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ABSTRACT

Carbonatites, the most silica-poor igneous rocks, have a close relationship with rare
earth element (REE) ore deposits, where low SiO, activity is considered to contribute to
economic REE mineralization. However, a paradox is raised by quartz, commonly regarded
as a Si-saturation proxy, which occurs in some giant carbonatites or carbonatite-related
REE deposits such as those at Bayan Obo, China, and Mountain Pass, California, USA.
A unique perception for the origin of quartz in carbonatites is provided here using Si iso-
tope analysis. Quartz grains from the Bayan Obo carbonatite and REE ores commonly
occur as inclusions in fluorite, or they coexist with fluorite, thus implicating the importance
of fluorine in their hydrothermal origin. The quartz grains have remarkably large varia-
tions in §*'Si values, ranging from —4.55%o to 1.71%o in secondary ion mass spectrometry
analyses, which have not been documented elsewhere in high- to medium-temperature
magmatic-hydrothermal processes. Theoretical calculations demonstrate that such large
Si isotopic fractionation can be generated during the formation and breakdown of Si-O
and Si-F bonds due to their difference in bond strength. These results imply the presence
of silicon fluoride species in the fluid and highlight the role of fluorine in quartz formation
in silicon-poor carbonatite. The exsolved fluids from carbonatite magmas containing sili-
con fluoride species may decrease silica activity, which has the potential to impede incor-
poration of REEs into magmatic apatite, and thus facilitate late-stage hydrothermal REE
enrichment and formation of REE orebodies.

INTRODUCTION be stabilized as primary magmatic phases in

Rare earth elements (REEs) are widely uti-
lized for their excellent optical and magnetic
properties, and they are critical metals for the
establishment of green energy systems. REEs
are rare components in Earth’s crust, and hence
REE deposits are restricted to a few specific geo-
logical settings, in which carbonatite-type REE
ores are most common and are the major source
of REEs worldwide (Weng et al., 2015).

Carbonatites are recognized as the globally
most silica-poor igneous rocks, with SiO, gener-
ally <20 wt% (Massuyeau et al., 2015). Due to
low silica activity, silicate minerals like quartz,
feldspars, and orthopyroxene are unlikely to
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carbonatites (Barker, 2001). Low SiO, activity
is also considered to impede both the ability
of apatite to capture REEs in carbonatite and
to facilitate the enrichment of REEs in fluids
(Anenburg et al., 2020). However, quartz has
been recorded from numerous carbonatites and
coexists with hydrothermal minerals such as flu-
orite, bastnésite, and barite in some carbonatite-
type REE deposits, including those at Bayan
Obo in China, Mountain Pass in North America,
and Amba Dongar in India (Doroshkevich et al.,
2009; Verplanck et al., 2014; Liu et al., 2018b).
Different researchers have proposed that quartz
originates from the fractional crystallization of
parental carbonatite magma or by contamination
related to assimilation of wall rocks during the
ascent of magma (Doroshkevich et al., 2009).

Another hypothesis is that the quartz in REE
ores may originate from xenocrysts or external
silica-rich fluids (Chebotarev et al., 2018; Liu
etal., 2018a; Giebel et al., 2019; Anenburg et al.,
2020). Thus, the mechanism for the formation
of quartz in low-silica-activity, carbonatite-type
REE deposits is still debated.

This study elucidated the fluid reactions that
control the formation of quartz in carbonatites
using Si isotope analyses and theoretical calcu-
lations, with a particular emphasis on the role
of fluorine in the hydrothermal fluids associated
with carbonatitic systems, using Bayan Obo as
a key example.

GEOLOGICAL SETTING AND SAMPLE
SELECTION

The Bayan Obo REE-Nb-Fe deposit is located
on the northern margin of the North China cra-
ton (Fig. 1). The country rocks to orebodies are
a suite of low-grade metasedimentary rocks of
the Mesoproterozoic Bayan Obo Group, includ-
ing nine units (H1-H9) within the sedimentary
sequence (Chao et al., 1997). All REE-Nb-Fe ore-
bodies (main, east, and west) are hosted within
silica-poor dolomite previously classified as unit
H8, which is overlain by a suite of slate and schist,
classified as unit H9, in the Bayan Obo Group
(Fig. 1). Permian granite that is exposed around
the mine area is intruded into the mineralized
dolomite in places. Rather than a sedimentary unit,
the ore-hosting dolomite is shown to be a complex
carbonatite intrusion emplaced into units H7 and
H9 in the Bayan Obo Group, and its mantle-like
Sr and Nd isotope values are consistent with this
interpretation (Yang et al., 2019). In this study,
seven representative REE ore samples were col-
lected, comprising a fluorite-bearing host dolo-
mite and six banded ore samples (Figs. 2A, 2D,
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Figure 1. Geological map of Bayan Obo rare earth element deposits with sampling locations (green stars) (modified after Yang et al., 2019).

and 2G), together with a K-rich slate from the H9
unit and a quartz vein that crosscuts the REE ores.

Optical microscope and scanning elec-
tron microscope (SEM) images revealed that
quartz is widespread in dolomite and is asso-
ciated with fluorite (Figs. S1A and S1B in the
Supplemental Material'). In all six banded ores,
quartz has a wide distribution in layers of mon-
azite-bastnisite-magnetite-fluorite-barite-apatite
(Figs. 2B, 2E, and 2H; Figs. S1C, S1D, S2, and
S3). Unzoned quartz grains (cathodolumines-
cence [CL] images: Figs. 2C, 2F, and 2I) are
mainly enclosed in or coexist with fluorite, with a
few grains coexisting with REE minerals (mostly
bastnisite, monazite), barite, magnetite, and apa-
tite (Figs. 2B, 2E, and 2H; Figs. S1, S2, and
S3). Inclusions of hydrothermal minerals such
as fluorite, magnetite, monazite, and bastnésite
in quartz grains (Figs. 2C and 2E) are common.

RESULTS

In situ quartz Si isotope analyses were con-
ducted using secondary ion mass spectrometry
(SIMS) with a CAMECA IMS 1280. Detailed
analytical procedures are described in Sup-
plemental Note 1. Among the six banded
ores, quartz grains were generally depleted
in 3°Si with a range of 8°Si from —4.55%0
to 1.71%o, and an average value of —1.19%o.
The variation range of 6*°Si values at single
thin-section scale reached up to 4.2%o. The
83Si value of quartz in dolomite ranged from

ISupplemental Material. Large Si isotope fraction-
ation reveals formation mechanism of quartz in silicon-
poor carbonatite. Please visit https://doi.org/10.1130/
GEOL.S.23825877 to access the supplemental material,
and contact editing @ geosociety.org with any questions.

—2.03%o to 1.31%o at the thin-section scale,
with an average value of —0.08%o (Fig. 3; see
Table S2; Fig. S4). The Si isotope variation
of single-grain quartz varied from to —2.49%o
to —0.40%0 in sample 16BY06 (Fig. 2E).
Quartz from K-rich slate and quartz veins
that crosscut the REE ores gave similar values
of —0.03%0 + 0.30%0 (2 standard deviation
[2SD]) and —0.09%¢ £ 0.15%0 (2SD), respec-
tively (Fig. 3; Table S3), which falls within
the variation range of sedimentary rocks
(—0.82%0 to 0.01%0; Savage et al., 2013).

DISCUSSION
Formation Mechanism of Quartz in
Carbonatite

Carbonatites are igneous rocks with high
carbonate mineral content (>50 wt%) and
low SiO, content (<20 wt%) (Le Maitre et al.,
2002). Bayan Obo REE ores have an average
SiO, content of ~10% (Hao et al., 2010). There
are three potential genetic models for generation
of disseminated quartz in such silicon-poor car-
bonatite systems: (1) fractional crystallization
from the carbonatite magma; (2) preservation
of residue minerals from country rock; or (3)
deposition from REE ore-forming fluid.

In terms of the first model, silica activity
is generally low in carbonatite magmas. Due
to the extremely low Si partition coefficient
between carbonatitic primary carbonatite min-
erals and melts, the crystallization of quartz may
occur during fractional crystallization in spe-
cific and local environments (Williams-Jones
and Palmer, 2002; Doroshkevich et al., 2009).
If quartz simply crystallizes from carbonatite
magma, its 63°Si value should fall within the
range of igneous rock silicon isotopes (—0.40%o
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to ~—0.10%o; Poitrasson, 2017). However, such
a data range is not recorded.

The second model suggests that the quartz in
carbonatite comes from the residue of country
rock (Liu et al., 2018a; Anenburg et al., 2021).
Banded iron formations (BIFs) and cherts are the
only terrestrial samples with a comparable §*Si
range (—3.7%o to 5%o) in major reservoirs (Poi-
trasson, 2017). The large variation in Si isotope
compositions of quartz in REE ores and carbon-
atite could potentially be attributed to residue of
quartz from these rock types. However, BIFs and
cherts are absent in the country rock sequences
that enclose the Bayan Obo deposit. In addition,
this model cannot explain the inclusions of REE
minerals in quartz.

In terms of the third model, petrographic
relationships, including the coexistence of
quartz with fluorite, and the inclusion of magne-
tite, apatite, and REE minerals in quartz (Fig. 2)
indicate that quartz was precipitated from fluo-
rine-rich fluids containing REEs.

Fluorine Effect on Quartz Precipitation

As noted above, the third hypothesis—that
the quartz grains are the products of fluorine-
rich fluid activity—is supported by petro-
graphic evidence, but the role of fluorine in
quartz precipitation has received little atten-
tion. Mitra and Rimstidt (2009) reported that
SiF¢* is an important ligand to enhance the
transport and solubility of Si, and large quan-
tities of volatile SiF, have been detected dur-
ing the degassing of volcanoes (Mori et al.,
2002). Therefore, a possible role of fluoride is
to enhance the solubility of silica, and there are
two potential sources of silica: (1) carbonatite
magma and (2) country rocks.
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Figure 2. (A, D, G) Polished slabs, (B, E, H) backscattered-electron (BSE) images, and (C, F,
1) cathodoluminescence (CL) images of some typical banded rare earth element (REE) ore
samples in Bayan Obo: BY03 (A, B, C), 16BY06 (D, E, F), and EB199C (G, H, I). Hydrothermal
minerals, mainly made up of fluorite, magnetite, bastnasite, monazite, barite, apatite, and
quartz, are dispersed in banded mineral aggregates. Most of quartz is included in fluorite.
Hydrothermal inclusions of fluorite, magnetite, bastnésite, and monazite are present in some
quartz grains. Yellow boxes (B, E, H) show quartz grains that were selected for CL images (C,
F, 1).Yellow dots (B, E, H) are positions of SIMS Si isotope analyses, with 5*°Si values labeled.
Ap—apatite; Brt—barite; Fl—fluorite; Mag—magnetite; Mnz—monazite; Qtz—quartz.

Initial fluids exsolved from the silicon-
bearing carbonatite magma may contain sili-
con fluoride species in the form of SiF, and
SiF;> (Fig. 4A). Due to the instability of sili-
con fluoride species, SiF, and SiF** would be
hydrolyzed and produce quartz under specific
conditions (Rees and Hudleston, 1936; De Hoog
et al., 2005). These reactions are:

3SiF, +2H,0 = SiO,(quartz) + 2H,SiF;, (1)

1040

and
SiF*™ 4 2H,0 = 6F~ + SiO,(quartz) + 4H".(2)

The reaction of fluoride-rich fluids with car-
bonatite involves a change in pH, which would
accelerate the process of hydrolysis of silicon
fluorite and further lead to the precipitation of
fluoride-bearing minerals, such as fluorite and
bastnisite (Migdisov and Williams-Jones, 2014).
One of the reactions can be expressed as follows:

3Ca (Mg, Fe)(CO;),(dolomite) + 8H*
+ SiF;*™ = 3(Mg,Fe)** + 3CaF, (fluorite)
+ Si0,(quartz) + 6CO, + 4H,0. (3)

This reaction can explain why quartz and
fluorite commonly occur together in REE
ores. The petrographic evidence from sample
18BY41 (Figs. S1A and S1B) supports Equa-
tion 3, which involves only dolomite, fluorite,
and bastnisite. Moreover, the reaction between
fluoride-rich fluids and carbonatite would pro-
duce a large amount of CO,, and a study of
fluid inclusions in main-stage banded ores
reported high CO, contents with X ¢,, values
ranging from 0.1 to 0.3 at temperatures of ~300
to >400 °C and pressures of >0.9-1.4 kbar
(Smith and Henderson, 2000). The solubility of
quartz is especially sensitive to the CO, content.
The addition of CO, could result in the fluid
becoming oversaturated with quartz (Newton
and Manning, 2000).

It is also notable that emplacement of fluid-
rich carbonatite magmas is commonly accompa-
nied by large-scale fenitization, which is tradition-
ally believed to involve the removal of silica from
country rocks into the fluids (Elliott et al., 2018).
The fluids that induce fenitization are commonly
rich in halides, principally fluorine (Le Bas, 2008).
These reactions can be expressed as follows:

4H*+ 4F~ + silicate minerals = SiF, + 2H,0
+O0CSM, )

and

4H* 4+ 6F~ +silicate minerals = SiF*
+2H,0+OCSM, )

where OCSM stands for other components of
silicate minerals.

Acidic volcanic rocks can be metasoma-
tized by F-rich hydrothermal fluids to form
distinctive zones with irregular and amoeboid
shapes (McPhie et al., 2011). Hydrofluoric
acid is the major dissolving agent for silicate
minerals in the laboratory, consistent with the
reactions above (Egs. 4 and 5). In this study,
aegirine was the main mineral in banded REE
ore samples, including 18BY62, EB503, and
EB126 (Figs. S1C, S2A, and S3A), and it
coexists with quartz. Aegirine in the Bayan
Obo REE ores has been proposed to be related
to fenitization (Liu et al., 2018a), whereby sili-
con is extracted from country rocks into the
fluid during fenitization in the form of SiF, and
SiF¢>. Finally, the silicon fluorite from feniti-
zation is precipitated as quartz through the
metasomatic process (Egs. 1 and 2) (Fig. 4A).

Theoretical Simulation
Based on petrographic evidence, a reason-
able hypothesis is that the quartz in both banded
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Figure 3. Range of Si isotope compositions of quartz grains in rare earth element (REE) ores,
quartz from country rocks, and late quartz vein. Bulk silicate earth (BSE) (6°°Si = —0.29%. + 0.07%o)

is shown for comparison.

REE ores and carbonatite at Bayan Obo is a
product of fluid reactions related to fluoride.
However, it is unclear whether the involvement
of silicon fluoride species in these fluid reactions
could result in the significant range of $*°Si from
—4.55%o0to 1.71%0 in quartz, as recorded above.

In theory, Si isotopes fractionate when Si-O
bonds and Si-F bonds break or form due to their
difference in bond strength. Equilibrium Si iso-
tope fractionation between SiF,(g), SiF>(aq),
and quartz is shown using the Bigeleisen-Mayer
equation (Fig. 4B). Theoretical calculations
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showed that SiF,(g) prefers *°Si, whereas the
SiFs*(aq) prefers %Si during equilibrium frac-
tionation (Fig. 4B). If it is considered that (1)
quartz is the final product of silicon fluoride,
(2) there is equilibrium fractionation, and (3)
the 6%°Si value of bulk silicate earth (BSE) is
accepted as the initial point, then the theoretical
range of Si isotope values for quartz formed at
300 °C should vary from —4.29%o to 3.01%o.
These theoretical Si results for 300 °C (or even
400 °C; Smith and Henderson, 2000) cover the
range of §Si variations recorded in quartz at
Bayan Obo, and, therefore, it is reasonable to
conclude that quartz in the dolomite and REE
ores is the product of a series of fluorine-rich
hydrothermal reactions as discussed above.

The overall $*Si values of quartz in carbon-
atite and banded REE ores at Bayan Obo show a
negative shift, with Wei et al. (1994) also report-
ing a lower range of &*Si values of REE ores
from —1.8%o to —0.3%0, which is lighter than
values of sedimentary rocks and igneous rocks.
The model presented above suggests that escape
of part of the SiF,(g) with heavier 5*°Si values
from the cooling hydrothermal system (Fig. 4A)
could explain the negative shift in Si isotope
compositions at Bayan Obo.

IMPLICATIONS

The large Si isotopic fractionations in Bayan
Obo carbonatites and REE orebodies demon-
strate the existence of silicon fluoride in fluids
derived from carbonatite magma. The formation
of silicon fluoride in such magmatic-hydrother-
mal fluids can potentially enhance the solubil-
ity of silica and decrease the silica activity in
carbonatite magma. This may have important
implications for REE mineralization. Apatite is
an important REE-hosting mineral in carbon-
atite magmas, where REEs are more compatible
in apatite with high SiO, content (Hammouda
et al., 2010). Exsolved initial magmatic-hydro-
thermal fluids from carbonatite magmas have
the capacity to lower silicon activity, which
then hinders the ability of apatite to capture
REEs in the carbonatite magma and instead
facilitates the transport of REEs into the flu-
ids (Anenburg et al., 2020). In addition to this
mechanism for REE enrichment in carbonatite
magmas, the interaction between fluorine-rich
fluid and country rocks during fenitization is
accompanied not only by the addition of silica,
but also by alkali loss, which has the potential
to even further promote the deposition of REE
minerals during carbonatite-related mineraliza-
tion (Anenburg et al., 2020).
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