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ARTICLE INFO ABSTRACT
Article history: Lishiite, (Ca,0)Sr3(CO3)s, is a new mineral species from Shaxiongdong, Hubei Province, China. It mainly
Received 13 January 2025 occours as conchoidal crystals and with combination of hexagonal prism and pyramid and is associated
Received in revised form 8 April 2025 . . . .. . . L. C e s .
Accepted 27 April 2025 with calcite, K-feldspar, albite, aegirine, apatite, and ancylite-(Ce)(?) and strontianite etc. Lishiite is brittle
Available online 28 September 2025 with conchiform fracture and has a Mohs hardness of approximately 4 and none cleavages were observed.
The Vickers microhardness (VHN10) is 197.42 kg/mm? (range: 166.88 kg/mm? to 214.58 kg/mm?), and
KE.VhWO"‘i?-' the calculated density of lishiite is 3.696 g/cm® Hand specimen of lishiite are yellow-brown. The empirical
((I:Saz;[)esh(cogs chemical formula of the lishiite is “(Cay.15Sr0.25Nag 1901 38)z3.00 [St2.17(Ce0.42L20 24N dp 09l 01)50.76
New mineral species Bag g7]53.00 (Cs.05015). As a member of the burbankite group, the general formula of lishiite follows the
Burbankite group general formula A43B5(COs)s, where A=Na, Ca, or and B=Sr, Ba, REE, or Ca. Its crystal structure is
Carbonatite-syenite complex hexagonal (space group P6ymc) with unit cell parameters a=10.4898(5) A, c¢=6.4167(5) A, and
gﬁ:eirj:lge;‘s:l‘;a“o" engineering V=611.47(6) A3, characterized by layers of 40q and BO,, polyhedra connected to [CO;]>~ groups. The
X

discovery of lishiite provides new insights into the evolutionary history of rare earth element (REE)
carbonate deposit formation.

©2025 China Geology Editorial Office.

1. Introduction B=Sr, Ca, Ba, REE%, or Na. These minerals include:
burbankite—(Na,Ca,_ );(Sr,REE,Ba,Ca);(CO3)s,
Lishiite (IMA No. 2022—121a), Ca,0Sr3(COs5)s, is a new calcioburbankite—(Na,Ca,REE); (Ca,REE,Sr);(CO3)s,

mineral species form the carbonatite-syenite complex in  khanneshite—(Na,Ca);(Ba,Sr,REE,Ca);(COs)s,  petersenite-
Shaxiongdong, Hubei, China. Lishiite is named in honour of ~ (Ce)~(Na,Ca),(Ce,La,Sr),(COs)s, remondite-(La)-Naz(La,Ce,
geologist Li Shi (Chinese name “ZF 47 ) (1940-2007) who  Ca)3(COs)s, remondite-(Ce)-Nay(Ce,Ca,Na,Sr)3(CO;)s, and
was a senior engineer of the Hubei Geological Testing Center, Sanromanite—(Na,Ca)Pb;. These burbankite-group minerals
Wuhan, China for his thorough and effective research on are typically formed in alkali-carbonate systems and can

alkaline-carbonatite complexes and their ore-forming ~ Ccrystallize over an extremely wide temperature range.
processes in western Hubei Province. In addition to lishiite, (Belovitskaya YV and Pekov V, 2004; Zaitsev AN et al,

s . \ o
seven other mineral species share the general formula 1998; Chen TT and Chao GY, 1974). However, they also

. A=Na> 3+ . ) have been found in alkaline lacustrine depositional system in
A3B3(CO3)s, where: A=Na>Ca, REE™, or vacancies (0); Eocene Green River Formation, U.S.A. (Fitzpatrick J and

Pabst A, 1977) and in host rocks surrounded by the
carbonatite complex as fluid inclusions (solid phase) in north-
central Namibia (Bernhard B et al., 1999).

) o In this contribution, we describe the new burbankite group
Literary editor: Xi-jie Chen . Lo . . .
d0i:10.31035/cg2025163 mineral lishiite that was found in Shaxiongdong carbonatite-
2096-5192/© 2025 China Geology Editorial Office. syenite complexes situated along the southwestern edge of the
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Wudang Terrane—a tectonic unit composed of the Wudang
and Yaolinghe groups in the South China Block (Figs. 1b, c).
The Wudang and Yaolinghe group rocks have undergone
regional greenschist-facies metamorphism.The complexes cut
across the Yaolinghe Group strata, exhibiting a predominant
ENE-WSW orientation (Fig. 1c). The nepheline-bearing
alkali-feldspar syenites contain K-feldspar, albite, and minor
biotite, nepheline, muscovite, calcite etc. (Xu C et al., 2008).
The carbonatites consist more than 80% calcite and minor K-
feldspar, albite, aegirine, biotite, burbankite, apatite, allanite,
and pyrite. Burbankite and allanite are the main rare earth
minerals in Shaxiongdong carbonatites, and the two minerals
account for 1%—2% of the rock’s volume (Wang T and Yan
FM, 1989). The syenites are intruded by lenticular and vein-
like carbonatite dykes, ranging in length from 10 m to 200 m
(Fig. 1d).

To study the mineralogical characteristics of lishiite, we
collected samples during field geological surveys and
conducted comprehensive systematic analyses using optical
microscopy, electron probe, X-ray single crystal diffraction,
X-ray powder diffraction and other methods. The
comprehensive analysis concluded that this mineral is a new
species of the burbankite group, making an innovative
contribution to the development of new minerals. And the
discovery of lishiite provides new insights into the ore-
forming processes of REE carbonate deposits, particularly
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regarding the magmatic fractionation and mineral-paragenetic
sequences in carbonatite-syenite complexes.

2. Occurrence

More than 50% of the world’s rare earth (REE) deposits
are closely related to carbonatites (Weng ZH et al., 2015),
such as the famous ultra-large REE deposits: Bayan Obo REE
deposit in Inner Mongolia, China (Fan HR et al., 2016), Mao
Niuping REE deposit in Sichuan, China (Fu XF et al., 2023;
Shen GF et al., 2005), and Mountain Pass REE deposit in
California, USA (Watts KE et al., 2022), and about 96% of
these deposits are rich in Ce, Y, La, and Nd (Wall F et al.,
2017). In addition to rare earth elements (REEs) associated
with carbonatites, those related to granites also hold a
significant strategic position in China (Guo JC et al., 2024;
Cao HW et al., 2022; Zhang M et al., 2018).

Specimens containing lishiite were collected from
carbonatite-syenite complexes, located in Zhushan County,
about 150 km southwest of the Shiyan city, Hubei Province,
China (Fig. 1). Its geographic coordinates are 32° 9" 14.37" N
and 110° 18" 46.64" E. The carbonatites containing lishiite
occur mainly as stocks (Fig. 1d, Fig. 2a) associated with
syenites. The primary monazite from the carbonatites yields
an age of 233.6 + 1.7 Ma, while the zircon from the syenites
yields an age of 766 + 25 Ma (Xu C et al., 2014).

Associated minerals with lishiite are calcite, K-feldspar,
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Fig. 1. Geological overview of the Shaxiongdong carbonatites and syenites (modified from Li S, 1991; Xu C et al., 2008).
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Fig. 2. Photographs showing occurrence of the carbonatites containing lishiite and associated minerals in the carbonatite-syenite complexes.
a—carbonatite dyke associated with syenites in the field; b—photo of a hand specimen showing K-feldspar distributed in white carbonatite com-
posed of more than 95% of calcite, with minor K-feldspar; c—carbonatite composed of calcite, minor K-feldspar and pyrite containing syenite
xenoliths; d—hand specimen of carbonatite showing lishiite (with yellow brown colour) coexisting with ancylite-(Ce) (?) (with dark brown col-
our) and aegirine (with black colour); e—photo of a hand specimen showing calcite is more than 1 cm in size, with minor pyrite; f-photo of a
hand specimen under binocular microscope showing paragenesis of lishiite (yellow brown), calcite (gray-white), siderophyllite (black, clintheri-
form), aegirine (black, columnar) and ancylite-(Ce) (?) (dark brown), etc.; g—backscattered electron (BSE) image showing close paragenesis of
lishiite with dark colour and ancylite-(Ce) (?) with light colour; h—backscattered electron image of lishiite with distinct dihexagonal pyramidal
habit. Cab—carbonatite; Cal—calcite; Kfs—potash feldspar; Syn—syenite; Py—pyrite; Aeg—aegirine; Anc-Ce—ancylite-(Ce) (?); Li-lishiite;
Sid—siderophyllite.

albite, aegirine, siderophyllite, apatite, allanite, pyrite,
sphalerite, strontianite and ancylite-(Ce) etc. (Fig. 2b—g).

3. Physical and optical properties

Pyrite occurs as disseminated or granular distribution in
carbonatite (Figs. 2c—d). The most closely symbiotic mineral
with lishiite is ancylite-(Ce) (?) with dark brown colour under
natural light (Fig. 2d) and binocular microscope (Fig. 2f),
bright colour while lishiite with dark colour in backscattered
electron (BSE) image (Fig. 2g). Under scanning electron
microscopy (Fig. 2h), lishiite exhibits a distinct dihexagonal
pyramidal habit.

Under the SEM, lishiite occurs as euhedral-subhedral
crystal ranging from a few tens to hundreds micrometers in
size (Fig. 2g). It exhibits a yellow-brown color visible in
macroscopic view (Figs. 2b, d, f). No cleavages and parting
are observed, and the fracture is conchiform. The new mineral
lishiite is brittle and does not exhibit any fluorescence under
UV radiation. The streak of lishiite is white, and the luster of
lishiite is greasy, and it is non-magnetic. The Vickers
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microhardness (VHN, 25 g load) is 197.42 kg/mm? (range
166.88—214.58 kg/mm?), corresponding to a Mohs hardness
of approximately 4. The density measured by hydrostatical
weighing method is 3.501 g/cm’, whereas the calculated
density is 3.696 g/cm® due to the sample being somewhat
weathered.

Thermal experiment conducted by JF-A Type Thermal
Analyzer indicates that lishiite underwent two decompositions
with the evolution of CO, (Fig. 3). 50 mg of the sample was
used in the experiment under conditions of neutral Body Al
and Pt-Rh thermocouple, with a heating rate of 10°C/min.

Raman spectroscopy of Lishiite was analyzed by
Renishaw 2000 Raman Microscope using a 532 nm laser with
the power of 40 mW and a spot size of 1 um. Fig. 4 exhibits
Raman shift of lishiite at 2945 cm, 1077 cm, 862 cm, 706 cm,
and 277 cm™!, in which bands at 1077 cm, 706 cm, and 277
cm ' are due to the vibrations of (CO;)*  group. A strong
Raman mode at about 1077 cm ' corresponds to the
symmetric stretching vibration of the carbonate group. The
origin of the bands at 2945 cm, 862 cm, and 277 cm!
requires further investigation.

Lishiite exhibits uniaxial negative optical properties, with
a refractive index of ©=1.623, e=1.612 (at a wavelength of
589 nm). The dispersion is weak, pleochroism is very faint,
and in terms of optical properties, the refractive index is along
the c-axis direction.

4. Chemical compositions

Lishiite’s chemical composition was characterized by
using an EPMA-1600 electron microprobe (EMP) at the The
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Fig. 3. DTA curve showing thermal behavior of lishiite.
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Fig. 4. Raman spectrum of lishiite.

Key Laboratory of Sedimentary Basin and Oil and Gas
Resources, Ministry of Natural Resources, China, operating in
wavelength-dispersive mode with the accelerating voltage of
20 kV, beam current of 10 nA, and a beam diameter of 10 pm.
Chemical compositions (in wt %) of lishiite are presented in
Table 1. Mg, Sm, and Y are below detection limits. The CO,
content was determined by wet analysis.

The empirical formula, calculated based on structural
refinement O = 15 atoms per formula unit (apfis), is 4(Ca, 15
Sro.25Nag.1901 38)53.00 P[Sr.17(Ce 42Lag 24Ndg 09U 01)50.76
Bagg7ls3.00 (Cs05075). The simplified formula is (Ca,o,Sr,
Na);(Sr,Ce,La,Nd,Ba);(CO3)5 The ideal formula is (Ca,0)Sr;
(CO3)s The latter requires SrO 48.34, CaO 17.44, CO, 34.22;
Total 100%.

5. X-ray diffraction and structural refinement
5.1. Crystallography

Single-crystal X-ray diffraction studies were carried out at
room temperature (20°C) using a Rigaku XtaLAB PRO-
007HF diffractometer equipped with a microfocus rotating-
anode MoKa radiation source (A = 0.71073 A, 1.2 kW) and a
hybrid pixel array detector at the Crystal Structure
Laboratory, China University of Geosciences (Beijing). A
single-crystal fragment of lishiite with an approximate
dimension of 0.010%0.010x0.010 mm was used for the single-
crystal XRD experiment. This fragment was extracted by FIB
(Focused Ion Beam, Tescan GAIA 3) in Beijing Research
Institute of Uranium Geology from the same polished section
used for the EMP analysis. The crystal structure determination
and refinement were performed using OLEX2-1.3 (Dolomanov
OV et al., 2009), with the SHELXT (Sheldrick GM, 2015).
The crystal structure data indicate that lishiite has a hexagonal
structure, belonging to the space group P6;mc (#186), with
lattice parameters a=10.4898(5) A, c=6.4167(5) A, and a unit
cell volume of 611.47(6) A (Z = 2). The a:c ratio calculated
from unit-cell parameters is 1.635:1.000.

X-ray powder diffraction data were collected using a
Rigaku Oxford Diffraction XtaLAB PRO-007HF, with MoKa
radiation at 50 kV and 24 mA, employing the crystal rotation

Table 1. Chemical compositions of lishiite.

Constituent ~ Mean*  Range Stand. Dev.  Probe Standard
CaO 9.73 9.89-11.62 0.517 Dolomite
SrO 36.73 34.44-37.89  0.885 Celestine
BaO 1.68 1.64-1.98 0.089 Barite
La,04 5.69 4.84-6.32 0.287 Synth-LaF;
Ce,04 1020 9.03-11.79  0.617 Synth-CeF;
Nd,04 2.20 2.01-2.49 0.156 Synth-NdF;
Eu,0,4 0.16 0.11-0.20 0.026 Synth-EuF3
Na,O 0.87 0.66-1.32 0.189 Albite
CO,** 32.58

Total 99.84

Notes: *Average of 28 analyses on three crystals, one of them was the
structural refinement and X-ray diffraction analysis sample (Fig. 2); ** Wet
analysis.
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method also in the Laboratory of Crystal Structure, China
University of Geosciences (Beijing). Table 2 and Fig. 5 depict
the PXRD pattern (MoKa) for lishiite. Powder XRD data
refinement yielded the following unit cell dimensions:

Table 2. X-ray powder diffraction data of lishiite.

Lobs Leate dobs el h k l
92 14 3.4611 3.4469 1 2 0
38 19 3.2162 3.2105 0 0 2
74 16 3.0695 3.0399 0 3 0
20 13 2.7463 2.7475 0 3 1
100 100 2.6147 2.6225 2 2 0
62 11 2.3654 2.3533 1 3 1
48 9 2.2849 2.2799 0 4 0
42 7 2.2150 2.2074 0 3 2
47 45 2.1483 2.1485 0 4 1
35 12 2.0850 2.0837 0 1 3
44 25 2.0451 2.0357 2 2 2
66 12 1.9914 1.9901 1 4 0
63 24 1.9359 1.9375 0 2 3
86 13 1.8577 1.8589 0 4 2
50 11 1.7544 1.7545 0 5 1
71 17 1.6631 1.6645 2 4 1
13 1 1.6094 1.6053 0 0 4
40 5 1.5611 1.5605 0 4 3
47 6 1.5167 1.5185 2 4 2
14 <1 1.4580 1.4574 1 4 3
12 1 1.4144 1.4195 0 3 4
46 6 1.3727 1.3738 0 6 2
36 7 1.3428 1.3424 2 4 3
51 2 1.3132 1.3126 0 4 4
8 <1 1.2822 1.2768 0 7 1
5 1 1.2620 1.2647 2 6 0
28 <1 1.2392 1.2393 0 6 3
23 4 1.2153 1.2179 4 4 2
7 2 1.1770 1.1767 2 6 2
11 <1 1.1432 1.1451 1 3 5
12 3 1.1209 1.1224 0 8 1
17 3 1.1016 1.1037 0 6 4

Crystal system: Hexagonal Space group: P6s;mc (#186)

a=10.530(5) A c=6.4211(10) A

V=616.6(7)A>Z=2

Regarding the powder data, note that since the test sample
was cut with Tescan GAIA 3 focused ion beam scanning
electron microscope (FIB-SEM) in Beijing Research Institute
of Uranium Geology, China, and intercepted from the probe
sheet (Fig. 2g) using a nanomanipulator, the sample was only
about 10 pum. This leads to the diffraction data were
attenuated.

5.2. Crystal structure

The structure refinement using all measured independent
data and the reflections with 7 > 20(J) resulted in all R factor
0f 0.0223 (R;=0.0250 for 586 unique reflections).

The general structural formula of the burbankite-group
minerals can be written as 43B;(CQO3)s, where 4 = Na, Ca, or
o and B = Sr, Ba, REE, or Ca (Belovitskaya YV et al., 2000).

Similar to the structure of burbankite group minerals, the
crystal structure of lishiite contains two independent cationic
positions in the center of polyhedrals formed by oxygen
atoms and three types of triangular carbonate groups. The
eight-vertex polyhedron, 4Oy, is occupied predominantly by
Ca and a part is vacant according to the composition analysis.
The ten-vertex polyhedron, BOy, is occupied predominantly
by Sr, REE and Ba (with Sr>REE>Ba) (Table 3). The
polyhedron with 10-coordination is connected at the angular
top on the plane (0001) and is connected to the [CO5]*~
arranged parallel to (0001). And 3/5 [CO;]* oblique to the c-
axis (Wang P et al., 1982).

The crystal structural model of lishiite is shown in Fig. 6.
The atomic coordinates and site occupancies for lishiite are
shown in Table 4. The anisotropic displacement parameters
are given in Table 5. The bond lengths of Cal and Srl range
from 2.3688(16) to 2.716(3) A and from 2.542(2) to
2.7558(5) A, respectively, and the selected interatomic
distances are illustrated in Table 6. The bond valences are
given in Table 7.

- 20221gw005_pl |
- 20221gw005_ powder. x_y
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Fig. 5. Comparison of XRPD patterns (MoKa) (black is measured, red is calculated by PowderCell V2.4).
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Table 3. Comparison of crystal-chemistry characteristics between lishiite and the known species in burbankite group.
Mineral Crystal system Space group As B; (CO3)5 Ref.
Lishiite Hex. P63mc Ca,o (Sr,REE,Ba); (CO3)5 This Study
Burbankite Hex. P63me (Na,Ca); Sry @
Calcioburbankite Hex. P63mc Nay (Ca,Ce,Sr,La), @
Khanneshite Hex. P6smc (Na,Ca); (Ba,Sr,Ce,Ca); ®
Petersenite-(Ce) Mon. P2, Na, Ce, @
Remondite-(Ce) Mon. P2, Naj (Ce,Ca,Na)y ®
Remondite-(La) Mon. P2, Na; (La,Ca,Na); ®
Sanromanite Hex. P6ymc Na,Ca Pb;, @

Notes: @ Pecora WT and Kerr JH, 1953; @ Van V1, et al., 1995; @) Yeremenko GK and Bel’ko VA, 1982; @ Grice JD et al., 1994; &) Cesbron F et al., 1988; ® Pekov

IV et al., 2000; @ Schlter J et al., 2007.

Table 4. Atomic coordinates and site occupancies of lishiite.

Site Atom Wyck. Occ. X y z
A Cal 6¢ 0.624(6) 0.52342(10) 0.47658(10) 0.75740(14)
B Srl 6¢ 0.957(10) 0.31868(3) 0.159338(17) 1.071008(13)

Cel 0.043(10)
0 01 6¢ 1.00 0.40397(17) 0.59603(17) 0.5873(7)

02 6¢ 1.00 0.4482(4) 0.22411(18) 0.7180(5)

03 6¢ 1.00 0.1401(4) 0.07006(18) 0.7347(5)

04 12d 1.00 0.3733(3) 0.0809(3) 0.4377(4)
C Cl 2a 1.00 0 0 0.7360(11)

2 6¢ 1.00 0.3985(5) 0.1992(3) 0.5328(7)

C3 2b 1.00 1/3 2/3 0.5823(14)

Table 5. Anisotropic displacement parameters (in A 2) of lishiite.

UI 1 UZZ U33 UIZ U]3 U23
Cal 0.0186(7) 0.0186(7) 0.0252(11) 0.0076(7) -0.0002(4) 0.0002(4)
gre]l 0.01070(19) 0.00942(16) 0.0102(2) 0.00535(10) 0.0009(3) 0.00045(16)
o1 0.0212(12) 0.0212(12) 0.0182(18) 0.0130(13) -0.0007(12) 0.0007(12)
02 0.0151(19) 0.0218(15) 0.0146(17) 0.0075(9) -0.0038(16) -0.0019(8)
03 0.0125(18) 0.0205(16) 0.033(2) 0.0062(9) -0.0004(18) -0.0002(9)
04 0.0168(12) 0.0131(13) 0.0235(14) 0.0058(10) 0.0030(11) -0.0038(11)
C1 0.014(2) 0.014(2) 0.008(3) 0.0068(12) 0.00000 0.00000
2 0.008(2) 0.0090(14) 0.011(3) 0.004(1) 0.0034(17) 0.0017(9)
c3 0.014(2) 0.014(2) 0.012(3) 0.0068(10) 0.00000 0.00000

Table 6. Selected bond lengths (A) of lishiite. 6. Discussion

Srl—Oli 2.7558 (5) Cal—Ol 2.429 (4) ) .
Srl—olii 27558 (5) Cal—O2viii 23688 (16) 6.1. Relation to other species
:iigiiii ii;i 8(3()1 ) gz;:giii i:igig(g 2 There were seven naFne'q species in the burbar?kite group
Srl—03 2700 (3) Cal—O4ix 2.400 3) before the approval of lishiite. They are burbankite (Pecora
Srl—O3ii 27238 (12) Cal—Odviii 2716 3) WT and Kerr JH, 1953), calcioburbankite (Van VJ et al,
Sr1—O4iii 2.542 (2) Cal—O04x 2.716 (3) 1995), khanneshite (Yeremenko GK and Bel’ko VA, 1982),
Srl—O4vi 2.648 (3) <Cal—O> 2.4947 petersenite-(Ce) (Grice JD et al., 1994), remondite-(Ce)
Sr1—O4v 2.542 (2) C1—O03 (x3) 1.273 (3) (Cesbron F et al., 1988), remondite-(La) (Pckov IV et al.,
Sr1—O04iv 2.648 (3) C2—02 1.271 (6) 2000), and sanromanite (Schliiter J et al., 2007). In the system
<Sr1—0> 2.6592 C2—04 (x2) 1.287(3) of Smith and Nickel (2007) and also by checking in the IMA
Cal—Oli 2.494 (4) C3—01 (x3) 1.284 (3)

Symmetry codes: (i) 1+y, 1-x+y, 0.5+z; (ii) -y, x-y, z; (iii) X-y, X, 0.5+z; (iv) X,
y, 1425 (V) X-y, -y, 0.5+z; (vi) X, X-y, 1+z; (vii) 1+y, 1-x+y, -0.5+z; (viii) 1-
x+y, 1-x, z; (ix) 1-x, 1-x+y, 0.5+z; (X) X, X-y, z; (xi) 1-x, 1-y, 0.5+z; (xii) x-
y, X, -0.5+z; (xiii) 1-x, -y, 0.5+z; (xiv) -y, X-y, -1+z; (xv) X, y, -1+z; (xvi) y,
-x+y, -0.5+z; (xvii) -x+y, -X, z; (xviil) -X, -y, 0.5+z; (xix) -x+y, 1-Xx, z.

list of unmanned minerals (http://cnmnc.units.it/), a mineral
similar to lishiite is not found. According to “The IMA-
CNMNC dominant-constituent rule revisited and extended”
(Hatert F and Burke EAJ 2008), lishiite can be regarded as a
new member of burbankite isotypic series. It is distinguished
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Table 7. Bond valences of lishiite.

B A Cl c2 C3 Sum

o1 0.181%2+0.008*2 | 0.149+0.174 | — 1.334%3 | 1.845
0.181+0.008 — 1.334—

02 0.276+0.014 | — 0.202%2 | — 1378 |— 2.072

03 0.193%2+0.203+0.009%2+0.010 | 1.368%3 | 1.738
0.193+0.203+0.009+0.010 — 1.368 —

04 0.282%2+0.226%2+0.011%2+0.015%2 0.086*2+0.187*2 | 1.321%2 | 2.129
0.282+0.226+0.011+0.015 — 0.086+0.187 — 1.321 —

Sum 2.355 1273 4.104 4.020 4.002

Note: The bond-valence calculations were performed using the equation and constants of Brown ID (1977), S = exp[Ro—d,)/b]. Bond parameters of CaZ*—0%",

Sr**-0%", C¥-0* are from Gagné OC and Hawthorne FC (2015).

Fig. 6. Crystal structural model of lishiite.

as both Ca-dominant and Sr-dominant at the B site, unlike all
previously known members of the burbankite group, in which
Na>Ca at the A site (Table 3)

6.2. Ore paragenetic sequence and formation of lishiite

It is suggested that the light rare earth elements (LREEs)-
enriched signature of carbonatites reflects the chemistry of
their parental magma (Hornig I and Kjarsgaard BA, 1998).
Some mantle-derived primary carbonate liquids are rich in
REEs, approximately 1000x10°® (Moine BN et al., 2004). The
trace element composition of the Shaxiongdong carbonatites
indicates enrichment in strontium (Sr) and LREEs, along with
negative anomalies in zirconium (Zr)-hafnium (Hf), lead (Pb),
scandium (Sc), and chromium (Cr) (Xu C et al., 2010). The
chondrite-normalized REE patterns of the carbonatites exhibit
a steep negative slope and negligible anomalies for cerium
(Ce) and europium (Eu). The strontium (Sr) and neodymium
(Nd) isotopic results for the carbonatites and their constituent
minerals (calcite, biotite, pyrite, ferrocolumbite, fluorapatite,
and monazite) reveal a low level of radiogenic strontium
[A7Sr/*Sr)i = 0.7036—0.7040] and minimal variation in eyq
values (ranging from +0.6 to —1.1) (Xu C et al., 2010). These
isotopic signatures suggest a derivation from an ancient
mantle source with minimal crustal contamination. The
enriched LREE signatures and specific trace element
anomalies observed in the Shaxiongdong carbonatites display
distinct differences in terms of their geochemical and
mineralogy characteristics.

Rare earth minerals (REE minerals) are important
strategic In Shaxiongdong carbonatites, the
principal REE minerals are fluorapatite, monazite-(Ce),
bastnésite-(Ce) and synchysite-(Ce). Research indicates that

resources.

the first two minerals are early phases formed prior to calcite,
while the last two minerals crystallized later than the calcite
(Xu C et al.,, 2010). Compared to calcite, these REE minerals
are significantly enriched in LREEs.

In  most carbonatite systems, late-stage REE
fluorocarbonates typically occur with bastnisite and related
minerals in hydrothermal environments (Williams-Jones AE
et al,, 2000; Samson IM et al.,, 2004). However, in the
Shaxiongdong carbonatites, the REE fluorocarbonates appear
to be primary phases rather than products of secondary
remobilization and redeposition (Schmitt AK et al., 2002)

Burbankite, the most numerically dominant member of the
burbankite group, one of the REE-bearing carbonates (Edahbi
M et al., 2018), is often found with burbankite group minerals
and alteration products of primary REE-bearing carbonates
(Simandl GJ and Paradis S, 2018). Burbankite, together with
lishiite is found in Shaxiongdong carbonatite. It has been
reported that a burbankite-like structural phase with the
composition Na,Ca,(CO3)s was successfully synthesized at 6
GPa and 1323 K (Rashchenko SV et al., 2017). The
environment is located approximately 200 kilometers
underground. Additionally, Na;Ca,La(CO;); was synthesized
at 5 GPa and 1073 K (approximately equivalent to a depth of
about 165 kilometers underground) under a Ca-rich alkaline-
alkaline earth carbonates environment (Merlini M et al.,
2020). These synthetic experiments demonstrate that the
incorporation of light REE®" in a burbankite-like structure
under the conditions of the upper mantle (Milani S et al.,
2022). The geochemical characteristics of carbonatite in
Shaxiongdong indicate that their material comes from the
upper mantle (3'30=6.34%0—6.72%o, '*C=—5.54%0— —5.63%o,
87Sr/8681:0.7032, Li S, 1991). These observations reinforce
the link between lishiite and mantle-derived melts.

The primary calcite in the Shaxiongdong carbonatites,
which exhibits low REEs contents and flat REE profiles,
suggests that REE were fractionated from the parental
carbonatite liquid before the precipitation of calcite (Xu C et
al., 2010). The P,Os content (0.71%) in primary calcite is
significantly lower than the global average for calcite (1.73%)
(Le Bas MG, 1981; Wang T and Yan FM, 1989), indicating
that the (PO,)*” ions were initially bound with the abundant
Ca’" in the carbonatite liquid, along with substantial F~, to
form fluorapatite. Meanwhile, REE*" could only partially
substitute for Ca®" in fluorapatite through polar isomorphism,
with a concentration of REE*" being 0.82% (Wang T and Yan
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FM, 1989).

The co-occurrence of fluorapatite and monazite-(Ce)
indicates that the magma initially possessed high abundances
of REEs. The fractional crystallization of these two minerals
resulted in the depletion of REEs, particularly LREEs, in the
residual liquid (Wyllie PJ et al., 1996; Xu C et al., 2010).
However, during this stage, the concentrations of (CO5)*~ and
Ca’" remained high in the fluid, along with a substantial
amount of Sr** (host rock SrO=1.89%; Wang T and Yan FM,
1989). Under these conditions, the remaining REE*" could
combine with (CO;)*", Ca**, and Sr*" to form lishiite,
potentially under upper mantle like pressures and
temperatures.

7. Conclusions

Lishiite, a new mineral species belonging to the
burbankite group with the formula (Ca,0)Sr;(CO5)s, has been
discovered in the carbonatite-syenite complex of
Shaxiongdong, Hubei Province, China. Named in honor of
geologist Li Shi (Zf1), This mineral exhibits distinct
physical and optical properties, including yellow-brown color,
conchoidal fracture, Mohs hardness of approximately 4, and
uniaxial negative optical character with refractive indices
®=1.623 and €=1.612. Its crystal structure is hexagonal (space
group P6ymc) with unit cell parameters a=10.4898(5) A,
c=6.4167(5) A, and V=611.47(6) A*, characterized by layers
of 404 and BO,, polyhedra connected to [CO;]>~ groups.

Chemically, lishiite is distinguished by its Ca-dominant at
A site and Sr-dominant at B site, with minor REE (Ce, La,
Nd) and Ba, differing from all known burbankite group
members that typically have Na>Ca at the A site. The mineral
occurs in association with calcite, K-feldspar, aegirine,
apatite, monazite-(Ce), and ancylite-(Ce), reflecting its
formation in an alkaline-carbonatite magmatic system.

The genesis of lishiite is closely tied to the magmatic
evolution of REE-enriched carbonatites. Early-stage fractional
crystallization of fluorapatite and monazite-(Ce) led to REE
depletion, particularly of LREEs, in the residual melt, while
Ca®, Sr**, and (CO;)*" remained in high concentrations.
Lishiite subsequently formed as a primary phase under upper-
mantle like pressure temperature conditions, co-precipitating
with late-stage REE minerals such as burbankite and
bastnésite-(Ce) from the REE-bearing residual melt. This
process underscores the critical role of cation availability and
physicochemical conditions in stabilizing burbankite-group
minerals.

Lishiite expands the diversity of the burbankite group and
provides new insights into the ore-forming processes of REE
carbonate deposits, particularly the magmatic fractionation
and mineral-paragenetic sequences in carbonatite-syenite
complexes.
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