0.117 resulting in calculated initial 143Nd/144Nd ratios of
0.51053 to 0.51113. Eight of the calculated initial εNdCHUR values
based on this Mesoproterozoic age define a range of −1.5 to 1.2 similar
to previously reported values for the Bayan Obo host dolomite (Smith
et al., 2015). However, samples 1532, 1551, 1551B, 1551.6, 1559,
1666, and 1679B have more negative εNdCHUR values (−3.0 to −12.6),
which overlap with those documented for mineral separates from Bayan
Obo (e.g., aegerine, aeschynite-(Ce), apatite, monazite; Nakai et al.,
1989; Philpotts et al., 1991; Wang et al., 1994; Song et al., 2018) and is
discussed in more detail below. Of note, sample 1559B yields an
εNdCHUR value of +4, which is similar to values previously documented
in Song et al. (2018) for recrystallized dolomite. Fig. 7c displays the
initial Sr and Nd isotope compositions for pristine Bayan Obo dolomite
samples investigated here and these are compared to reported Sr and
Nd isotope results from other carbonatite complexes within China, and
to the established fields for HIMU, EM I, DMM, and PREMA-like mantle
components.

The Pb isotopic compositions for the Bayan Obo carbonates ana-
lyzed here are listed in Tables 5a and 5b and are compared to those for
carbonates from Miaoya carbonatites in Fig. 8 (Çimen et al., 2018).
Initial Pb isotope compositions yield narrow ranges for 206Pb/204Pb(i)
(15.85–16.46), 207Pb/204Pb(i) (15.22–15.29), and 208Pb/204Pb(i)
(35.68–36.77), and overlap with those reported in Chen et al. (2020).
These plot mostly in between the 1.2 and 1.4 Ga isochrons (Fig. 8a), a
feature consistent with the accepted age of the H8 dolomite (1.3 Ga;
Smith et al., 2015; Zhu et al., 2015; Chen et al., 2020).

4.4. Assessment of in-situ boron concentrations

Figs. 9 and 10 display the 11B ion signal intensities (time-resolved
plots) recorded for in-situ analyses of dolomite matrix and other phases
(e.g., monazite, apatite) within Bayan Obo samples (1532 and 1649.5)
by laser ablation (LA)-ICP-MS; similar results for samples 1551 and
1730 are listed in the supplementary information. These samples were
selected for the detailed, in-situ investigations based on their petro-
graphic/mineralogic nature and/or distinct boron isotopic composi-
tions (Table 3). The location for each laser ablation spot analysis is
identified on the associated μ-XRF map and corresponding ion signal
intensities are listed in Supplementary Table 1. Laser ablation analyses
conducted in raster mode are also presented as time resolved plots
(Fig. 9c and 10b, c) as these were conducted over specific vein loca-
tions. The median, background subtracted 11B ion signals for all single
spot analyses along with their associated 2 sigma uncertainty are listed
in Supplementary Table 1. The results indicate that the 11B ion signals
are relatively consistent and overlapping for both different phases
(dolomite vs. REE-bearing monazite or apatite) and dolomite facies/
matrices (CG vs. HG vs. FG). Median 11B ion signal intensities for all
dolomite spots range from 1136 to 2594 cps of 11B, whereas median
values for all REE-minerals range from 1907 to 2679 cps. Although
these analyses are associated with large uncertainties, it is nonetheless
clear that all spots analyzed yield 11B ion signal intensities that are on
the same order of magnitude. The sole exceptions are the secondary Ca-
rich phase (spot #5) and oxide-rich area (spot #10) investigated in fine-
grained sample 1730, which yielded higher 11B ion signals; these two
analyses are also associated with higher uncertainties due to their poor
ablation characteristics (i.e., areas ‘exploded’ when hit with laser
beam). As stated earlier, although not matrix matched, the calculated
ion yields based on the 11B ion signals for the different phases analyzed
from the Bayan Obo samples (range from ~1700 to 3600 cps/ppm) are
roughly similar to that calculated for the NIST SRM 610 external
standard (~1300 cps/ppm).

Fig. 7. (a) Strontium concentrations and (b) strontium isotopic ratios vs. δ11B
compositions for all samples from Bayan Obo (this study). (c) εNd(t) vs. initial
87Sr/86Sr values for pristine samples of dolomite from Bayan Obo. (a) Fields for
coarse- and fine-grained dolomite, as described in Chen et al. (2020), are out-
lined with gray dashed rectangles. The blue field represents the δ11B compo-
sition for asthenospheric mantle (Marschall et al., 2017). (b) Previously re-
ported range of initial Sr isotope values for H8 dolomite (white rectangle) and
‘pristine’ coarse-grained H8 dolomite (black rectangle; Chen et al., 2020) are
plotted. Sr and Nd isotope compositions for HIMU, EMI, and DMM fields are
from Zindler and Hart (1986), and their corresponding δ11B values are assumed
to be that of asthenospheric MORB-like mantle (Marschall et al., 2017). Data for
PREMA-like mantle fluid component is from Dixon et al. (2017). Estimated field
for Bayan Obo Group sediments (purple) is plotted. Sources for the other data
are from previous studies: Miaoya (Çimen et al., 2018); Trans-North China
Carbonatites (TNCC; blue; Xu et al., 2019), Maoniuping (pink; Xu et al., 2003).
Associated uncertainties are within the size of the symbol. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

C. Kuebler, et al. Chemical Geology 557 (2020) 119859

9



5. Discussion

5.1. Igneous petrogenesis of H8 dolomite ore

Complicated by multiple geological processes, the interpretation of
geochemical data in relation to Bayan Obo host dolomite's origin has
sparked continuous debate about whether it represents a sedimentary

or magmatic body (Smith et al., 2015; Fan et al., 2016; Yang et al.,
2017). The two-stage petrogenetic model put forth by Fan et al. (2014),
Smith et al. (2015), and Chen et al. (2020) for a Mesoproterozoic car-
bonatite intrusion followed by Caledonian-aged metasomatism leading
to REE remobilization is further strengthened by the results of this
study. Here, for the first time, the boron isotopic compositions of H8
carbonates reinforce the interpretation of a magmatic origin, especially

Table 4
Strontium and neodymium isotope data on samples from Bayan Obo.

Sample Type Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 2σ 87Sr/86Sr (i) Nd (ppm) Sm (ppm) 147Sm/144Nd 143Nd/144Nd 2σ 143Nd/144Nd (i) εNd(t)

1508 FG 0.04 1100 0.00011 0.70424 0.00002 0.70424 257 18.3 0.0492 0.51136 0.00001 0.51094 0.6
1508B FG 0.02 1252 0.00005 0.70411 0.00001 0.70411 418 36.4 0.0513 0.51135 0.00001 0.51091 -1.2
1559 FG 0.6 1552 0.00115 0.70311 0.00009 0.70309 500 111.1 0.1045 0.51146 0.00002 0.51057 -12.6
1559B FG 2.2 629 0.01061 0.70460 0.00001 0.70441 246 16.6 0.0442 0.51151 0.00001 0.51113 4.0
1729 FG 0.7 1118 0.00194 0.70368 0.00003 0.70364 674 64.6 0.0577 0.51138 0.00001 0.51088 -1.5
1729B FG 0.8 1012 0.00225 0.70308 0.00001 0.70304 367 31.5 0.0588 0.51146 0.00001 0.51096 1.2
1730 FG 0.7 432 0.00498 0.70309 0.00001 0.70300 282 23.0 0.0533 0.51141 0.00001 0.51095 0.6
1649.5 CG 0.04 1600 0.00007 0.70333 0.00001 0.70333 538 58.5 0.0739 0.51156 0.00001 0.51092 0.7
1666 CG 0.4 2754 0.00046 0.70327 0.00002 0.70326 141 29.6 0.1033 0.51142 0.00004 0.51053 -12.2
1666B CG 0.02 1472 0.00004 0.70326 0.00001 0.70326 487 50.6 0.0620 0.51147 0.00001 0.51095 -0.4
1679 CG 0.1 1286 0.00023 0.70307 0.00002 0.70306 194 18.5 0.0787 0.51148 0.00002 0.51081 0.6
1679B CG 0.1 1692 0.00018 0.70326 0.00001 0.70326 110 15.9 0.0876 0.51142 0.00001 0.51067 -5.4
1532 HG 0.3 1712 0.00055 0.70407 0.00001 0.70406 156 20.3 0.0749 0.51147 0.00001 0.51083 -3.0
1551 HG 1.9 1215 0.00468 0.70405 0.00004 0.70396 594 100.1 0.1166 0.51163 0.00001 0.51064 -3.7
1551B HG 2.3 545 0.01251 0.70370 0.00001 0.70347 134 19.4 0.0875 0.51150 0.00001 0.51075 -4.0
1551.6 HG 0.7 1193 0.00187 0.70349 0.00001 0.70345 431 53.6 0.0741 0.51125 0.00002 0.51062 -6.8

87Rb/86Sr and 147Sm/144Nd values were calculated based on ICP-MS-determined elemental abundances, which are associated with relative uncertainties of between 3
to 5% (2σ level). 1.3 Ga age was used for age correction calculations (see text for details).

Table 5a
Pb isotope data on samples from Bayan Obo.

Sample Type U (ppm) Pb (ppm) Th (ppm) 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ

1508 FG 0.08 22.3 4.5 16.068 0.0008 15.248 0.0009 36.734 0.0026
1508B FG 0.07 33.4 6.9 15.995 0.0005 15.234 0.0006 36.526 0.0018
1559 FG 0.38 114 2.6 15.972 0.0006 15.234 0.0007 36.303 0.0020
1559B FG 0.05 41.6 6.5 15.969 0.0006 15.229 0.0007 36.774 0.0021
1729 FG 0.62 287 25.8 16.022 0.0007 15.242 0.0007 36.264 0.0019
1729B FG 0.71 202 2.0 15.973 0.0005 15.232 0.0006 35.813 0.0019
1730 FG 0.06 78.3 2.4 15.976 0.0005 15.235 0.0007 36.799 0.0017
1649.5 CG 0.06 35.1 1.4 16.102 0.0006 15.247 0.0007 36.081 0.0019
1666 CG 0.04 27.9 1.1 16.139 0.0008 15.247 0.0010 36.387 0.0034
1666B CG 0.02 101 0.6 16.149 0.0006 15.251 0.0007 36.184 0.0020
1679 CG 0.03 66.6 0.4 16.335 0.0004 15.277 0.0005 36.354 0.0014
1679B CG 0.01 137 0.3 16.464 0.0004 15.291 0.0005 36.331 0.0014
1532 HG 0.24 12.9 2.7 16.100 0.0005 15.245 0.0005 37.210 0.0017
1551 HG 0.03 27.6 2.1 16.060 0.0005 15.249 0.0005 36.501 0.0013
1551B HG 0.03 14.7 2.5 16.137 0.0008 15.251 0.0009 37.411 0.0023
1551.6 HG 0.14 34.7 11.3 16.041 0.0006 15.239 0.0006 38.135 0.0019

Table 5b
Pb isotope data on samples from Bayan Obo.

Sample Type 207Pb/206Pb 2σ 208Pb/206Pb 2σ 206Pb/204Pb (i) 207Pb/204Pb (i) 208Pb/204Pb (i)

1508 FG 0.94903 0.00001 2.286 0.00006 16.02 15.24 35.91
1508B FG 0.95243 0.00002 2.284 0.00006 15.97 15.23 35.68
1559 FG 0.95377 0.00001 2.273 0.00005 15.93 15.23 36.21
1559B FG 0.95367 0.00001 2.303 0.00005 15.95 15.23 36.13
1729 FG 0.95132 0.00002 2.263 0.00005 15.99 15.24 35.90
1729B FG 0.95360 0.00001 2.242 0.00006 15.93 15.23 35.77
1730 FG 0.95362 0.00002 2.303 0.00005 15.97 15.23 36.67
1649.5 CG 0.94690 0.00002 2.241 0.00006 16.08 15.25 35.92
1666 CG 0.94471 0.00002 2.255 0.00010 16.12 15.25 36.22
1666B CG 0.94443 0.00002 2.241 0.00006 16.15 15.25 36.16
1679 CG 0.93524 0.00001 2.225 0.00004 16.33 15.28 36.33
1679B CG 0.92872 0.00001 2.207 0.00005 16.46 15.29 36.32
1532 HG 0.94691 0.00001 2.311 0.00005 15.85 15.22 36.36
1551 HG 0.94949 0.00001 2.273 0.00004 16.05 15.25 36.19
1551B HG 0.94506 0.00002 2.318 0.00004 16.11 15.25 36.71
1551.6 HG 0.94998 0.00002 2.377 0.00006 15.99 15.23 36.77
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when combined with the results for traditional radiogenic (Sr, Nd, Pb)
isotope systems.

The initial 87Sr/86Sr values range from 0.70300–0.70441 (Table 4)
and are divided into two groups based on the petrographic designations
reported in Chen et al. (2020); the first group, which is dominated
primarily by samples exhibiting a coarse-grained (CG) dolomite matrix,
are characterized by lower Sr isotope compositions (< 0.70340). These
are deemed pristine or unaffected by later-stage hydrothermal altera-
tion, and therefore indicative of derivation from an enriched mantle
source compared to similarly-aged carbonatites worldwide (Fig. 11b;
Bell and Simonetti, 2010). This is supported by the relatively high Sr
concentrations of these dolomite samples (1012–2754 ppm; Table 4),
which most likely buffered their inherited, mantle-derived Sr isotopic
composition against possible crustal contamination or alteration as
argued in previous carbonatite-related studies (e.g., Simonetti et al.,
1998). Contrarily, the remaining dolomite samples analyzed here have
generally lower Sr concentrations (545–1712 ppm) with correspond-
ingly more radiogenic Sr isotopic ratios (0.70345–0.70441). The sur-
rounding sedimentary carbonate rocks of Bayan Obo are characterized
by much lower Sr abundances (129–165 ppm; Le Bas et al., 1997) and
higher, more radiogenic Sr isotope compositions
(87Sr/86Sr = 0.71992–0.72620; Le Bas et al., 1997; Zhang et al., 2003).
In Fig. 7a, the Sr concentrations of the dolomite samples studied here
are plotted against their corresponding δ11B values, and these define a
negative trend that may represent mixing between CG (high Sr content)
and FG samples (low Sr content). Thus, one possible explanation for this
negative array is that it reflects Chen et al. (2020)'s proposed model
where coarse-grained dolomite represents more ‘pristine’ carbonate and
records the isotopic nature of their mantle source. In contrast, samples
containing fine-grained and heterogeneous carbonate are likely to re-
present dolomite that was hydrothermally altered with radiogenic Sr
being incorporated from surrounding sedimentary sources. This hy-
drothermal alteration may have, in turn, perturbed the boron isotopic
signature of the dolomite samples. Hence, any evaluation of the mantle
source characteristics for the Bayan Obo host dolomitic marble should
be based solely on the samples containing ‘pristine’ dolomite, or those
characterized by 87Sr/86Sr values< 0.70340 (as defined by Chen et al.,
2020).

Based on their 87Sr/86Sr(i) ratios (Table 4) reported here, samples
1559, 1649.5, 1666, 1666B, 1679, 1679B, and 1729B most likely re-
present pristine mineral assemblages, and these yield δ11B values that

Fig. 8. (a) 207Pb/204Pb(i) and (b) 208Pb/204Pb(i) vs. 206Pb/204Pb(i) values for
Bayan Obo (this study) and Miaoya (Çimen et al., 2018) carbonates. Ages of
1.3 Ga for Bayan Obo (Smith et al., 2015) and 232 Ma for Miaoya (Çimen et al.,
2018) have been adopted for initial Pb ratio calculations. Stacey and Kramers
(1975) two-stage Pb evolution model (SeK) and initial Pb isotope ratios (purple
circles) for in-situ analyses of Bayan Obo carbonates from Chen et al. (2020) are
also plotted. EMI and DMM fields are from Zindler and Hart (1986). Associated
analytical uncertainties are within the symbol size. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 9. Time-resolved laser ablation data for sample
1532 illustrating 11B ion signal in various parts/
phases of the thin section. μ-XRF map overlain with
laser ablation spot locations (see supplementary in-
formation for all of the corresponding data). Arrow
indicates direction of raster. (a-c) 11B signal (cps)
plotted vs. time of analysis (s). Fields indicate
background (gray) and sample signal (green). (a-b)
Signal comparisons between dolomite and REE mi-
nerals. (c) 11B signal across raster. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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range between −9.0 and −3.6‰ (Table 3); most of these samples
belong to the CG group with the exception of 1559 and 1729B which
have FG dolomite. A majority of these pristine dolomite samples are
characterized by δ11B values that overlap with those for asthenospheric
mantle (−7.1 ± 0.9‰; Marschall et al., 2017; Fig. 7b), with the sole
exception being sample 1666B, which yields a B isotope composition of
−3.6‰. Thus, these δ11B results support the hypothesis of Hulett et al.
(2016) of limited incorporation of recycled crustal material within
carbonatites older than 300 million years old (Fig. 11a).

Several samples analyzed here have conflicting isotopic signatures
that diminish their usefulness for mantle source characterization.
Specifically, sample 1730, has the lowest 87Sr/86Sr(i) value (0.70300),
but is also characterized by the lowest Sr content (432 ppm) and the
heaviest δ11B composition (+6.4‰). Moreover, the μ-XRF map for
sample 1730 clearly displays several generations of carbonate (dolo-
mite matrix + calcite vein) with the calcite vein containing higher B
abundances (i.e., higher 11B ion signals) than the surrounding dolomite
(supplementary information Fig. S1 and Table S1); these features along
with the lower Sr content all strongly suggest that its B isotope com-
position has been perturbed by secondary alteration. Thus, this result
clearly demonstrates the ability of δ11B compared to 87Sr/86Sr compo-
sitions in delineating the petrogenetic history of individual samples. In
contrast, sample 1729 has the lightest δ11B (−14.5‰) and highest
TREE content (4016 ppm), which together suggest that this sample may
have been subjected to an increased degree of REE ore-forming hy-
drothermal remobilization. This elevated concentration of TREEs
compared to the highest reported from in-situ dolomite analyses
(878 ppm; Chen et al., 2020) supports the notion of late-stage REE-
minerals being included within the dolomite solution mode (whole
rock) analyses, thus, potentially perturbing the isotope systems in-
vestigated here at the hand specimen scale. Moreover, the μ-XRF che-
mical map for sample 1729 (exhibited in supplementary information
Fig. S2) illustrates the presence of significant Fe- and Ti-rich veins and
secondary, Ca-rich areas that support its non-pristine nature. Further-
more, the data listed in Tables 3 and 4 indicate that the Sr, Nd, and B
isotope ratios for most of the same depth interval pairs (e.g., 1551 and
1551B) do not replicate given their associated analytical uncertainties;
thus, much care should be exerted with regard to interpreting the iso-
tope results for dolomite samples from Bayan Obo in relation to deli-
neating mantle source characteristics.

Stable isotopes signatures (δ13CPDB, δ18OSMOW) are also useful

tracers in evaluating possible mantle source(s), contamination, or al-
teration from hydrothermal processes within carbonatite bodies (e.g.,
Deines, 1989; Keller and Hoefs, 1995). Based on the geological history
of Bayan Obo, it is fitting to examine any possible perturbation of the
stable isotope systems caused by late-stage REE enrichment processes
(Fig. 5). There is no evident trend in the δ18OSMOW values vs. LREE
concentrations for the Bayan Obo carbonates investigated here
(Fig. 5a), whereas the carbonates from the Miaoya carbonatite complex
(MCC) display a positive linear trend suggesting that the heavier
δ18OSMOW values are attributed to the influence of late-stage REE-rich
fluids (Çimen et al., 2018). In contrast, the δ11B values for both car-
bonatite complexes do not exhibit positive trends with their respective
LREE concentrations (Fig. 5b), which supports the overall interpreta-
tion that the δ11B values for the vast majority of these carbonatites were
not perturbed by late-stage REE mineralization. Admittedly, this does
not rule out boron isotopic enrichment from hydrothermal processes as
discussed above for altered Bayan Obo dolomite characterized by
radiogenic strontium compositions (> 0.70340), and heavier boron
isotopic compositions (up to −1.0‰). The documented isotopic
variability within an individual depth (meter) interval of Bayan Obo's
host dolomite (Chen et al., 2020) is also evident in the stable isotope
compositions (Table 3). For example, the sample pair of 1729 and
1729B have δ13CPDB values that vary by ~1.0‰, whereas samples 1679
and 1679B have δ18OSMOW values that differ by 1.1‰. These differ-
ences are again consistent with Chen et al. (2020)’s argument that there
is significant geochemical variability based on the degree of alteration
experienced during the Caledonian-aged metasomatism.

Stable isotopes can also be used to evaluate any closed-system
fractional crystallization process (e.g., Deines, 1989), which is one
possible interpretation of the vertical array defined by the varying
δ13CPDB and δ18OSMOW compositions with nearly constant astheno-
spheric δ11B values for both Bayan Obo and MCC (Fig. 6b and c).
However, as with the major and minor element data reported here
(Fig. 3), the δ13CPDB vs. δ18OSMOW values from Bayan Obo do not plot
along a unique Rayleigh fractional crystallization line (Fig. 6a). Çimen
et al. (2018) also found no corroborating evidence for this closed
system process based on data for carbonates from MCC. Therefore, it is
possible that these C and O isotopic variations are inherited from the
respective mantle source regions of both complexes. A comparison of
the δ13CPDB and δ18OSMOW signatures for carbonates from Bayan Obo
and MCC (Fig. 6a) reveals that those from Bayan Obo have heavier
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Fig. 10. Time-resolved laser ablation data for
sample 1649.5 illustrating 11B ion signal in various
parts/phases of the thin section. μ-XRF map overlain
with laser ablation spot locations (see supplemen-
tary information for all of the corresponding data).
Arrow indicates direction of raster. (a-c) 11B signal
(cps) plotted vs. time of analysis (s). Fields indicate
background (gray) and sample signal (green). (a)
Signal comparisons between dolomite and REE mi-
nerals. (b-c) 11B signal across raster. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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signatures. This feature is consistent with the carbonates at Miaoya
being mainly calcite (Su et al., 2019), whereas Bayan Obo's host body is
dolomitic and hence preferentially incorporates the heavier 13C and 18O
isotopes at magmatic temperatures (Deines, 1989). Of importance, this
observation reveals that regardless of the dominant carbonate phase
(calcite vs. dolomite) present within a mantle-derived carbonatite,
pristine carbonate samples record asthenospheric mantle boron values.
Admittedly, another possible factor in the reported heavier stable iso-
tope signatures for the Bayan Obo carbonates is that the complex ex-
perienced more intense and pervasive metasomatism than Miaoya. This
is evidenced in the multi-stage remobilization events that led to a
greater degree of REE enrichment at Bayan Obo (up to ~3.65 wt%
REE2O3) compared to Miaoya (Xu et al., 2010; Smith et al., 2015; Liu

et al., 2018a, 2018b; Ren et al., 2019).
As stated earlier, the εNdCHUR results can be divided into two ca-

tegories, and these are 1- values for pristine samples that overlap with
published data for the H8 dolomite (−1.5 to 1.2; Table 4 and Fig. 7c),
and 2- values for carbonates (−3.0 to −12.6 and +4.0) that reflect the
presence of micro-inclusions containing REE-bearing minerals within
the dolomitic matrix. The inclusions are either older accessory mi-
nerals, younger monazites, or a combination of both. Previously pub-
lished SmeNd data for common accessory minerals at Bayan Obo, such
as aeschynite-(Ce), apatite, and aegerine, give 1.3 Ga age-corrected
εNdCHUR values ranging from −2.7 to −10.4 (Nakai et al., 1989;
Philpotts et al., 1991; Wang et al., 1994). Based on the μ-XRF chemical
maps obtained for the samples analyzed here, there are a significant
number of accessory minerals present; REE-rich minerals (Ce), apatites
(P), and Si-rich phases (Fig. 2). However, identifying the exact mineral
(s) responsible for the radiogenic Nd isotopic signatures is further
complicated by protracted monazite mineralization at Bayan Obo
(Smith et al., 2015; Song et al., 2018). Song et al. (2018) proposed a
model for the Nd isotopic evolution of the Bayan Obo host dolomite
from a single source based on monazites that formed between 900 and
350 Ma. Using this model, the radiogenic εNdCHUR results reported here
overlap with those of monazites documented in Song et al. (2018),
when recalculated for ages ranging from 900 to 450 Ma. Conversely,
sample 1559B's εNdCHUR value (+4.0), which does not overlap with
monazite modelling, may represent a recrystallized dolomite (Song
et al., 2018). In summary, the reported εNdCHUR values from −3.0 to
−12.6 could be attributed to the presence of either primary (1.3 Ga) or
secondary (~450 Ma) non‑carbonate minerals within the dolomite;
therefore, Nd isotopic compositions for dolomite samples with
εNdCHUR = −1.5 to 1.2 could be used to evaluate the mantle source
characteristics for Bayan Obo's host dolomite. However, these samples
are further constrained when their corresponding initial 87Sr/86Sr ratios
are considered resulting in a range of εNdCHUR values (−0.4 to 1.2) for
pristine dolomite that are indicative of derivation from a mixed mantle
source (Figs. 7c and 11c). On the basis of the combined Nd and Sr
isotope compositions for the samples of pristine dolomite (Fig. 7c),
these may have been derived from a mixed upper mantle source con-
sisting of HIMU- and EMI-like mantle components; a result that is
consistent with the Nd and Sr isotope compositions for young (< 200
million years old) carbonatites worldwide (Bell and Simonetti, 2010).

Lastly, the bulk of the Pb isotope data for the carbonates analyzed
here (Table 5a, b; Fig. 8) are tightly constrained and overlap well with
the in-situ Pb isotope ratios reported in Chen et al. (2020). The Pb
isotope system does not appear to have been greatly disturbed by Ca-
ledonian metasomatism as data plot within the 1.2 and 1.4 Ga isochrons
reflecting a magmatic Mesoproterozoic age. However, Pb isotope data
for sample 1532 plots slightly to the left of the isochrons, possibly re-
presenting minimal Pb loss during such a thermal event. Samples 1679
and 1679B plot slightly to the right of the isochrons perhaps due to the
presence of accessory minerals (e.g., monazite, apatite) with higher
contents of radiogenic Pb compared to the host dolomite (Fig. 8). An-
other possible explanation for the deviation of the 206Pb/204Pb(i) values
is that the dolomite samples are tapping a heterogeneous mantle source,
which agrees with the vertical array shown in Fig. 8a. Variation in the
238U/204Pb ratio within the mantle source could be due to metasoma-
tism, which has been documented in the geological history of the region
(Smith et al., 2015; Chen et al., 2020). The vertical array in Fig. 8b
showing variable 208Pb/204Pb(i) with near constant 206Pb/204Pb(i) is
likely due to the preferential inclusion of Th over U in both the REE
minerals and other U-Th-Pb bearing-minerals present at Bayan Obo
(Zhu et al., 2015; Zhang et al., 2017; Zhang et al., 2019; Chen et al.,
2020). This Th enrichment led to the accumulation of radiogenic 208Pb
within the carbonates since their Mesoproterozoic formation.

To evaluate the potential involvement of different reservoirs con-
tributing to the variable isotopic signatures (Sr, Nd, Pb) reported for
Bayan Obo's host dolomite, the Sr-Nd-Pb isotopic fields corresponding

Fig. 11. (a) δ11B (‰) values, (b) 87Sr/86Sr(i) ratios, and (c) εNdT values of
‘pristine’ Bayan Obo carbonates (this study) along with Miaoya carbonates
(Çimen et al., 2018) are plotted vs. their respective emplacement ages in mil-
lions of years (Ma). (a) The δ11B (‰) values for worldwide carbonatites are
taken from Hulett et al. (2016) and Çimen et al. (2019). The shaded region
represents the range in δ11B compositions for MORB-like asthenospheric mantle
(Marschall et al., 2017). (b) and (c) various rectangles indicates the range of
initial strontium ratios or epsilon Nd values for Trans-North China Carbonatites
(TNCC; blue; Xu et al., 2019), Maoniuping (pink; Xu et al., 2003), Huayang-
chuan (HYC; orange; Yu, 1992), and Qiganbulake mafic–ultramafic-carbonatite
complex (QMC; yellow; Zhang et al., 2007). Bulk Earth (BE), Chondrite Uniform
Reservoir (CHUR), Enriched Mantle (EM), and Depleted Mantle (DM) evolution
lines are adapted from Bell and Simonetti (2010). Yellow fields in (b) and (c)
indicate range in Sr and Nd isotope compositions, respectively, for various
Canadian and Fennoscandinavian carbonatite complexes from Bell et al.
(1982). Associated analytical uncertainties, where not visible, are within the
symbol size. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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to HIMU-, EMI-, DMM- (Depleted MORB Mantle) and PREMA-like
(Prevalent Mantle) mantle fluid (Dixon et al., 2017) components are
plotted in Figs. 7 (b, c) and 8b. HIMU and EMI mantle components
(Zindler and Hart, 1986), which were derived based on the Sr-Nd-Pb
isotope data from oceanic island basalts (OIBs), are often linked to the
mantle source(s) and generation of younger (< 200 Ma) carbonatite
melts (detailed summary in Bell and Simonetti, 2010). Based on the
distribution of the B-Sr-Nd-Pb isotope data illustrated in Fig. 7 (b, c)
and 8b, HIMU- and EMI-like mantle sources may also be involved in the
derivation of Bayan Obo's host dolomite. Additionally, it is clear from
Fig. 7 (b, c) and 8b that DMM is not a contributing mantle source
component at Bayan Obo, but a PREMA-like mantle fluid component
(Dixon et al., 2017) may be involved, in particular based on the dis-
tribution of the Sr and B isotope data (Fig. 7b). Alternatively, the
heavier δ11B values and more radiogenic Sr isotope ratios may be at-
tributed to low degree partial melting of isotopically heterogeneous
metasomatized and volatile-rich mantle since the latter is a prerequisite
for carbonatite melt generation (e.g., Wallace and Green, 1988;
Haggerty, 1989; Wyllie, 1989; Dalton and Wood, 1993). It has been
advocated that the metasomatic activity associated with carbonatite
magmatism may be linked to lithosphere-plume interaction (as dis-
cussed in Bell and Simonetti, 2010). Moreover, recent geochemical and
isotopic (B and Mo) investigations of Cenozoic basaltic suites consisting
of alkali basalts, nephelinites, and basanites from the North China
Craton (NCC; Li et al., 2016, 2019) demonstrate the significance of
metasomatic activity and/or fluid-fluxed melting in generating variable
δ11B values (range from ~-7.0 to ~-1.0‰) within their upper mantle
source region. Of importance, on the basis of their combined trace
element (e.g., Nb/B ratio) and isotopic compositions, the B isotopic
variability cannot be attributed to the presence of a crustal component,
or direct assimilation of continental crust during eruption (Li et al.,
2016, 2019). Li et al. (2019) postulated that the origin of the carbonate-
rich fluids within an intraplate setting of the NCC may be attributed to
the decarbonization of subducted slabs stalled in the deep mantle. The
degree of interaction between the slab-derived fluids from the deeper
mantle, characterized by heavier δ11B values (≥−1‰), and overlying
depleted upper mantle column (−7‰) determines the final B isotope
composition and the degree of partial melting, which in turns controls
the rock type generated (Li et al., 2019). As discussed in more detail
later, Xu et al. (2018, 2019) postulate for the presence of an enriched
mantle source resulting from large scale subduction and deep sediment
recycling that was involved in the generation of the ~1800 million
years old TNCC and associated alkaline silicate rocks; this was in re-
sponse to the collision between the eastern and western sections of the
NCC and related to the assembly of supercontinent Columbia.

Potential contamination from bulk continental crust or Bayan Obo
Group sediments (i.e., limestone/shale; Rudnick, 1990; Marschall et al.,
2017) is also evaluated in Fig. 7b. Given the combined Sr and B isotope
characteristics for both crustal components (Fig. 7b), it is clear that the
87Sr/86Sr(i) and δ11B signatures for the Bayan Obo samples reported
here cannot be readily attributed to their involvement (discussed in
more detail below). In summary, the combined B-Sr-Pb isotope sys-
tematics for the Bayan Obo carbonates analyzed here are consistent
with derivation of carbonatite magma from an isotopically hetero-
geneous mantle.

5.2. Micron-scale evaluation of the intra-sample boron distribution

In-situ LA-ICP-MS analyses (Figs. 9 and 10; Supplementary Table 1
and Supplementary Fig. 1) were performed to investigate the distribu-
tion of boron at high spatial resolution (100 s of micron scale) within
four individual Bayan Obo samples of varied petrographic and isotopic
nature in order to aid with the interpretation of the δ11B results. Sample
1532 (Fig. 9) is a heterogeneous grained (HG) dolomite characterized
by δ11B value =−3.4‰ and 87Sr/86Sr(i) = 0.70406, which categorizes
it as an altered sample. The LA-ICP-MS results indicate no difference in

the recorded 11B ion signals between the main dolomite matrix com-
pared to that for REE-bearing mineral phases (monazite and apatite;
Fig. 9a, b). This confirms that there was no significant redistribution of
B during the REE mineralization event. Additionally, the raster analysis
conducted across several dolomite grains (Fig. 9c) shows a relatively
smooth time-resolved laser ablation profile, and therefore suggests a
homogeneous distribution of boron between dolomite grains. Thus,
based on all of laser ablation analyses obtained for sample 1532 (Table
S1), which indicate a relatively homogeneous distribution of boron, its
δ11B value of −3.4‰ cannot be attributed to simple Rayleigh fractional
crystallization, or a similar magmatic/hydrothermal distillation pro-
cess. In fact, from a boron abundance perspective, there is no evidence
to suggest that sample 1532 is indeed altered (as per its Sr isotope
composition), and therefore, the B and Sr isotope systematics may be
decoupled. Sample 1649.5 is a ‘pristine’ coarse-grained (CG) dolomite
characterized by an asthenospheric-like δ11B value of −7.9‰ and
87Sr/86Sr(i) = 0.70333. The time-resolved laser ablation data (Fig. 10)
reveals similar findings to that for sample 1532; i.e., there are no sig-
nificant differences in the 11B ion signals recorded between both dif-
ferent phases (dolomite vs. monazite; Fig. 10a) or matrices (dolomite
vs. Ca-Fe-rich vein; Fig. 10b, c). The two raster mode analyses from
sample 1649.5 show small increases in 11B ion signal when ablating
across the Ca- or Fe/Ce-rich veins (Fig. 10c), but these are relatively
minor and suggest only a minimal increase in B concentration. Hence,
once again there is a lack of evidence in sample 1649.5 to suggest any
type of boron elemental/isotopic fractionation due to Rayleigh or some
sort of distillation process. In summary, the combined high spatial re-
solution time-resolved data reported here (Figs. 9, 10, and supple-
mentary information) indicate that the δ11B values (−9.0 to −3.6‰)
for the pristine dolomite (87Sr/86Sr < 0.7034) samples investigated
here are inconsistent with fractionation associated with either the REE
mineralization event or through some type of distillation process, but
instead reflect mantle source isotopic heterogeneity; this may also be
the case for HG sample 1532 (δ11B = −3.4‰) despite its elevated Sr
isotopic composition (0.70406).

Furthermore, to exhaust all possible explanations for the boron
isotope values for ‘pristine’ samples that fall outside of the astheno-
spheric (MORB) mantle range (−7.1 ± 0.9‰; Marschall et al., 2017),
two-component binary mixing calculations were conducted using var-
ious boron reservoirs/end members (Fig. 12). For example, one possible
explanation for non-MORB-like boron signatures is crustal contamina-
tion, even though this interpretation was negated based on the radio-
genic isotope results discussed earlier. Both average and upper con-
tinental crust reservoirs are boron enriched (10.5 and 43 ppm,
respectively) relative to MORB (<1 ppm), and are characterized by
light δ11B values (−10 and −8.8‰, respectively) based on global mass
balance calculations (Marschall et al., 2017). As demonstrated in
Fig. 12, it is difficult to reconcile the δ11B values for the dolomite
samples analyzed here with crustal contamination; in particular, since
crust-MORB mixing lines fall within the asthenospheric mantle field (up
to boron concentrations of ~1 ppm; Fig. 12). The modal percent of
crustal involvement necessary to achieve the δ11B values reported here
ranges from 1 to 10%, which would have also resulted in correspond-
ingly elevated (more radiogenic) Sr and Pb isotopic ratios that are not
reported in this study. Additionally, the boron concentrations for the
Bayan Obo carbonates are simply too low (0.4–1.14 ppm) to have been
contaminated by continental crust, and are more consistent with MORB
boron abundances within uncertainty (< 1 ppm; Chaussidon and
Jambon, 1994; Marschall et al., 2017). Similarly, any contamination
from S-type granites (sedimentary-source-type), which are character-
ized by δ11B values that range from −20 to −8‰ and high B contents
(up to 1 wt%; Trumbull and Slack, 2017), would result in both much
higher abundances of B and radiogenic isotope signatures.

In contrast, seawater, carbonate sediments, and I-type (igneous
source) granites have high boron concentrations (4.5, 13–26, and
5–7 ppm, respectively) and heavy δ11B values (+39.6, +4.8 to +10.5,
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−4 to +6‰, respectively; Foster et al., 2010; Ishikawa and Nakamura,
1993; Trumbull and Slack, 2017), which may explain sample 1666B's
heavier δ11B value of −3.6‰ (Fig. 12). The two-component binary
mixing results shown in Fig. 12 suggest that seawater was not involved
in the petrogenesis of the Bayan Obo carbonates. This is an expected
result as direct interaction with seawater is also not a plausible ex-
planation from a regional tectonic perspective as the carbonatites at
Bayan Obo are intrusive magmatic bodies and did not directly interact
with seawater. Thus, a more likely scenario is that carbonate sediments
enriched in 11B, such as those plotted in the gray field, were either
sampled by the carbonatite magma within its mantle source region or
during emplacement as wall rock contamination from the surrounding
Bayan Obo Group sediments. However, once again, sample 1666B does
not have the elevated radiogenic Sr (0.70326; Table 4) and Pb isotopic
ratios that would be expected with wall rock contamination. Overall,
the various two-component binary mixing calculations conducted here
cannot adequately explain the range of δ11B values recorded for the
Bayan Obo dolomite. Hence, this suggests that the variable δ11B values
reported here (−3.6 to −9.0‰; Table 3) for the ‘pristine’ dolomite
samples analyzed most likely reflect boron isotope heterogeneity within
their upper mantle source.

5.3. Temporal evolution of upper mantle, central China

The Bayan Obo and Miaoya carbonatite complexes (MCC) share
similar emplacement and geological histories since both complexes
involved initial carbonatite magmatism and emplacement that was
followed (separated by hundreds of millions of years) by late-stage
hydrothermal activity. However, they are distinct in age and REE-en-
richment level with Bayan Obo reserves approximated at 40 Mt.

(million tons) of 3–5.4 wt% REE2O3 (Smith et al., 2015), whereas
Miaoya has estimated reserves of ~1.21 Mt. at an average grade of
1.72 wt% REE2O3 (Xu et al., 2010). Initial carbonatite intrusion at
Bayan Obo occurred in the Mesoproterozoic (1.3 Ga; Smith et al.,
2015), whereas Miaoya's emplacement is of Silurian age (at ~440 Ma;
Ying et al., 2017; Zhang et al., 2019). This scenario therefore provides
the opportunity to examine any possible temporal changes over a span
of ~900 million years in the geochemical nature of the upper mantle
source(s) that gave rise to carbonatite magmatism in central China.
However, such a comparison assumes that their upper mantle sources
share a common evolutionary history, which may not be the case given
the complex tectonic processes that occurred in the region over a period
of ~2 billion years and are outlined below.

Geographically, both complexes are located within central China,
which consists of two major tectonic blocks, the North China Block and
the South China Block, separated by the Qinling orogenic belt. Bayan
Obo is located on the northern edge of the Northern China Block,
whereas the MCC resides on the northern edge of the South China Block
(Fig. 1 inset). This region experienced Mesoproterozoic rifting leading
to the formation of the Bayan Obo host carbonatite and associated
mafic dyke swarms (Yang et al., 2011 and references therein). Sub-
sequent rifting during the Silurian opened the Mianlue Ocean and re-
sulted in carbonatite generation (and associated mafic dyke swarms and
syenite) at MCC, which coincides with the timing of the metasomatic
activity at Bayan Obo (Ying et al., 2017; Su et al., 2019). The Permian-
Triassic collision of the blocks, closed the ocean and formed one of the
largest, ultra-high-pressure metamorphic zones (the Dabie-Sulu oro-
genic belt) aligning with the timing of the metasomatism that affected
MCC (~240 Ma; Ying et al., 2017 and references therein).

Comparison of the B, C, and O isotope signatures for the carbonates
from both MCC and Bayan Obo complexes outlined earlier offer similar
observations/features, and these are; 1- neither complex shows evi-
dence for dominant, closed-system melt differentiation, or significant
crustal contamination, 2- there is evidence for B isotope heterogeneity
in their respective mantle source(s), and 3- possible late-stage hydro-
thermal alteration produced enriched boron isotopic signatures for
certain carbonate types. Çimen et al. (2018) alternatively suggested
that the heavy δ11B values (>+2‰) at MCC indicate the presence of
recycled crustal material within its mantle source. This corroborates
Hulett et al.'s (2016) hypothesis that young carbonatites (< 300 Ma)
record heavier boron isotopic compositions due to the increased sam-
pling of recycled crustal material within Earth's upper mantle with in-
creasing geologic time. If one assumes that both Bayan Obo and MCC
were derived from a similar upper mantle source region within central
China, then the combined Sr isotope results from both complexes in-
dicate that there is an enriched mantle component present beneath
central China (Fig. 11b-c). Additionally, it may be argued that MCC
experienced a greater influence of a PREMA-like mantle component/
fluid than Bayan Obo, as many of the samples analyzed from MCC plot
closer to the BeSr isotope characteristics of this endmember (Fig. 7b).

The εNdCHUR values for the carbonates from MCC (−1.1 to 0.1;
Çimen et al., 2018) are similar to pristine dolomite samples from Bayan
Obo (−0.4 to 1.2; excluding those with significant monazite or other
mineral inclusions). However, Çimen et al. (2018) stated that late-stage
hydrothermal alteration reset the Nd isotopic composition of MCC as
the reported SmeNd errorchron yielded an age of ~151 Ma, which was
attributed to the timing of a late-stage metasomatic event at MCC
(232 ± 4.5 Ma; Ying et al., 2017). Therefore, Çimen et al. (2018)
argued that there is only one sample analyzed from MCC that retained
its original Nd composition (−2.7), which does not overlap with the
initial Nd isotopic composition of the Bayan Obo carbonates believed to
reflect the mantle source region (−0.4 to 1.2; Fig. 7c). Unfortunately,
given the limited number of samples with reliable Nd isotope signatures
from both Bayan Obo and Miaoya (Figs. 7c and 11c), it is difficult to
delineate with a high degree of certainty any Nd isotopic temporal
evolution in the upper mantle between ~1300 and ~440 million years

Fig. 12. Results of two component binary mixing calculations based on the δ11B
values and boron abundances for the ‘pristine’ dolomite samples analyzed here
from Bayan Obo (green circles) and various terrestrial endmembers. For the
calculations, asthenospheric (MORB) mantle was given an average B con-
centration of 0.5 ppm and δ11B value = −7‰ (red triangle); the blue shaded
region represents the range of values for ‘fresh’ MORBs as defined by Marschall
et al. (2017). Squares along dashed lines represent 1, 5, and 10% mixing in-
tervals between asthenospheric mantle and averaged upper and bulk con-
tinental crust and seawater end member components. B isotope compositions of
continental crust (CC), upper continental crust (UCC), seawater, and carbonate
sediments (gray field) are from Marschall et al. (2017), Foster et al. (2010), and
Ishikawa and Nakamura (1993). Additional fields of I-type (yellow shaded re-
gion) and S-type (green shaded region) granite ranges are from Trumbull and
Slack (2017). Mixing intervals are not shown for fields where B concentration
data ranges. For example, a vast majority of the B isotope compositions re-
ported for S-type granites were determined from tourmaline rather than whole
rock analyses (Trumbull and Slack, 2017). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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ago for central China.
Comparison of the initial Pb compositions for both complexes

(Fig. 8) reveals that there was a significant change in the Pb composi-
tion (and corresponding μ = 238U/204Pb value) of the upper mantle in
this region over the ~900 million years between their respective per-
iods of emplacement. Alternatively, it may simply suggest that their
respective mantle sources are entirely distinct and do not share a
common tectonic evolution. The initial Pb isotopic values for the Bayan
Obo carbonates are notably more constrained than those from MCC
(Fig. 8). The initial Pb compositions for the carbonates from MCC are
extremely varied and require the input of a highly radiogenic end-
member (e.g., 206Pb/204Pb(i) = 17.07–41.21). Çimen et al. (2019),
Chen et al. (2018), and Andersen (1987) also document a similar type
radiogenic component in the Pb isotope compositions for carbonatite
complexes from Blue River (Canada), Shaxiongdong (China), and Fen
(Norway), respectively, and postulated that it is of mantle origin. A
plausible explanation for the generation of this distinct radiogenic Pb
reservoir for Chinese carbonatite occurrences could be attributed to
recent (post 1.3 Ga) metasomatism of subcontinental lithospheric
mantle by Archean-to-early Proterozoic-aged subducted marine carbo-
nates (Chen et al., 2018 and references therein). Moreover, the carbo-
nate samples from Bayan Obo also depict a range in 206Pb/204Pb ra-
tios(i) (Fig. 8a) that clearly suggest mantle source heterogeneity.

Fig. 11a displays the B isotope results obtained here for Bayan Obo
carbonates in a global context since it compares the δ11B values (and
corresponding emplacement age) to those reported in Hulett et al.
(2016) and Çimen et al. (2018, 2019). The δ11B values for the ‘pristine’
carbonates from Bayan Obo, based on the 87Sr/86Sr(i) values described
above, are generally consistent with the model proposed in Hulett et al.
(2016), which argues that carbonatites older than 300 Ma record ty-
pical asthenospheric mantle values (−7.1 ± 0.9‰; Marschall et al.,
2017). However, it is worth pointing out that sample 1666B records a
heavier boron value (−3.6‰). Hulett et al. (2016) explains the positive
“spikes” in heavier boron isotopic values at both ~1800 Ma
and ~ 570 Ma as due to major orogenic/tectonic events involving su-
percontinent buildup and thus association with extensive periods of
subduction, such as the suturing of Gondwana (~750 to 530 Ma) and
the building of Columbia (~2 to 1.8 Ga). Similarly, break-up of the
supercontinent Columbia under the NCC at ~1.3 Ga was accompanied
by an increased rate of subduction of crustal material leading to greater
boron isotopic heterogeneity in the upper mantle. Therefore, it is pos-
sible that the heavier boron signature of 1666B may be attributed to
this latter event.

Further evidence for the presence of a heterogeneous mantle region
beneath central China is documented in a recent study by Xu et al.
(2019) that reported enriched initial Sr isotope ratios and εNdCHUR
values for Paleoproterozoic-aged Trans-North China Carbonatites
(TNCC; Fig. 11b and c). Xu et al. (2018, 2019) argue that the TNCC and
associated alkaline rocks sampled a mantle source enriched by deep
sediment recycling brought on by the ~1810 Ma collision between the
eastern and western sections of the NCC, which assembled the super-
continent Columbia. Thus, the isotopic results for carbonatites from the
TNCC (Xu et al., 2019) and this study both indicate the presence of an
enriched upper mantle beneath the NCC. The comparison of initial Sr
isotope ratios for younger carbonatites, Maoniuping (26 Ma; Ling et al.,
2016; Liu et al., 2019) and HYC (229 Ma; Xue et al., 2020) in Fig. 11b,
supports the presence of recycled crustal material within the source
region as the carbonatite complexes record enriched Sr isotopic sig-
natures. This is also the case for the Nd isotopic compositions for the
carbonatites at Maoniuping and QMC, even with the QMC's distal lo-
cation in western China. Notably this contrasts with 87Sr/86Sr(i) and
εNdCHUR results from other carbonatites (e.g., Canada; Bell et al., 1982)
that are consistent with derivation from a depleted upper mantle source
(Fig. 11b and c). Together these results suggest that large-scale sub-
duction events associated with supercontinent formation/break-up led
to the formation of a heterogeneous and enriched upper mantle source

beneath the NCC prior to 2 billion years ago.

6. Conclusions

Here, the first-time reported δ11B values for Bayan Obo's host do-
lomitic marble combined with radiogenic (Sr, Nd, Pb) and stable (C, O)
isotope signatures support their igneous petrogenesis with carbonatite
melts derived from a heterogeneous upper mantle source. The geo-
chemical and isotopic data documented in this study are consistent with
the petrogenetic model previously put forward for the derivation of H8
dolomite at Bayan Obo, which involved two major geological events.
An initial carbonatite intrusion at ~1.3 Ga followed by a significant
closed-system thermal event leading to the remobilization of REEs at
~400 Ma. The former involved rift-induced melting associated with the
break-up of supercontinent Columbia, whereas the latter was caused by
the opening of the Mianlue ocean during the Silurian. The initial
mantle-derived carbonatite emplacement is recorded in the Sr, Pb, and
B isotopic compositions, and the REE-remobilization event is revealed
through Nd isotopic compositions and carbonate mineralogy.

The Pb isotope results reported here compared with those for car-
bonates from the younger Miaoya carbonatite complex indicate that the
lead isotopic composition (and corresponding μ value) of the upper
mantle beneath central China increased considerably over a period of
~900 million years (between ~1.3 and 0.4 Ga). This feature may be
attributed to an increasing degree of metasomatism involving fluids/
melts emanating from the underlying, convecting asthenosphere that
contain both Sr-enriched phases (mantle carbonates) and U- and/or Pb-
rich accessory minerals (e.g., Meen et al., 1989; Schmidberger et al.,
2005) that impacted the overlying lithosphere. Alternatively, the Pb
isotope compositions may simply indicate the presence of distinct li-
thospheric upper mantle sources that have coalesced together via plate
tectonic processes during the past 2 billion years. Lastly, the combined
(B, Sr, Pb) isotope data reported here for Bayan Obo pristine dolomite
and those from previous studies for carbonatite complexes located
within central China indicate the presence of enriched upper mantle
sources that are at least 2 billion years old, and these most likely con-
tain recycled crustal material.
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