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Abstract: The Weishan carbonatite-related rare earth element (REE) deposit in China contains both
high- and low-grade REE mineralization and is an informative case study for the investigation of
magmatic-hydrothermal REE enrichment processes in such deposits. The main REE-bearing mineral is
bastnésite, with lesser parisite and monazite. REE mineralization occurred at a late stage of hydrothermal
evolution and was followed by a sulfide stage. Barite, calcite, and strontianite appear homogeneous in
back-scattered electron images and have high REE contents of 103-217, 146-13,120, and 194-16,412 ppm
in their mineral lattices, respectively. Two enrichment processes were necessary for the formation
of the Weishan deposit: Production of mineralized carbonatite and subsequent enrichment by
magmatic-hydrothermal processes. The geological setting and petrographic characteristics of the
Weishan deposit indicate that two main factors facilitated REE enrichment: (1) fractures that facilitated
circulation of ore-forming fluids and provided space for REE precipitation and (2) high ore fluorite
and barite contents resulting in high F~ and SO42~ concentrations in the ore-forming fluids that
promoted REE transport and deposition.

Keywords: mineralogical characteristics; disseminated REE ores; carbonatite-syenite complex;
Weishan deposit; Shandong Province

1. Introduction

More than 500 carbonatite intrusions are known worldwide [1], but there are few known large or
giant carbonatite-related rare earth element (REE) deposits (CARDs). Most currently mined large or giant
deposits are in China [2] but there are other examples: Mountain Pass, USA (REO > 29 Mt; RE,O3 ~8.9%;
REO = total rare earth oxides; Mt = megatonne) [3]; Kvanefjeld, Greenland (REO > 6.55 Mt; RE;O3
~1.06%); Main in Thailand (REO > 4.25 Mt: RE;O3 ~3.21%); Khibina in Russia (REO > 10 Mt; RE;O;
~0.85%); Montviel carbonatite REE deposits in Canada [4]. Here the term REE is used to include the
14 naturally occurring lanthanides and Y, but not Sc. Giant deposits with reserves in excess of 1 Mt
REO are exceptionally rare. REEs have become vital in manufacturing numerous high-technology
products. Between 2011 and 2017, China produced ~84% of the world supply of REEs, with the USA
only producing REEs from 2012-2015. The USA production came entirely from the Mountain Pass mine
(California), which provided ~4% of the world’s REE supply [5]. A wide variety of REE deposits occurs
in China [6,7], including CARDs formed from REE-rich fluids exsolved from carbonatitic melts [8],
which is the most common type of REE mineralization in China, accounting for ~65% of total reserves,
including the Bayan Obo deposit [9,10], Mianning-Dechang REE belt [11-13], and Weishan deposit
of Shandong Province [14,15]. All the deposits are located along cratonic margins and have several
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similar features (Table 1). Other CARDs include Mountain Pass [3], Oka [4], Canada, and Mt. Weld in
Australia [16]; Araxa and Catalao I in Brazil [17,18]; Tomtor in Russia [19]; Mrima Hill in Kenya [20];
Mabouni in Gabon; and several other carbonatitic laterites in the Amazon region of Brazil [21].

These deposits all occur along cratonic margins and have similar geological settings, ore sources,
and mineral paragenetic sequences [12]. The known CARDs in China have been well studied, with their
petrogenetic processes being well constrained. Carbonatites may be considered as either mineralized
or barren in terms of their REE contents. However, some carbonatites do not form REE deposits.
For example, a mineralized carbonatitic melt can have low REE contents in response to limited
fractional crystallization [22,23]. Moreover, carbonatites rarely produce high-grade REE ores, as in
the Qieganbulake deposit of Xinjiang [24] and Miaoya deposit of Hubei [25,26]. Therefore, a second
magmatic-hydrothermal process appears to be vital for the formation of high-grade REE deposits.

Several studies have shown that magmatic processes can be responsible for high-grade REE
mineralization, especially that hosted in pegmatitic granite [27,28]. However, recent studies of
carbonatite-hosted REE deposits found that a second magmatic-hydrothermal process was required to
form high-grade REE deposits [13,29-33]. Recent exploration of the Weishan deposit has identified
large volumes of various types of ore with different grades. The Weishan alkaline intrusive complex
lies on the southeastern margin of the North China Craton (NCC). The REE deposit is 18 km southeast
of Zaozhuang City in Weishan County, Shandong Province, within the Luxi tectonic block on the
southeastern margin of the NCC (Figure 1). It covers ~4 km? and >24 carbonatite-related ore veins have
been found, which are each up to 500 m long (Figure 2). The REO grade of these ore veins is 1.76-14.62%
(average = 5.67%) [15]. These well-exposed ores are ideal for the study of the formation of this deposit,
as they comprise both REE and gangue minerals, and display a clear, traceable sequence of formation.
In this study, petrological and analytical methods, such as X-ray diffraction (XRD), electron microprobe
(EPMA), and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) have been
applied to elucidate the mechanisms of REE transport and mineralization. The main objectives of the
study were to characterize REE mineralization in the Weishan deposit, and to identify the factors that
facilitated the magmatic-hydrothermal enrichment of REEs.
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Table 1. Summary of the geological characteristics of the Weishan and Mianning-Dechang REE deposits.

REO Tonnage

Deposit Structure Wall-Rock Mineral Assemblage in Ores Alteration and Grade Orebody Form Ore Type Reference
. Quartz, calcite, Sr-barite, Sr/Pb L
. Dongpinghu- . . e . Albitization, 0.193 Mt, . . . .
Weishan Weishan fault Gneiss barite, Pb.b'ante, bastnisite, K-feldspathization 461 wt. % Lenticular, vein Disseminated, banded Wang et al. (2016) [15]
parisite, anatas
Microcline, quartz, biotite,
Granite, aegirine, aegirine—augite, Semi-lavered
. . basalt, arfvedsonite, chevkinite, Y ’ . . Yuan et al. (1995) [34];
.. Haha strike-slip . . . . e 3.17 Mt banded, Breccia, stringer .
Maoniuping rhyolite, calcite, fluorite, barite, Biotitization o . Liu and Hou (2017) [13];
fault . R . . 2.95 wt. % irregularlens, (stockwork), weathered
syenite, celestine, bastnisite, fluorite, ocket Yang et al. (2000) [35]
carbonatite barite, quartz, bastnisite, p
Fe-Mn oxides, calcite
Quartz diorte,  segeine,seummeaugite Lenticular pipedike  basinitite,colstine, S and Li (1996) 361
Dalucao . ’ & . & X g ’ biotitization, 0.082 Mt . L p p. . . a g Yang et al. (1998) [37];
Dalucao . . syenite, calcite, fluorite, barite, N o with minor veining, fluorite, bastnésite, stringer, .
strike-slip fault ! . s . fenitization 5.21 wt. % . . . Liu et al. (2015b, c)
carbonatite celestine, bastnisite, fluorite, ponded, brecciated massive, block-like 38,39]
barite, quartz, bastnisite disseminated, weathered o
Intersections of Semi-layered, Brown disseminated,
. NE- and Granite, syenite, Fluorite, barite, quartz, Biotitization, 0.0058 Mt banded, yellow banded, stockwork, )
Lizhuang NW-strikin carbonatite bastnésite fenitization 1.47-1.63 wt. % irregular lens, black powder-like, Houetal. (2008) [40]
strike-slip faults brecciated brecciated, weathered
. Semi-layered,
Yalongjiang Granite, Fluorite, barite, quartz, 0.1 Mt banded Massive
Muluozhai R ; syenite, ! R Botitization ) o . ! . ! Liu and Hou (2017) [13]
strike-slip fault carbonatite gypsum, bastnésite 3.66 wt. % irregular lens, impregnated, banded

veinlet
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2. Geological Setting

The Weishan REE deposit lies in the southern part of the uplifted region of Shandong Province,
which is ~120 km west of the Yishu Fault (Figure 1) that is the main structure in the deposit and occurs
in the central part of the Tanlu Fault. A NW-SE- and E-W-striking fault system affected by the Yishu
Fault also occurs in the deposit [41,42]. These structures controlled the distribution of sedimentary
and igneous rocks. Mesozoic compressional tectonism was followed by development of the Luxi
Uplift, coeval with the change from dominantly compressional to Mesozoic extensional tectonism in
eastern North China [43]. Four sets of small faults are controlled by local structures: NW-SE-, E-W-,
and NE-SW-trending compressional and scissor faults, N-S-trending extensional faults, and NW-SE-
and NE-SW-trending faults are the main ore-bearing structures. The shapes, occurrences, and sizes of
ore veins are controlled by these faults [15,44].
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Figure 1. (a) Simplified geological map showing the major tectonic units in eastern China and the
location of the Luxi Block (modified from references [14,45,46]). (b) Map showing the distribution of
Triassic alkaline igneous rocks on the northern margin of the Sino-Korean craton (location in inset map,
which shows the main tectonic units of China; modified from reference [47]). (c) Geological map of the
Luxi Block (modified from references [14,48]).
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Figure 2. Geological sketch map of the Weishan rare earth element (REE) deposit in Shandong Province
(modified from reference [49]).

Host rocks of the Weishan REE deposit are mainly biotite—plagioclase gneiss of the Shancaoyu
Formation of the Archean Taishan Group [44]. Quaternary strata are also well exposed. Igneous
rocks in the mining area comprise mainly Early Cretaceous quartz syenite, aegirine—augite quartz
syenite porphyry, and alkaline granite, as well as dikes of dioritic porphyry, lamprophyre, and aplite
(Figure 2). Peak magmatism in western Shandong Province occurred during the Mesozoic, when a
range of mantle-derived igneous rocks was formed, including intrusive rocks, K-rich volcanic rocks,
and lamprophyres. The Yanshanian subalkaline complex, which is also in this district, comprises
dioritic porphyry, syenite, syenitic porphyry, diabase, and lamprophyre, which commonly occur as
batholiths, stocks, and dikes [14,50].

Lan [14] and Liang [50] determined formation ages of syenite and related REE deposits in Weishan
as follows: zircon LA-ICP-MS U-Pb ages of ore-bearing quartz syenite and aegirine—augite syenite
are 122.4 + 2.0 and 130.1 + 1.4 Ma, respectively; 253.6 + 6.1 Ma inherited zircons were assimilated
during magma ascent and/or emplacement. Based on a Rb-Sr isochron age of 119.5 + 1.7 Ma for
muscovite in REE ore veins [16] and the timing of syenite formation, Liang [50] concluded that the
Weishan alkaline magma was derived from enriched asthenospheric mantle in an extensional setting
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after the transformation from a compressional to an extensional tectonic regime in the NCC during
the Mesozoic.

Geochemical analyses indicate that syenite of the Weishan alkaline igneous complex is of the
metaluminous—alkaline series. The syenites have high total REE (EREE) contents of 6334418 ppm,
distinct fractionation of heavy and light REE (HREE and LREE), depletion in HREE, Nb, Ta, and Zr,
enrichment in LREE, Rb, Ba, and Sr, and both positive and negative Eu anomalies (Eu/Eu* = 0.90-1.05),
consistent with characteristics of enriched asthenospheric mantle-derived melts [50].

3. Ore Types and Samples

3.1. Ore Descriptions

Groups of ore veins with regular shapes in the Weishan deposit occur in syenite, gneiss, and alkaline
granite, and aegrine-augite-quartz syenite porphyry occurs along fissures in these rocks. The main
REE mineral is bastnésite and the common gangue minerals are fluorite, barite, quartz, and calcite.
Single ore veins are regular, thick (0.1-9.2 m), and continuous (30-540 m) [50], clearly cutting wall-rock
syenite. Ore veins are subdivided into fluorite, quartz-barite, and quartz—calcite types (Figure 3a,b,e f).
Based on the types of minerals and grain sizes, the veins also could be divided into four sub-types:
(1) REE-bearing quartz + fluorite + barite, celestite + calcite + pyrite, galena, and sphalerite veins,
with groups of REE-bearing carbonate veinlets (1-2 mm wide) making up networks (Figure 3a,b);
(2) REE-bearing veins in aegirine granite porphyry; (3) REE-bearing aegirine—augite veins; and
(4) britholite veins. REE-bearing quartz + fluorite + sulfate + carbonate + sulfide veins are predominant.
Veinlets occur around ore veins, intersecting one another (Figure 3c,d), and disseminated ores occur
in veinlets along fractures (Figure 4). Disseminated REE ores and micro-veinlets in Neoarchean
gneiss and Early Cretaceous intrusive rocks, including aegirine—augite syenite [14], also occur. Based
on the mineral assemblages of the REE ores and micro-veinlets and their formation temperatures
(200-550 °C) [14], REE-bearing aegirine veins in granitic porphyry and REE-bearing aegirine-augite
veins formed during the hydrothermal stage and earlier than REE-bearing quartz + fluorite + sulfate +
carbonate + sulfide veins. Britholite veins formed during the transition from magmatic to hydrothermal
fluid stages [14,49,51].

Disseminated ore samples from networks of REE-bearing carbonate veinlets in the Weishan REE
deposit are mainly massive and comprise calcite, barite, quartz, and REE minerals, such as bastnasite,
parisite, monazite, and ancylite. Several further typical ore samples from the ore veins were also
selected for comparison (Figure 3). The characteristics of all the samples in this study are listed
in Table 2.
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Table 2. Key features of samples from the Weishan REE deposit.

Samples No.

Ore Type

Length (m)

Essential Mineral

Type/Subtype of Vein

Characteristics

SDW16-1

Disseminated
ore

green mineral,
quartz, dark
mineral, a small
amount of pyrite.

258

(1) REE-bearing quartz +
fluorite + barite, celestite +
calcite + pyrite, galena,
and sphalerite veins, with
groups of REE-bearing
carbonate veinlets (1-2 mm
wide) making up networks

The sample is massive, mainly composed of calcite, which drops
violently when hydrochloric acid is applied on it, and the xenomorphic,
granular, grey, oily luster quartz scattered within it, 3-5 mm in
diameter; a little melanic mineral distributed in the form of ribbon-like,
with the width of about 1-3 mm and good continuity. The other side of
the hand specimen is mainly pink calcite, containing some quartz and
dark mineral (5% to 8%). A small mineral of yellowish brown; sparsely
disseminated in green minerals and pale pink calcite.

SDW16-2

Disseminated
ore

calcite, quartz,
258 gypsum group,
galena, pyrite

(1) REE-bearing quartz +
fluorite + barite, celestite +
calcite + pyrite, galena,
and sphalerite veins, with
groups of REE-bearing
carbonate veinlets (1-2 mm
wide) making up networks

The whole rock is shallow red flesh, massive, mainly composed of light
red calcite, light yellow barite, quartz and a small amount of bastnésite
composition. The quartz is randomly distributed, xenomorphic,
granular, gray, and transparent, oily luster, with a content of about 5%.
The white mineral is calcite, account for 3%. The crystalline pyrite is
well developed, the particle size is 1-2 mm, and the content is about
2%. The sallow colored bastnésite are discontinuous and banded
distributed in light yellow barite and red calcite. A small amount of
galena having metallic luster with a content 1% to 3%.

SDW16-3

Disseminated
ore

calcite, quartz,
258 barite, galena dark
mineral

(1) REE-bearing quartz +
fluorite + barite, celestite +
calcite + pyrite, galena,
and sphalerite veins, with
groups of REE-bearing
carbonate veinlets (1-2 mm
wide) making up networks

The whole is massive, red, mineral mainly conclude red calcite, with a
small amount of white calcite, yellow barite and quartz. Quartz is
smoke gray and granular, local particles larger, up to 3-6 mm, account
for 3% to 8%. Galena with a metallic luster on its surface, with content
of 2% to 3%, approximately banded. Containing a small amount of
yellowish brown bastnésite disseminated in other minerals.

SDW16-4

Disseminated
ore

calcite, barite,
258 quartz, dark
mineral, pyrite

(1) REE-bearing quartz +
fluorite + barite, celestite +
calcite + pyrite, galena,
and sphalerite veins, with
groups of REE-bearing
carbonate veinlets (1-2 mm
wide) making up networks

The whole rock is red and massive with dark mineral veins.

The mineral is mainly composed of flesh red calcite (60%) and dark
mineral (vein) (40%). Red calcite contains a small amount of yellow
barite. The dark minerals are banded and with good continuity, with
disseminated pyrite distributed in the dark mineral veins, accounting
for about 5%; and a small amount of quartz distributed sporadically.
The red calcite is continuous and banded in the dark mineral veins.
Dark mineral veins are partly in contact with red calcite without
obvious alteration.

SDW16-5

Disseminated
ore

Orebody No.  Thickness (m)
1 0.22-10.14
1 0.22-10.14
1 0.22-10.14
1 0.22-10.14
1 0.22-10.14

calcite, barite,
bastnisite, quartz,
pyrite, galena,
muscovite

258

(1) REE-bearing quartz +
fluorite + barite, celestite +
calcite + pyrite, galena,
and sphalerite veins, with
groups of REE-bearing
carbonate veinlets (1-2 mm
wide) making up networks

The whole is light pale, bearing some white or red calcite and dark
mineral, forming clear taxitic structure. The main mineral is light pale
barite. Yellow brown bastnisite are flaky and unevenly distributed in
pale barite, with different sizes. Steel gray galena aggregates, content
of 5% to 8%; a little red calcite distributed in pale barite; in addition,
the visible part of anhedral granular grey quartz, diameter 2-4 mm,
inclusion distribution in barite, content in 5% to 8%. A small amount of
pyrite, granular, particle size 1-2 mm, 1% to 2%, a very small amount
of Muscovite distribution in barite, particle size <3 mm.
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Table 2. Cont.
Samples No. Ore Type Orebody No.  Thickness(m) Length (m) Essential Mineral Type/Subtype of Vein Characteristics
(1) REE-bearing quartz +
ﬂtgﬁ:;f;;:ﬁ;?:lj: * The whole is light red, bearing some white or red calcite, and dark
Disseminated calcite, bastnésite, ] . Ll mineral. The main mineral is calcite. The dark minerals are flaky and
SDW16-6 ore 4 0.30-5.75 258 quartz, pyrite and sphalerite veins, .Wlth unevenly distributed in calcite, with different sizes. A small amount of
groups of REE-bearing pyrite, granular, particle size 0.5-1.5 cm, 1% to 2%.
carbonate veinlets (1-2 mm ’ ! ’
wide) making up networks
(1) REE-bearing quartz +
ﬂtzfgfe:b;}r/lrti?ecgaelsetrl: * The sample is red, mainly composed of light red calcite, green fluorite
Disseminated calcite, pyrite, 7 ! .l and a small amount of dark minerals. Fluorite is disorderly distributed,
SDW17-1 ore 4 0.30-5.75 258 dark mineral, and sphalerite veins, .W1th accounting for about 4%. A small amount of dark minerals is
groups of REE-bearing . . o
. developed, accounting for 1% to 3%.
carbonate veinlets (1-2 mm
wide) making up networks
. The whole is composed of pale barite, followed by brown bastnésite,
fl(lii))gtEeE-i——bl')e:I?tI;gcCg:srtZe++ interspersed with light green minerals. Massive, granular,
calcite + pyri t:e Alena xenomorphic, smoky, gray quartz, oily, lustrous, distributed in other
SDW17-2 Disseminated 4 0.30-5.75 258 calcite, fluorite, and s halelziyte Véi%l N wit,h minerals, 1-4 mm in diameter. A little granular pyrite distributed on
ore : : dark mineral, P = the surface of bastnasite, accounting for 1%; quartz, bastnasite and
groups of REE-bearing reen mineral with obvious boundary of contact, in addition, there is a
carbonate veinlets (1-2 mm & X . y N !
. . light blue unknow mineral (unlike green mineral), like fluorite
wide) making up networks distributed in ores.
(1) REE-bearing quartz +
calcite, quartz ﬂl;:fgfe:banrzlcefl?i: * The whole rock is red, massive, mainly composed of light red calcite,
Disseminated o d 4 pyrite, & o bastnésite and a small amount of quartz composition. The quartz is
SDW17-3 4 0.30-5.75 258 bastnisite, dark and sphalerite veins, with i . o
ore . R randomly distributed, with a content of about 1%. The brown
mineral groups of REE-bearing . . : e . .
. bastnésite are discontinuous and banded distributed in red calcite.
carbonate veinlets (1-2 mm
wide) making up networks
(1) REE-bearing quartz +
fluorite + barite, celestite +
calcite, barite, calcite + pyrite, galena, . o . . :
SDW17-4 Massive ore 2 0.14-5.03 294 pyrite, fluorite, and sphalerite veins, with EEES;:SIS;;: t(e)ri;iist:aas;r:i\lrtifhafnti};z?aHr\ifere mineral and contains
bastnésite groups of REE-bearing ’ ’ ’ pyrite.
carbonate veinlets (1-2 mm
wide) making up networks
fl(ilgtle-;bbe:rril:egc%Tj:tZe: The whole is massive, brown, mineral mainly conclude bastnisite,
calcite + rit:e lena fluorite, with a small amount of pyrite. Pyrite is well developed,
SDW17-6 Disseminated 5 0.14-5.03 294 pyrite, fluorite, and s haleIZiyte ve’zii N wit’h smoke gray and granular, local particles larger, up to 3-8 cm, and the
ore ’ ’ bastnésite P ! content is about 5%. Fluorite is purple, with content of 10%, randomly

groups of REE-bearing
carbonate veinlets (1-2 mm
wide) making up networks

distributed. Containing a small amount of yellowish brown bastnasite
disseminated in pyrite and fluorite.
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Figure 3. (a-d) Ore veins in the Weishan REE deposit; (e) hand specimen of a typical ore vein containing
bastnésite, barite, calcite, fluorite, quartz, and pyrite; (f) typical ore containing bastnisite, calcite,
fluorite, and pyrite. Bsn = bastnésite; Brt = Barite; Cal = calcite; Fl = fluorite; Py = pyrite; Qtz = quartz.

3.2. Sampling

Samples SDW16-1, 16-2, 16-3, 16-4, 16-5, and 16-6 comprise REE-bearing quartz + fluorite + barite
+ celestite + calcite + pyrite + galena + sphalerite and are included in sub-type 1 (Figures 2-5). Sample
SDW16-1 comprises mainly gray anhedral quartz (~5 vol. %), which occurs as randomly distributed
3-5-mm-sized grains (Figure 4a). It also contains rosettes of yellowish brown bastnésite, which is
disseminated in the ores.

Sample SDW16-2 contains pale pink calcite, pale yellow barite, quartz, galena, and minor bastnisite.
Gray anhedral quartz (~5 vol. %) occurs as randomly distributed 1-2-mm-sized grains. Yellow—brown
bastnésite occurs as discontinuous bands within white barite and pink calcite (Figure 4b).

Sample SDW16-3 is dominated by pink calcite with minor white calcite, yellow barite, and quartz.
Gray quartz (5-10 vol. %) occurs as randomly distributed 3-6-mm-sized grains. Galena (1-5 vol. %) occurs



Minerals 2020, 10, 25 10 of 30

as narrow veinlets that are 1-10 cm thick. The sample also contains minor disseminated yellowish
brown bastnasite (Figure 4c).

Sample SDW16-4 comprises mainly calcite (~50 vol. %) cut by galena veinlets (~40 vol. %),
and minor yellow barite. The veinlets are continuous and contain disseminated pyrite (~5 vol. %)
and minor randomly distributed quartz. The pink calcite forms continuous bands within the veins
(Figures 3c and 4d).

Sample SDW16-5 contains pale yellow barite and minor white calcite, pink calcite, and galena.
Yellow-brown bastnésite (~1 vol. %) occurs as randomly distributed 1-3-mm-sized grains. Gray galena
aggregates (~10 vol. %) occur within a pale green mineral. Some pink calcite, gray euhedral quartz
(2-4 mm; ~10 vol. %), granular pyrite (1-2 mm; ~5 vol. %), and minor muscovite (<3 mm) are randomly
distributed together with barite (2-5 mm; ~5 vol. %) (Figure 4e).

Sample SDW16-6 comprises mainly pale-yellow barite and lesser brown bastnisite, interspersed
with unknown pale green crystals. Granular, xenomorphic, smoky gray quartz crystals (1-4 mm) are
also randomly distributed. Some granular pyrite (~1 vol. %) occurs on bastnisite surfaces (Figure 4f).

a dissiminated ore Q‘ dissiminated ore
SDW16-1 ‘ 3°m || sow1e-2 3cm

Cl

dissiminated ore Q dissiminated ore

3cm 3cm

SDW16-3

e dissiminated ore il dissiminated ore

SDW16-5

SDW16-6 2cm

Figure 4. Representative images of ore types in the Weishan REE deposit. (a-d) Massive disseminated
ore containing calcite, quartz, barite, galena, and bastnasite. (b,c,e) Pale red ore containing red calcite,
galena, and bastndsite. (f) Massive ore containing calcite, bastnésite, and quartz. Bsn = bastnésite;
Cal = calcite; Gn = galena; Mus = muscovite; Py = pyrite; Qtz = quartz.
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The disseminated ore samples of the Weishan REE deposit (Figure 4) commonly have variable
bastnésite (Figure 5a,b,d,f), parisite (Figure 5a,b,f), monazite (Figure 5c—e), REE-bearing apatite
(Figure 5g), and Ca-strontianite (Figure 5g,h) contents. The main gangue minerals are calcite (Figure 5),
barite (Figure 5b—e), quartz (Figure 5d-g), phlogopite (Figure 5e), K-feldspar (Figure 5c¢), albite
(Figure 5c), and galena (Figure 5g,i). Bastnisite, parasite, and other REE minerals were formed in
equilibrium with or later than quartz, barite, calcite, and other gangue minerals (Figure 5).
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Figure 5. Back-scattered electron images of REE and gangue minerals in the Weishan REE deposit.
(a) Bastnésite and parisite crystallized in equilibrium with calcite; euhedral bastnésite crystals with
parisite on its rims; barite formed after or in equilibrium with bastnésite and parisite. (b) Bastnisite
and parisite crystallized in equilibrium with calcite and barite. (c) K-feldspar and albite occurring in
ores as a relict overprinted by monazite. (d) Euhedral bastnésite crystals with quartz, calcite, and barite,
formed after or in equilibrium with bastnésite. (e) Xenomorphic monazite overgrowth on quartz,
phlogopite, and calcite, suggesting REE mineralization occurred at a later stage than these minerals.
(f) Bastnasite and parisite crystallized in equilibrium with or after calcite and quartz; euhedral bastnésite
crystals formed coevally with parasite, and barite and calcite formed after bastnésite and parisite.
(g) Galena formed coevally with barite and overgrown by sphalerite, quartz, calcite, bastnisite; barite in
equilibrium with galena overgrown by sphalerite; barite overprinted by monazite. (h) Ca-strontianite
and barite in equilibrium with calcite. (i) Pyrite, arfvedsonite, and calcite formed coevally and
overprinted by sphalerite, chalcopyrite, and galena. Ab = albite; Ap = apatite; Arf = arfvedsonite;
Brt = barite; Bsn = bastnésite; Brt = barite; Bt = biotite; Cal = calcite; Ccp = chalcopyrite; Gn = galena;
Kfs = K-feldspar; Mnz = monazite; Par = parasite; Phl= phlogopite; Py = pyrite; Qtz = quartz;
Sp = sphalerite.

Previous petrological studies [14] and observation of the above typical disseminated ore specimens
from the No. 1, No. 2, and No. 4 orebodies have allowed us to determine the paragenetic sequence
of minerals within the Weishan deposits (Figure 6), with distinct sequences being associated with an
early magmatic stage and a later hydrothermal stage.
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Figure 6. Paragenetic sequence of ore and gangue minerals in the Weishan REE deposit (after [15]).

4. Analytical Methods

4.1. XRD Analyses

The XRD analyses of ore samples were performed at the Xi’an Geological Survey Center, Xi’an,
using Rigaku D/Mac-RC and Cu Kol radiation with a graphite monochromator and continuous
scanning under the following operating conditions: voltage 40 kV; beam current 80 mA; scanning
speed 8° min~!; slit DS = SS = 1°; ambient temperature 18 °C; humidity 30%. The contents (wt. %)
of the primary mineral phases identified by the XRD were quantified using an internal standard,
with corundum chosen as the reference material. The basic principles and procedures of quantitative
analysis using the internal-standard method have been described in detail by [52,53] and the XRD
result was listed in Table 3.

4.2. EPMA Analyses

Major elements compositions of minerals were determined using a JXA-8230 (Japan Electron
Optics Laboratory Co.Lt, Akishima-shi, Japan) electron microprobe at the Institute of Mineral Resources,
Chinese Academy of Geological Sciences. Mineralized and barren syenite and carbonatite and typical
ore samples were selected from the Weishan REE deposit. A total of 11 samples were selected for
systematic chemical analyses. Backscattered electron (BSE) images and mineral compositions were
acquired at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing,
China. The operating conditions were accelerating voltage of 15 kV for silicate and oxide, and 20 kV
for sulfide, beam current of 20 nA, and beam size of 5 um. Natural minerals and synthetic oxides were
used as standards. Matrix corrections were carried out using the ZAF correction program supplied by
the manufacturer [54].

For EPMA, the following standards were used: Jadetite, Na K«, TAP; forsterite, Mg Ko, TAP;
jadetite, Al K, TAP; topaz, FK«, TAP; K-feldspar, K K&, PETG; wollastonite, Ca Ke, jadetite, SiK, PETJ;
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hematite, Fe Ke, LIF; rutile, Ti Ke, LIF; Apatite, PKx, PET]J; Cr,O3, Cr K&, LIFH; MnO Mn K«, LIFH;
NiO, Ni K, LIF; V5,05, VK«, LIFH; NaCl; and Cl K&, PETH. For the determination of REE minerals,
phosphates of La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, and Y; and barium titanate were
used as standards for REE analysis. The mineral composition by EPMA was listed in Tables 4 and 5.

4.3. In Situ LA-ICP-MS Analyses

In situ trace element compositions of individual minerals were determined by an excimer 193 nm
ArF Analyte Excite Laser ablation ICP-MS system, coupled to an Agilent 7700x at the FocuMS
Technology Co. Ltd., Nanjing, China. This was carried out on the same spots which had been analyzed
by EPMA, and the analyzed trace elements include Rb, Sr, Ba, Ca, Y, Th, U, Nb, Ta, Zr, Ce, La, Pr, Nd,
Sm, Eu. Gd. Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf. The analyses’ conditions involved a 7 Hz repetition rate
and a beam diameter of 25-40 um. In addition, BCR-2, BHVO-2, AVG-2, and RGM-2 glasses referred in
United States Geological Survey were used as external calibration standards, and Chinese Geological
Standard Glasses (CGSG)-1, -2, -4, and -5 (prepared by National Research Center for Geoanalysis,
Beijing, China) were treated as quality control [55]. Raw data reduction was performed off-line by
ICPMSDataCal software using 100%-normalization strategy without applying internal standard [56],
and the results of the analyses are listed in Table 6.

4.4. Whole-Rock Geochemistry Analyses

Major and trace elements compositions of typical ores of Weishan REE deposit were analyzed by
wet chemistry and X-ray fluorescence (XRF), ICP-MS, and ICP-atomic emission spectrometry, at the
National Research Center of Geoanalysis, CAGS (Beijing, China). Whole-rock geochemical analyses
were performed at the National Research Center of Geoanalysis, Chinese Academy of Geological
Sciences (CAGS), Beijing, China. Whole-rock powder samples (0.7 g) were mixed with 5.3 g Li; B4O7,
0.4 g LiF, and 0.3 g NH4;NOj in a 25 mL porcelain crucible. The powder mixture was transferred to a
platinum alloy crucible, 1 mL LiBr solution was added to the crucible, and the sample was then dried.
The sample was then melted in an automatic flame fusion machine and the resulting cooled glass was
used for XRF analyses. Analytical errors were <2%. For trace-element analyses, whole-rock powder
samples (50 mg) were dissolved in 1 mL HF and 0.5 mL HNOj3 in 15 mL Savillex Teflon screw-cap
capsules at 190 °C for 1 day, dried, digested with 0.5 mL HNOj3, and then dried again. The capsule
content was digested with 0.5 mL HNOj3 and dried again to ensure complete digestion. Then the sample
was digested with 5 mL HNO3 and sealed at 130 °C in the oven for 3 h. After cooling, the solution
was transferred to a plastic bottle and diluted to 50 mL before analysis. The sample solutions were
analyzed by ICP-MS according to the procedure of State Standard of the Peoples Republic of China
(GB): Methods for chemical analysis of silicate rocks-Part 30: Determination of 44 elements (2010).
The analytical precision for most elements was better than 5%. To verify the accuracy of the procedure
in this study, several standard samples of GBW07120, GBW 07103, GBW 07105, and GBW 07187 were
also analyzed together with other samples. As a limestone sample GBW07120 that has low Zr (11 ppm)
and Hf (0.22 ppm) content. The whole-rock major and trace element analyses results were listed
in Table 7.

5. Results

5.1. XRD and EPMA Analyses

XRD and EPMA analyses of typical disseminated ores from veinlets in the Weishan REE deposit
indicate that the REE minerals are bastnisite and parisite (Table 3), with gangue minerals comprising
mainly calcite (77.7-89.8 wt. %), quartz (0.8-9.4 wt. %), Sr-barite (2.8 wt. %), Sr—Pb-barite (3.1-4.5 wt. %),
Pb-barite (9.0-14.8 wt. %) and anatase (2.3-2.5 wt. %) (Table 3). The different ores have similar gangue
and REE mineral assemblages, although the mineral proportions vary. All the REE and gangue mineral
compositions of samples SDW16-1-6 were determined by EPMA, with results given in Tables 4 and 5.
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Table 3. Mineralogy of typical samples from the Weishan, Maoniuping, Dalucao, and Lizhuang REE deposits determined by XRD analyses.

Sample No. Deposit Type Mineralogy REE Mineral
Weishan deposit (this study)
SDW17-1-1 vein 1 disseminated ores quartz (9.2 wt. %), calcite (84 wt. %), Sr-Barite (2.8 wt. %), bastnésite (0.4 wt. %), Parisite(0.5 wt. %) bastnésite, parisite
SDW17-1-2 vein 1 disseminated ores quartz (9.4 wt. %), calcite (85 wt. %), Sr/Pb Barite (4.5 wt. %), bastnasite (1.1 wt. %) bastnésite
SDW17-1-3 vein 1 disseminated ores quartz (6.6 wt. %), calcite (89.8 wt. %), Sr/Pb Barite (3.1 wt. %), bastnésite (0.5 wt. %) bastnisite
SDW17-1-4 vein 1 disseminated ores quartz (3.7 wt. %), calcite (81.9 wt. %), Pb-Barite (9 wt. %), bastnésite (1.9 wt. %), Parisite(1 wt. %), anatase(2.5 wt. %) bastnésite, parisite, anatase
SDW17-1-5 vein 1 disseminated ores quartz (0.8 wt. %), calcite (77.7 wt. %), Pb-Barite (14.8 wt. %), bastndsite (2.9 wt. %), Parisite(0.5 wt. %), anatase(2.3 wt. %) bastndsite, parisite, anatase
Deposits in the Mianning-Dechang REE belt (Liu and Hou, 2017) [13]
MNP14-4-1-1 stringer ore fluorite (49 wt. %), barite (23 wt. %), quartz (7 wt. %), bastnasite (20 wt. %) bastnisite
MNP14-4-1-2 powdered stringer ore fluorite (48 wt. %), barite (21 wt. %), quartz (9 wt. %), bastnésite (22 wt. %) bastnésite
1 0 1 1 0y 0y 0, 1 0 M 0
MNP14-42-1 Maoniuping powdered stringer ore ﬂuorlﬁe .(10 wt. %), biotite (8 wt.%), quartz (7 wt. %), feldspar (4 wt. %), plagioclase (4 wt. %), barite (2 wt. %), bastndsite
bastnisite (66 wt. %)
. fluorite (10 wt. %), quartz (8 wt. %), feldspar (5 wt. %), plagioclase (4 wt. %), biotite (3 wt. %), .
MNP14-4-2-2 stringer ore barite (1 wt. %), bastnisite (70 wt. %) bastnasite
MNP15-10 weathered ore barite (67 wt. %), fluorite (18 wt. %), quartz (6 wt. %), plagioclase (2 wt. %), bastnisite (7 wt. %) bastnésite
MNP15-11 weathered ore barite (59 wt. %), fluorite (22 wt. %), quartz (12 wt. %), plagioclase (2 wt. %),feldspar (0-1 wt. %), bastnésite (5 wt. %) bastnisite
DLC11-9 carbonatite quartz (28 wt. %), celestite (24 wt. %), fluorite (18 wt. %), calcite (17 wt. %), bastnisite
DLC11-17 Dal carbonatite calcite (74 wt. %), fluorite (16 wt. %), celestite (6 wt. %), quartz (2 wt. %), barite (1 wt. %), bastnésite (0-1 wt. %) bastnisite
DLC11-63-2 atucao ore vein calcite (38 wt. %), celestite (32 wt. %), plagioclase (23 wt. %), biotite (3 wt. %), feldspar (2 wt. %), bastnésite (2 wt. %) bastnisite
3 0, 1 0 1 0, 1 0, 1, 1 0 1 0
DLC15-3-2 ore vein calc1t? (.24 wt. %), celestite (22 wt. %), fluorite (17 wt. %), ferrodolomite (16 wt. %), biotite (14 wt. %), epidote (3 wt. %), bastnasite
bastnisite (4 wt. %)
LZ11-1-4 carbonatite calcite (61 wt. %), barytocelestite (36 wt. %), biotite (3 wt. %), bastndsite (0-1 wt. %) bastnisite
LZ11-1-7 carbonatite calcite (52 wt. %), barytocelestite (43 wt. %), biotite (5 wt. %), fluorite (0-1wt. %), bastnasite (0-1wt. %) bastnisite
LZ11-1-8 carbonatite calcite (70 wt. %), barytocelestite (25 wt. %), biotite (5 wt. %), fluorite (0-1 wt. %), bastnasite (0-1 wt. %) bastnésite
Lizh . calcite (76 wt. %), fluorite (14 wt. %), barite (3 wt. %), mica (3 wt. %), quartz (2 wt. %), ..
Lz1 1zhuang brecciated ore graphite (0-1 wt. %), bastnésite (2 wt. %) bastnasite
LZ3 brecciated ore calcite (59 wt. %), fluorite (32 wt. %), barite (4 wt. %), quartz (2 wt. %), mica (2 wt. %), bastnasite (1 wt. %) bastnisite
LZ5 ore vein celestitta' (31 wt. %), fluorannite (23 wt. %), calcite (21 wt. %), feldspar (11 wt. %), quartz (9.0 wt. %), barite (3 wt. %), bastnisite
bastnisite (2 wt. %)
LZ6 altered syenite feldspar (30 wt. %), biotite (28 wt. %), quartz (18 wt. %), plagioclase (16 wt. %), calcite (6 wt. %), bastnésite (2 wt. %) bastnisite
LZ14-3 massive ore quartz (47 wt. %), calcite (29 wt. %), fluorite (7 wt. %), biotite (7 wt. %), pyrite (5 wt. %), bastnésite (6 wt. %) bastnisite
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Comment Spots Mineral F Na;O MgO ALO3; K;O SiO; P205 Y203 ThO; Smy03 CaO TiO2 FeO Pr;O3 Nd;O3 Yb2O3 TaOs LayO3 Ce;O3 UO,  Total
SDW16-6-1 1 Ancylite 028 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.57 0.00 0.00 392 3.46 0.00 0.15 1294 2928 0.00 50.34
SDW16-6-1 2 Ancylite 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.00 0.03 426 3.05 0.01 0.00 13.67 29.60 0.09 51.28
SDW16-6-1 3 Ancylite 0.76 000 0.00 0.00 000 000 000 000 000 032 03 000 0.02 39 39 000 007 1246 3092 0.00 52.00
SDW16-1-2 1 Apatite 531 090 0.00 000 0.02 0.00 3729 0.00 0.02 0.00 4201 0.00 0.00 024 1.22 0.01 0.00 0.55 204 0.00 8338
SDW16-1-2 2 Apatite 290 071 0.02 000 0.00 0.00 3835 0.00 0.00 0.13 4551 0.00 0.00 0.38 1.11 0.05 0.00 0.26 202 0.00 87.80
SDW16-1-2 3 Apatite 471 110 0.02 0.00 0.07 030 36.79 0.00 0.04 0.22 4047 0.00 0.00 042 1.27 0.00 0.10 0.94 396 0.00 84.57
SDW16-5-3 1 Bstnésite 777 000 000 0.00 0.00 0.12 0.00 0.01 0.00 0.08 0.00 0.00 0.01 6.37 3.71 0.00 0.05 1583 39.61 0.01 6580
SDW16-6-2 1 Paristite 530 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 710 0.00 0.00 5.40 4.20 0.00 0.00 2130 2830 0.10 66.60
SDW16-6-2 2 Bstnisite 780 0.0 000 000 0.00 0.00 000 010 000 040 090 000 000 58 340 0.00 0.00 2370 2850 0.00 62.80
SDW16-6-2 3 Bstnésite 790 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.70  0.00 0.00 590 3.30 0.00 0.00 2520 28.70 0.00 6420
Comment SpOtS Mineral F Na20 MgO A1203 Kzo SiOZ P205 Y203 TiOZ Sm203 CaO SrO FeO Pl‘203 Nd203 Yb203 Ta205 La203 Ce203 UOZ Total
SDW16-6-1 1 Ca-strontianite  0.14 0.23 000 0.00 0.03 0.00 001 000 000 000 1605 2425 0.08 190 155 005 000 748 1591 0.02 67.33
SDW16-1-2 1 Ca-strontianite  0.34 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1598 2874 0.00 221 2.62 0.00 0.07 444 1394 0.00 68.00
SDW16-1-2 2 Ca-strontianite  0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 9.27 59.68 0.00 0.00 0.13 0.00 0.00 0.00 019 0.00 69.30
SDW16-1-2 1 Ca-strontianite  0.13 028 0.00 0.01 0.05 0.00 000 000 000 000 1629 2421 0.01 257 129 000 000 611 1346 0.00 63.99
Comment Spots Mineral F Cl Na;O MgO ALLO3; KO0 P05 Y03 Gd203 TiO, Smy03 CaO TiO2 FeO Pr;O3 Nd;O3 TaOs LaO3 Ce;O03 UO,  Total
SDW16-3 1 Paristite 686 0.14 0.00 0.00 0.00 000 0.02 0.29 4.34 0.00 094 1131 0.00 0.01 4.14 5.94 0.00 12.62 30.20 0.00 76.80
SDW16-3 2 Bstnisite 10.12 0.08 0.00 0.00 0.07 003 001 004 331 000 058 007 0.00 005 350 426 000 1812 3875 0.00 78.96
SDW16-3 3 Paristite 579 0.07 0.00 000 0.00 0.01 004 0.17 244 0.00 0.85 990 0.00 0.00 3.72 4.86 0.00 1431 3477 0.00 7693
SDW16-3 4 Bstnésite 8.67 0.06 0.00 000 0.00 0.01 000 0.06 3.37 0.00 0.52 0.10 0.00 0.00 3.89 442 0.00 1428 3821 0.00 73.58
Table 5. Compositions of representative gangue minerals formed during the hydrothermal stage in the Weishan deposit.
SamplesNo. Spots Mineral SiO; TiO, AlO3; FeO MgO CaO Na,O K;O P05 F Cl BaO SrO ThO; ZrO, SO3; UO; TayOs Total
SDW16-5-6 1 Phlogopite 55.44 0.11 3.11 0.32 2257 0.02 0.14 10.16 0.01 3.71 0.01 0.00 242 0.00 0.00 0.00 0.00 0.00 98.03
SDW16-5-6 2 Phlogopite 56.56  0.01 2.76 0.33 2266 0.01 0.11 10.18 0.00 3.54 0.01 0.02 0.44 0.02 0.00 0.00 0.00 0.00 96.66
SDW16-5-6 3 Phlogopite 56.62 0.05 241 024 2218 0.11 0.11 9.92 0.00 3.72 0.00 0.01 0.48 0.06 0.01 0.00 0.00 0.00 95.92
SDW16-5-6 4 Phlogopite 58.80  0.02 191 0.18 2289 0.07 0.12  10.05 0.01 4.39 0.01 0.00 244 0.06 0.07 0.03 0.00 0.00 101.06
SDW16-5-3 1 Phlogopite 5416 0.02 293 014 2071 0.06 0.07 1021 0.00 376 0.00 0.00 044 000 003 001 000 000 9254
SDW16-5-6 1 Sr-rich barite 0.00 0.17 0.04 0.07 0.00 0.25 0.03 0.02 0.00 0.21 0.00 2275 40.15 0.00 0.06 32.80 0.00 0.00 96.54
SDW16-5-5 1 Sr-rich barite 0.00 0.15 0.02 0.04 0.00 0.21 0.10 0.02 0.01 0.03 0.00 2149 4236 0.00 0.02 3287 0.00 0.00 97.32
SDW16-5-3 1 Sr-rich barite  0.00 0.02 0.00 002 000 022 004 001 000 000 000 1719 4737 0.09 0.00 3419 0.02 0.00 99.16
SDW16-1-2 1 Aegirine 5147 0.76 051 2210 203 3.18 1096 0.00 0.01 0.21 0.01 0.05 0.46 0.04 0.04 0.00 0.00 0.00 91.81
SDW16-1-2 2 Aegirine 51.94 0.40 040 2426 096 1.64 1214 0.00 0.01 0.00 0.00 0.08 0.43 0.12 0.04 0.03 0.02 0.00 92.47
SDW16-1-2 3 Aegirine 5147 198 040 2107 213 3.03 1099 0.00 0.03 0.00 006 005 047 000 0.03 004 000 000 9174
SDW16-1-2 4 Aegirine 53.12  0.52 040 2156 259 436 1093 0.00 0.00 0.00 0.01 0.00 2.13 0.00 0.04 0.03 0.04 0.00 95.72
SDW16-6-3 1 Calcite 0.00 0.00 0.00 0.34 0.30 4996 0.06 0.00 0.03 0.02 0.01 0.02 4.51 0.09 0.00 0.04 0.01 0.00 55.38
SDW16-6-3 2 Calcite 0.00 0.01 0.00 003 038 5373 0.07 001 001 004 000 006 135 001 000 000 000 004 5574
SDW16-5-3 1 Calcite 0.00 0.00 0.00 0.14 040 5248 0.04 0.00 0.01 0.14 0.00 0.00 1.61 0.00 0.08 0.01 0.04 0.00 54.94
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Table 5. Cont.

SamplesNo. Spots Mineral SiO; TiO; AlO3; Cr;0O3 FeO MnO MgO CaO NaO KO P05 F SrO SO3 BaO Cl NiO V;03 Total
SDW16-3 3 Calcite 000 0.00 001 000 018 066 040 5298 0.00 0.01 001 000 166 000 0.03 0.00 000 0.02 55.94
SDW16-3 4 Calcite 001 0.00 001 002 020 055 030 5366 003 000 000 000 142 0.02 0.00 0.00 001 0.00 56.22
SDW16-3 5 Calcite 0.02 0.00 000 004 000 044 027 5306 0.02 000 000 000 193 005 0.00 0.00 004 0.02 55.88

SDW16-6-2 1 Calcite 001 0.00 001 002 007 048 039 5316 0.02 000 005 008 252 003 0.00 0.00 002 0.00 56.84

SDW16-6-2 2 Calcite 0.01 0.01 001 005 020 044 050 528 006 0.00 003 000 197 001 006 0.00 0.01 0.01 56.22

SDW16-6-2 3 Calcite 001 0.00 000 000 014 035 046 5256 0.03 000 002 000 329 001 0.00 0.00 001 0.00 56.87
SDW16-3 1 Celestite 0.02 027 007 004 000 004 001 019 003 0.04 000 000 34.07 4118 2407 0.00 0.00 0.00 100.02
SDW16-3 2 Celestite 000 023 003 008 000 000 000 014 0.04 000 000 000 3525 4117 2207 0.01 002 0.00 99.03

SDW16-6-2 1 Celestite 002 022 004 000 001 007 002 014 000 001 000 015 3807 4221 1874 0.00 0.00 0.00 99.70

SDW16-6-2 2 Celestite 000 028 006 003 001 000 000 013 003 0.02 000 000 32.08 4158 2558 0.01 0.00 0.00 99.81

SDW16-6-2 3 Celestite 0.04 021 004 000 001 000 001 016 0.09 0.01 000 010 36.67 4059 2226 0.00 0.00 0.00 100.20
SDW16-3 1 Quartz 99.23 003 006 000 0.00 000 001 002 000 000 0.00 000 010 004 000 0.00 0.00 0.00 99.49
SDW16-3 2 Quartz 98.40 000 005 0.04 000 000 000 001 000 000 000 000 08 002 003 000 0.00 0.02 99.37
SDW16-4 1 Quartz 98.54 000 000 0.00 0.06 000 000 004 002 002 001 000 08 002 000 000 0.00 0.00 99.53
SDW16-4 1 K-feldspar 65.05 0.05 1806 0.01 034 000 000 000 045 1338 0.00 000 278 003 017 0.00 0.01 0.03 100.34
SDW16-4 2 K-feldspar 6447 0.00 1880 0.02 027 001 000 001 014 1459 000 000 057 000 016 0.00 001 0.04 99.09
SDW16-4 3 K-feldspar 6438 0.00 1830 0.04 013 002 000 0.04 019 1546 003 000 049 0.03 0.02 001 000 0.03 99.15
SDW16-4 1 Albite 6839 0.01 1892 0.00 000 000 0.00 011 1136 008 000 000 059 003 000 0.00 0.02 0.00 99.50
SDW16-4 2 Albite 66.30 0.00 1910 0.00 001 000 001 025 11.04 0.12 000 000 299 002 0.04 0.00 001 0.00 99.88
SDW16-4 1 Apatite 0.02 0.00 000 000 002 000 003 5017 064 0.00 4140 293 413 023 0.00 0.02 000 0.00 99.60
SDW16-1 1 Apatite 0.04 0.00 001 000 022 000 002 5012 054 0.00 4043 247 425 0.07 0.00 0.01 000 0.02 98.17
SDW16-1 2 Aegirine 4933 055 059 014 2505 007 079 149 1294 0.01 005 031 218 004 002 000 0.0 0.17 93.72
SDW16-1 3 Aegirine 5210 364 039 0.00 2327 020 178 257 1205 0.00 0.01 009 047 000 003 0.00 0.00 0.13 96.73
SDW16-1 1 Rutile 0.03 9618 0.00 001 165 005 000 002 0.00 000 000 007 000 004 061 000 000 1.16 99.82
SDW16-4 1 Barite 012 061 1.04 004 012 000 001 011 0.09 0.00 0.00 000 1067 3624 51.10 0.00 0.00 0.00 100.14
SDW16-1 1 Barite 000 064 022 001 015 000 000 011 0.09 0.00 000 000 437 3546 5871 0.00 0.00 0.00 99.76
SDW16-1 2 Barite 010 070 010 006 078 000 001 0.07 0.08 0.00 000 000 493 3659 5617 0.00 0.00 0.00 99.59

SamplesNo. Spots Mineral Se As Ge Zn S Pb Bi Hg Fe Cu Sb Co Ag Au Te Ni Total
SDW16-4 1 Pyrite 0.00 0.05 0.00 0.01 528 001 000 000 4620 0.00 000 003 000 006 0.00 0.00 99.20
SDW16-4 2 Pyrite 0.02 0.00 0.00 0.00 5330 005 000 000 4590 0.02 002 004 000 001 0.01 0.00 9930
SDW16-4 3 Pyrite 0.00 0.01 0.00 0.00 5320 002 000 0.00 4590 0.04 000 000 000 000 0.02 0.00 99.20
SDW16-4 1 sphalerite 0.00 0.00 0.00 6740 3250 005 008 000 007 001 000 002 000 000 000 0.00 100.00
SDW16-4 1 galena 0.02 0.00 023 0.00 1350 86.00 000 0.05 0.00 0.00 000 000 010 000 0.09 0.00 99.90
SDW16-1 1 galena 0.00 0.00 019 0.00 1340 8580 000 0.08 013 0.00 000 000 000 000 0.01 0.02 99.60

SDW16-5-2 1 galena 0.00 0.00 022 0.00 1330 8540 000 0.04 001 0.01 000 000 000 000 0.08 0.01 99.00
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Table 6. Results of LA-ICP-MS analyses (in ppm) of barite, calcite, strontianite, bastnésite, and monazite from typical REE ores in the Weishan deposit.

17 of 30

Sample No. Spots Minerals Rb Sr Y Th U Nb Ta Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf XREE (La/Yb)n
1 Brt 01 200028316 0 015 0 ©0 0 743 214 057 058 02 551 043 0 O 0 0 0 002 00l 017 103 3552
2 Brt 011 23873832 0 021 0 O 001 126 364 083 113 014 532 058 0 00l 0 0 001 003 001 009 171 3224
SWD16-2-2 3 Brt 006 194134312 0 003 0 ©0 0 160 49 117 146 016 53 038 0 0 0 0 0 007 002 005 217 1655
4 Brt 006 198366345 0 015 001 0 0 92 263 063 059 024 548 048 0 001 0 0 0 002 001 011 126 2058
5 Brt 011 179802352 0 024 001 0 0 121 349 086 102 024 579 041 002 001 0 O 0 004 00l 008 165 1963
1 Cal 017 56183 223 0 00l 0 00l 0 807 281 461 252 883 299 863 108 508 846 189 24 137 166 0 971 424
SWDI612 2 Cal 0.1 58529 238 0.05 009 008 001 951 341 1039 143 690 164 447 108 12 54 899 20 235 139 157 017 2641 175
3 Cal 028 62915 211 001 087 001 0 008 472 184 2 187 773 265 741 93 463 7.82 188 232 132 171 001 728 256
1 Cal 01 15310 268 003 002 0 0 001 19 427 456 207 61 201 588 9.6 526 946 232 301 187 238 002 1134 7.54
2 Cal 009 25075 282 021 012 0 O O 329 702 724 329 951 304 805 11 558 10 237 3.18 197 235 001 1763 12
3 Cal 004 17792 289 0 0 0 0 001 260 722 811 305 528 143 327 585 382 757 178 212 109 111 001 1552 171
swplezs 4 Cal 015 14534 271 002 012 0 001 001 311 648 626 302 849 274 774 104 557 101 243 341 19 235 0 1638 117
5 Cal 008 8329 331 001 004 0 0 0 606 155 177 76 22 773 238 566 414 968 277 403 226 255 002 476 1.93
6 Cal 011 9908 303 001 008 0 O 0 157 407 507 218 529 162 46 7.86 487 943 247 317 19 229 0 1063 5.91
7 Cal 004 24431 304 003 006 0 O 0 242 569 666 283 698 227 654 953 544 10 249 325 202 249 0 1444 8.62
8 Cal 005 21,645 328 001 004 0 0 0 316 80 105 423 939 273 747 11 58 986 233 274 165 184 0 1993 138
1 Cal 0.1 30439 398 006 078 001 0 001 281 635 636 282 867 305 885 138 729 123 286 357 222 293 0 1624 9.07
SWD16-2-3 2 Cal 168 5319 116 002 011 003 0 016 925 261 3.8 22 113 485 159 305 193 371 10 163 128 244 005 146 052
3 Cal 003 7270 147 001 005 0 O 0 109 356 566 321 141 616 192 382 238 45 128 205 165 296 001 190 047
1 Cal 012 17,195 276 0 004 042 0 012 152 439 557 257 663 221 601 937 494 879 222 291 168 201 0 1164 65
SWD16-5-6 2 Cal 016 23012 262 0 005 0 0 0 219 571 73 312 716 219 608 892 489 878 209 279 165 195 0 1438 9.53
1 Cal 001 12340 332 602 048 003 0 0 4544 5923 505 1628 212 502 120 136 634 109 25 323 183 211 002 13120 178
swples2 2 Cal 005 15231 357 001 004 001 O O 737 256 411 212 84 287 812 122 64 117 281 358 195 247 0 918 271
3 Cal 009 16102 351 042 003 0 O 0 214 589 794 379 110 345 943 133 68 121 277 36 193 228 001 1646 7.93
4 Cal 006 12,863 357 001 002 0 O O 108 331 447 205 737 251 712 114 621 109 27 346 193 219 002 99 402
1 S0 005 537675119 07 112 006 0 005 476 1275 170 812 166 404 916 9.01 342 476 972 091 504 065 0 3094 67.7
SWDI16-1-2 2 Stro 0 54663 1078 869 203 029 0 206 2051 6156 875 4368 1129 308 924 954 362 451 698 539 207 188 009 16412 712
3 Stro 039 5936 304 019 034 645 003 509 529 992 773 258 313 097 153 0.7 063 009 03 008 159 039 755 194 239
1 Bsn 029 1682 305 580 4 001 0 043 374508 367267 25859 66462 3483 531 1136 537 112 9.86 149 054 128 0.2 003 839439 209,589
2 Bsn 005 1559 215 643 419 002 001 036 383863 366710 24624 60430 2806 437 966 43 838 687 115 036 083 009 002 839,982 331,285
3 Bsn 014 1558 253 586 806 002 0.0l 039 370,862 375039 25652 63962 2825 420 913 408 858 7.61 12.6 038 095 0.09 001 839,821 278,989
swoless 4 Bsn 002 1777 254 1060 305 002 001 033 348443 382,006 27,600 74216 3986 567 1177 513 991 859 142 05 129 011 002 838259 193,924
5 Bsn 034 729 208 445 669 003 001 039 383365 366195 24894 62676 2799 423 952 425 847 676 105 029 0.65 006 002 841450 421,240
6 Bsn 004 1218 180 206 612 003 O 046 373,758 376053 25349 62350 2646 381 848 36 678 579 973 029 065 0.07 001 841,505 410,178
7 Bsn 02 1931 165 760 41 002 0 038 364327 375906 26661 68092 2878 399 843 345 657 555 999 03 07 009 0 839222 375898
8 Bsn 0 2609 245 1549 3.14 004 001 059 363296 375990 25982 67643 3751 546 1147 507 988 864 135 047 119 0.1 001 838530 219,599
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Table 6. Cont.
Sample No. Spots Minerals Rb Sr Y Th U Nb Ta Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf XREE (La/Yb)n
1 Bsn 0.01 565 557 189 13 0.03 0.01 044 377,376 375,813 25,027 59577 2886 511 1167 713 181 152 20 076 157 0.12 0.05 842,647 172,445
2 Bsn 0.05 380 306 140 711 0.03 O 0.37 368,430 383,199 25,796 61178 2823 458 1021 51.6 111 882 121 0.33 0.75 0.07 0.02 843,089 354,019
SWD16-6-5 3 Bsn 0.04 559 446 113 107 002 O 0.38 355541 389913 27,130 65116 3134 515 1146 649 153 126 16 057 1.12 0.1 0.02 842,742 227,193
4 Bsn 0.04 831 349 172 198 0.02 0 042 371,632 377,338 25,779 63097 2710 448 1017 549 122 10 14 04 126 0.11 0.02 842,223 211,496
5 Bsn 0.04 872 320 213 485 0.02 O 043 367,550 381,794 25,450 62321 2916 488 1089 54.7 118 9.27 133 0.37 087 009 0 841,806 302,290
1 Bsn 0.07 1222 199 1813 1.32 0.02 0.01 0.41 381,552 365,358 24,977 64625 2714 422 923 412 814 6.62 106 028 0.88 007 O 840,713 309,995
2 Bsn 0.05 839 593 279 89 683 0 041 359,008 379,346 26,460 65952 3198 543 1211 756 187 16 188 0.6 134 0.11 0.02 836,018 192,751
SWD16-6-4 3 Bsn 0.12 834 867 331 115 0.02 0.01 043 359477 376,612 26,352 66179 3337 582 1315 883 237 214 247 0.89 173 0.14 0.03 834,229 149,172
4 Bsn 0.12 654 1109 597 175 0.07 O 0.35 356,824 378805 26,566 66513 3498 621 1413 105 300 268 296 1.05 197 0.13 0.04 834,704 129,621
5 Bsn 0.06 680 613 315 7.24 0.03 0.01 044 366,701 371,857 26,624 70476 4199 704 1519 873 204 176 212 0.74 188 0.12 0.04 842,414 139,618
SWD16-5-4 1 Bsn 0.02 739 608 398 104 0.04 0.01 033 360,108 380,110 26,164 66674 3022 480 1031 642 172 158 192 0.64 128 0.11 0.03 837,862 201,918
e 2 Bsn 0.05 623 759 742 235 002 O 0.43 380,195 371,695 25,013 60833 2659 405 876 49.8 146 16.1 248 125 3.06 02 0.01 841,917 89,248
1 Bsn 0 809 190 226 103 0.03 O 0.49 375,085 376,638 25,384 61973 2668 392 812 39.1 802 62 861 0.18 0.44 0.05 0.02 843,087 610,830
SWD16-6-3 2 Bsn 0.13 681 183 108 14 0.02 0.01 0.5 360,839 382,708 26,992 67401 2910 423 838 382 774 6 949 026 049 0.04 0.03 842,242 531,986
e 3 Bsn 0 1459 522 320 159 004 O 046 381,319 369,265 24,933 61416 2933 470 967 62 164 143 173 0.65 129 0.11 0.06 841,563 211,690
4 Bsn 0.05 541 332 181 124 0.02 O 0.38 368,045 377,817 26,304 66153 3011 450 942 488 116 9.77 122 038 0.62 0.07 0.03 842,908 423,290
1 Mnz 0.15 2332 480 1923 75 154 O 1.24 199,924 271,193 23,240 71848 6236 1066 2040 122 277 21.8 268 099 251 02 0.04 575,998 57,181
2 Mnz 023 1669 469 3785 769 0.39 0.01 0.85 190,138 265941 23514 76449 7643 1343 2520 141 297 215 262 0.89 232 0.16 0.03 568,036 58,861
SWD16-4-3 3 Mnz 944 2612 520 2922 108 15.7 0.01 1.29 182,350 252,801 22,785 72932 6812 1170 2259 135 305 239 284 1.16 3.72 0.32 0.05 541,607 35,199
4 Mnz 0.3 1900 535 2334 8.1 935 0 1.56 194,327 263,191 22,063 67862 6258 1100 2120 133 311 24.1 273 1.07 4.02 036 0.08 557,422 34,667
5 Mnz 0.11 2499 553 2049 79 679 0 095 179,189 241,890 20,531 64600 6009 1033 2046 128 302 242 302 1.69 6.69 0.79 0.05 515,791 19,215
SWD16-2-2 1 Mnz 0.05 18,518 429 918 93.6 326 0.01 042 172,585 256,122 22,471 72415 6505 1032 2062 115 256 20.8 258 098 253 0.19 0.02 533,611 48,994
SWD16-5-6 1 Mnz 0.15 2547 451 464 104 028 O 054 195,457 267,004 20,675 56993 3653 600 1234 79.1 213 183 222 1 2.89 0.27 0.03 545953 48,468
T 2 Mnz 0.12 2271 463 692 964 0.03 O 042 209,498 275283 21,577 60793 4450 735 1513 972 252 209 236 087 16 0.12 0.02 574,245 93,809
2 Par 0 1720 379 0.03 62 108 0.1 337 359 44.4 4.24 19 597 19 639 112 726 132 353 05 356 065 O 136 7.23
SWD16-1-2 3 Par 029 2646 548 0.05 437 123 0.04 248 24.7 39.1 2.38 9.59 3.84 183 632 158 101 1.77 455 0.7 388 0.64 148 111 4.58
4 Par 045 796 141 0.08 0.02 029 0.08 544 5.43 12.2 1.71 8.99 3.14 093 331 062 282 057 113 016 168 048 0 43.2 2.32
Notes: Brt = barite; Bsn = bastnisite; Cal = calcite; Fl = fluorite; Mnz = monazite; Str = strontianite; Par = parisite.
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Table 7. Whole-rock geochemical compositions of typical REE ores in the Weishan deposit.

Samples SDW17-1 SDW17-2 SDW17-3 SDW17-4 SDW17-6 SDW16-4 SDW16-5 Average
SiO, 1.07 5.7 0.62 0.37 2.56 13.68 3.6 7.89
Al O3 0.25 0.41 0.25 0.25 0.25 0.25 0.36 0.58
CaO 41.05 33.9 39.37 40.52 22.57 35.52 24.04 33.9
Fe, O3 0.1 0.1 0.1 0.1 0.17 7.49 0.89 0.11
FeO 0.31 0.38 0.18 0.16 1.26 0.88 0.23 0.26
K,0 0.02 0.42 0.01 0.02 0.01 0.02 0.22 0.1
MgO 0.09 0.08 0.11 0.06 0.16 0.33 0.86 0.24
MnO 0.52 0.58 0.53 0.38 0.49 0.75 0.66 0.56
Na,O 0.2 0.53 0.35 0.57 1.03 0.05 0.04 0.4
P,0s5 0.21 0.18 0.27 0.17 0.48 0.93 0.48 0.39
TiO, 0.01 0.01 0.01 0 0.08 0.39 0.02 0.07
CO, 35.95 30.59 32.82 34.28 22.97 20.13 20.74 28.2
H,O" 0.66 1.65 1.31 1.15 1.42 1.49 1.12 1.26
Total 80.44 74.53 75.93 78.03 53.45 81.91 53.26 73.96

Li 5.56 2.42 2.48 1.95 2.52 7.36 196 31.2
Be 0.15 0.47 0.13 0.07 0.15 0.27 211 0.48
Cr 1.99 2.89 0.26 0.12 4.58 39.4 1.43 7.24
Mn 2758 3336 3068 2067 3280 5470 3685 3381
Co 0.49 0.99 0.3 0.26 13.2 16.9 2.12 4.89
Ni 7.83 6.83 6.95 5.06 8.6 153 5.56 8.02
Cu 1.22 2.89 0.54 0.17 22.7 57.1 0.69 122
Zn 528 397 4.63 3.02 478 149 542 225.6
Ga 0.83 0.63 0.27 0.13 0.87 2.69 0.69 0.87
Rb 0.68 513 0.4 0.45 0.32 1.09 13.7 3.11
Sr 52,380 97,760 85,050 92,060 66,160 9236 88,520 70,167
Mo 15 1.87 0.48 0.73 80.5 9.82 88.6 26.2
Cd 0.34 8.43 0.33 0.38 1.62 1.11 1.72 1.99
In <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.05
Cs <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.05
Ba 36,750 39,480 32,860 25,820 167,900 20,410 39,650 51,839
T1 <0.05 0.22 <0.05 <0.05 <0.05 <0.05 <0.05 0.05
Pb 69.7 1990 109 96.4 1006 944 359 653
Bi 1.69 18.6 0.23 0.07 0.71 17.2 0.9 5.63
Th 2.04 5.12 2.8 1.3 6.1 16.5 24.2 8.29
8) 1.51 1.28 1.98 0.49 41.2 41 2.34 12.8
Nb 0.54 1.08 0.54 0.56 112 169 3.35 41
Ta 0.13 0.11 0.11 0.11 0.72 0.55 0.1 0.26
Zr 0.77 0.41 0.57 0.34 18.6 144 36.9 28.8
Hf 0.44 0.36 0.39 0.38 0.63 1.87 1.21 0.75
Sn 0.35 0.54 0.41 0.32 0.6 0.96 0.38 0.51
Sb <0.05 <0.05 <0.05 <0.05 0.08 0.14 <0.05 0.11
Ti 20.3 15.1 19 11.3 376 2110 76.4 375
W 0.51 0.62 0.39 0.38 1.04 4.59 0.47 1.14
As 6.02 3.63 4.45 3.05 12.8 2.69 27.3 8.56
Y% 0.64 0.36 0.23 <0.05 7.17 17.6 1.09 4.52
La 15,460 13,540 14,670 11,270 26,700 7364 61,120 21,446
Ce 18,440 16,090 17,430 14,130 30,510 9906 69,780 25,184
Pr 1133 1113 1154 1005 1893 711 4623 1662
Nd 3635 3141 3370 3065 4767 2215 10,140 4333
Sm 308 254 270 276 272 207 484 296
Eu 79.7 80.1 84.1 82.6 75.3 48.3 145 85
Gd 274 223 243 225 326 207 725 318
Tb 16.7 122 14.4 144 11.7 12.8 19.6 14.5
Dy 58.6 42.8 50.3 51.5 33.6 50.2 55 48.9
Ho 8.97 6.89 7.98 8.09 521 8.21 8.19 7.65
Er 19.9 16.9 18.6 18.4 13.1 19.7 20.9 18.2
Tm 2.1 1.96 2.05 2 1.49 2.31 2.22 2.02
Yb 12.7 135 13.6 125 9.83 14.6 15.6 13.2
Lu 1.46 1.64 1.65 1.46 1.22 1.94 1.83 1.6
Sc 0.47 0.43 0.48 0.32 0.67 1.84 1.21 0.77
Y 146 112 138 121 82.1 193 153 135
REE 39,597 34,649 37,468 30,283 64,702 20,963 147,295 53,565
LREE 39,056 34,218 36,978 29,829 64,217 20,451 146,292 53,006
HREE 541 431 490 455 485 512 1003 559
LREE/HREE 72 79 75 66 132 40 146 95

Lan/Yby 873 719 774 647 1948 362 2810 1162
Eu/Eu* 0.82 1.01 0.98 0.98 0.77 0.71 0.75 0.86
La/Y 106 121 106 93 325 38 399 159

19 of 30



Minerals 2020, 10, 25 20 of 30

Bastnasite is brown, has a variable grain size, and is commonly associated with calcite, strontianite—
barite, and quartz. It has Lay;O3; and Ce,O3 contents of 14.3-25.2 and 28.5-39.6 wt. %, respectively,
and a Y,0Oj3 content of 0.04-19.00 wt. %. Monazite has La,O3 and Ce,O3 contents of 12.99-13.36 and
37.8-38.8 wt. %, respectively. Apatite has LayO3 and Ce;O3 contents of 0.26-0.94 and 2.02-3.96 wt. %,
respectively, and contains 25.6-33.2 wt. % SiO; and up to 40 wt. % CaO. Ca-strontianite has lower
La;O3 (0.00-7.48 wt. %) and Ce;O3 (0.19-15.9 wt. %) contents than those of parisite (with La,O3; and
CeyO3 contents of 12.6-14.3 and 30.2-34.8 wt. %, respectively) or bastnésite, and CaO and SrO contents
of 9.2-16.2 and 24.2-59.7 wt. %, respectively. Ancylite has La;O3, Ce;O3, and CaO contents of 12.5-13.7,
29.3-30.9, and 0.35-0.58 wt. %, respectively (Table 4). In these samples, the gangue minerals are
mainly calcite, barite, quartz, muscovite, dolomite, pyrite, sphalerite, galena, chalcopyrite, K-feldspar,
and albite. Accessory minerals include rutile and titanite. Sulfides are widely distributed in the ores,
and include pyrite, galena, pyrrhotite, chalcopyrite, and molybdenum sulfide (Table 5).

5.2. In Situ LA-ICP-MS Analyses

Chondrite-normalized REE patterns of individual REE-bearing and gangue minerals are shown in
Figure 7. Barite has low ~REE contents of 103-217 ppm (mean = 156 ppm) and high (La/Yb)y ratios of
1655-3552 (mean = 2670) (Figure 7a). Calcite has the most variable XREE contents of 146-13,120 ppm
(mean = 1832 ppm), (La/ Yb)y ratios of 0.5-178, and chondrite-normalized REE patterns exhibiting
negative slopes with no Eu anomalies (Table 6 and Figure 7b).
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Figure 7. Chondrite-normalized REE patterns for (a) barite, (b) calcite, (c) bastnésite, and (d) monazite
in disseminated ores. Normalizing values are after [57].

Bastnésite has the highest ZREE content of 834,229-843,089 ppm (mean = 840,349 ppm), with
(La/Yb)y ratios of 89,248-610,829 (mean = 279,094) (Figure 7c). Monazite has REE contents of
515,791-575,998 ppm (mean = 551,583 ppm), with (La/Yb)y ratios of 19,215-93,809 (mean = 49,549)
(Figure 7f). Parisite has low ~REE contents of 43136 ppm (mean = 97 ppm), with (La/Yb)y ratios
of 2.32-7.23 (mean = 4.71) (Table 6). Bastndsite and monazite, rather than paristite, are the main
REE-bearing minerals in the Weishan REE deposit.
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5.3. Whole-Rock Geochemical Analyses

Major and trace element compositions of disseminated ores in veinlets are reported in Table 7.
The analyzed Weishan REE ores have SiO, and (Na,O + K;O) contents of 0.37-13.68 and 0.07-0.95 wt. %,
respectively, with MgO, CaO, and Fe,O3 contents of 0.06-0.86, 22.57-41.05, and 0.10-7.49 wt. %,
respectively. The Weishan REE ores are characterized by low Cr and high large-ion lithophile element
(LILE) contents, with Sr and Ba contents of 9236-97,760 and 20,410-167,900 ppm, respectively. These
ores are enriched in LREEs (XLREE = 20,451-146,292 ppm) and HREEs (XHREE = 431-1003 ppm),
and exhibit Eu anomalies (Figure 8). Strong fractionation of LREE over HREE is evident.
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Figure 8. (a,b) Primitive-mantle-normalized trace element diagrams and (c,d) chondrite-normalized
REE patterns of REE ores and syenites from the Weishan REE deposit. (b,d from [50]; normalizing
values are after [57]).

6. Discussion

6.1. Mineralized Carbonatite in the Weishan Deposit

Carbonatite-related REE deposits with high REE grades are favored targets for exploration [7,12,58-62].
Mineralized carbonatites that host REE deposits commonly have high REE, Ba, and Sr contents, but
their fertility is not correlated with CaO/MgO or FeO/MgO ratios (Figure 9). Ore contents of REE, Ba,
and Sr in the Weishan deposit are higher than those of large REE deposits elsewhere, with Weishan
data plotting in the mineralized field in REE-(CaO/MgO), REE~(FeO/MgO), REE-Ba, and REE—(Sr/Ba)
diagrams (Figure 9). The higher REE contents than those of Bayan Obo and Maoniuping carbonatites
suggest that the Weishan carbonatite-syenite complex has the potential to host large or giant REE
deposits, with mineralized carbonatites hosting REE deposits with both high and low REE grades.

Although the Weishan REE deposit has various types of wall rock (including gneiss), the main
REE-bearing material is considered as originating directly from the carbonatite—syenite complex.
Liang and Ying [50,63] studied the syenite and carbonatite separately. Weishan quartz syenite
and aegirine-quartz syenite are characterized by high alkali contents, metaluminous composition,
and relatively low Ti, Fe, Mg, and Mn contents, with alkaline affinities. There is strong fractionation of
LREE and HREE, with REE patterns displaying enrichment in LREE and depletion in HREE, with
small positive and negative Eu anomalies (Eu/Eu* = 0.90-1.05). The ores are rich in LILEs such as Rb
and other elements such as Th and U and depleted in high-field-strength elements (HFSEs), such as
Nb, Ta, Zr, and Hf (Figure 8b,d).
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Figure 9. (a) REE-(CaO/MgO) and (b) REE-(FeO/MgO) diagrams for examples of carbonatites. These
data indicate that REE enrichment is unrelated to the type of carbonatite and its major element
composition (most data are from Table 4 in [12,63]). (c) REE-Ba and (d) REE—(Sr/Ba) diagrams for the
Weishan deposit and other examples of mineralized and barren carbonatites. Carbonatites associated
with giant CARDs have extremely high Ba and REE contents, positive Ba-REE correlations, and negative
(Sr/Ba)-REE correlations (data from [12,63]).

Fresh carbonatite in the Weishan REE deposit has not yet been studied, although the Laiwu-Zibo
carbonatites (LZCs) from around the Weishan deposit have been studied [63]. The LZCs have high
Sr (up to 5000 ppm) and Nd (up to 2000 ppm) contents. Their REE patterns show strong enrichment
in LREEs with small negative Eu anomalies. Their primitive-mantle-normalized diagrams exhibit
enrichment in Ba (574-18,072 ppm), Th (15.4-170 ppm), Sr (927-5366 ppm), U (2.07-22.1 ppm), LREE
(1084-9695 ppm), HREE (46-247 ppm), and ~REE (1130-9942 ppm), and marked depletion in Rb
(4.6-231 ppm), Zr (30-596 ppm), and Hf (0.61-13.6 ppm) [63].

The Weishan REE ores are characterized by low Cr contents and Zr and Hf anomalies, with
enrichment in LILEs and HFSEs. They are enriched in LREEs (20,451-146,292 ppm) and depleted in
HREESs (431-1003 ppm). Considering that the carbonatite-syenite complex and REE ores have similar
REE patterns and trace element compositions, it is concluded that the carbonatite—syenite complex is
the main contributor of disseminated REE ores, or that it crystallized in equilibrium with other types of
ore. The Weishan REE ores also have high Sr (9235-97,760 ppm) and Ba (25,820-167,900 ppm) contents,
consistent with other REE mineralized carbonatites [11,12].

Magmatic and hydrothermal stages have been recognized in this and previous studies. Typical
disseminated REE ore samples from the Weishan deposit commonly contain bastnasite (Figure 5a,b,d,f),
parisite (Figure 5a,b,{,i), monazite (Figure 5c—e), REE-bearing apatite (Figure 5g), and Ca-strontianite
(Figure 5g,h). The main gangue minerals are calcite, barite, quartz, phlogopite, fluorite, dolomite,
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K-feldspar, albite, and rutile. Quartz, barite, calcite, and other gangue minerals were overprinted
by or formed in equilibrium with bastnisite, parisite, monazite, and other REE minerals (Figure 5),
indicating that these REE minerals formed at a relatively late stage, coeval with other gangue minerals.

Bastnaisite is the most important economic mineral in the deposit and occurs in a wide variety
of mineral assemblages, with crystal lengths of 20-200 pm. Bastnisite and parisite crystallized in
equilibrium with calcite. Euhedral bastnésite crystals formed coevally with parasite, and barite formed
in a subsequent phase or in equilibrium with bastnésite and parisite (Figure 5a). Parisite crystals have
lengths of 10-100 um, with most being in equilibrium with calcite, barite, and bastnésite (Figure 5b).
In general, parisite contains less amount than bastnésite. Monazite occurs mainly as isolated elongate
grains that are 50-150 pm diameter, with some being massive or occurring as columnar aggregates
(Figure 5¢). Biotite, quartz, calcite, phlogopite, and calcite were overprinted by or formed in equilibrium
with monazite and celestite. K-feldspar and albite in ores occur as relicts overprinted by monazite.

Gangue minerals in the deposit include apatite, Ca-strontianite, calcite, quartz, barite, phlogopite,
K-feldspar, albite and dolomite (Table 5; Figure 5). Apatite crystals (20-50 pm length) are euhedral and
elongate and occur as aggregates with calcite and as overgrowths on other gangue minerals. Apatite
coexists with Ca-strontianite, which is scarce, fractured, and occurs as overgrowths on calcite and other
gangue minerals (Figure 5g). Ca-strontianite also occurs with other minerals, with lower La;O3 and
Ce, O3 contents than those of parisite or bastnésite and high CaO and SrO contents of 9.2-16.2 and
24.2-59.7 wt. %, respectively (Figure 5h).

Calcite is the most common ganue mineral, accounting for at least 30% of REE ores. It is translucent
and white or pale pink and commonly occurs with euhedral bastnédsite. We infer that calcite formed
after other minerals, such as barite and parasite, because it overgrows these minerals (Figure 5a,b,f).
Barite (0.2-1.5 mm) is hypidiomorphic to euhedral and occurs with bastnésite (Figure 5a,b,d,f). Quartz
is common in all types of ore and occurs as hypidiomorphic, xenomorphic, and granular grains
(Figure 5d-g).

K-feldspar and albite occur in some ores, mainly as relict grains (Figure 5c), indicating that gneiss,
syenite, and other wall rocks underwent alteration. Petrographic studies and ore occurrences indicate
that REE mineralization occurred through alteration of syenite or gneiss or other wall rocks, mainly in
the later hydrothermal stage.

Sphalerite is the most widely distributed sulfide mineral, was generally formed in the later
hydrothermal stage, and in most cases is associated with galena. It is irregular in shape and
200-900 pm in diameter. Galena occurs along sphalerite grain boundaries and phlogopite occurs within
sphalerite-galena intergrowths (Figure 5g). Pyrite is often associated with other sulfide minerals and
formed during late-stage hydrothermal alteration. Idiomorphic pyrite (200-800 um) is intergrown
with phlogopite and occurs with quartz and galena (Figure 5i). Petrographic studies indicate that
pyrite and other sulfides may have precipitated after the gangue minerals.

Based on petrographic studies and the geological setting, REE mineralization occurred through
the magmatic to hydrothermal stages. During the magmatic stage, quartz, zircon, apatite, K-feldspar,
albite, arfvedsonite, aegirine, and magnetite formed in the syenite-carbonatite complex. In the
hydrothermal stage, barite, calcite, quartz, muscovite, strontianite, titanite, and thorite formed as
the main gangue minerals. REE minerals such as britholite, parisite, and bastnésite formed during
late-stage hydrothermal alteration. These minerals were overgrown by sphalerite, pyrite, and galena.
Based on previous studies [15], the general sequence of mineral formation is shown in Figure 6,
which indicates that all carbonatite—syenite-related REE deposits have similar formation processes.
The magmatic, hydrothermal, and sulfide stages can be separated on the basis of the results of this study,
and those of the Maoniuping, Dalucao, Lizhuang, and Muluozhai REE deposits [13,29,35]. For the
magmatic stage, the deposits have mineral compositions similar to those of a carbonatite-syenite
complex. During the later hydrothermal stage, gangue minerals such as fluorite, barite, calcite, quartz,
muscovite, strontianite, titanite, thorite, arfvedsonite, and aegirine-augite formed. Due to the high
degree of alteration, arfvedsonite and aegirine-augite are found only in the Maoniuping and Bayan
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Obo REE deposits [29,30,64]. The occurrence of arfvedsonite and aegirine—augite in the Weishan ores
thus suggests a high degree of alteration in carbonatite-related REE deposits.

6.2. Comparison of Ore Types and REE Mineralization Stages

Single veins and veinlets occur in orebodies of the Weishan REE deposit [49]. Single veins clearly
cut the wall rock and are continuous, regular, and relatively thick. Veinlets occur around single
veins. Single veins are 30-540 m long and 0.1-9.2 m wide. Veinlets are short and thin. Isolated
veinlets have little economic significance, unlike closely spaced veinlets [51]. Disseminated ores
occur mainly in Neoarchean gneiss and Early Cretaceous intrusive rocks as veinlets [49]. In terms
of mineral assemblages, ore veins comprise mainly quartz, fluorite, barite, celestite, calcite, REE
minerals, and sulfate; veins containing REE minerals occur in aegirine-augite-altered granitic porphyry.
Ore veins containing quartz, fluorite, sulfate, calcite, sulfides, and britholite formed principally during
hydrothermal alteration. In these types of ore vein, the gangue minerals are quartz, fluorite, calcite,
barite, pyrite, galena, chalcopyrite, muscovite, and K-feldspar, and the REE minerals are mainly
bastnésite, parisite, monazite, thorite, uranium-rich pyrochlore, britholite, and ancylite. Fluorite,
calcite, and sulfides are coarse-grained [65].

Hand-specimen examination, BSE images, and previous studies [14] indicate two main stages:
a carbonatite-syenite complex stage, and a hydrothermal stage (Figure 6). Relict K-feldspar, quartz,
and other minerals in ores suggest the existence of a carbonatite-syenite complex stage, with barite,
celestite, and aegirine-augite minerals forming in the hydrothermal stage.

Based on the relative timing of the veins and stages of mineralization, barite and fluorite commonly
formed earlier than or in equilibrium with REE minerals, which supports the interpretation that both
minerals may be important for REE mineral formation. This could explain why, in disseminated ores,
less fluorite and barite occur together with minor bastnésite (0.4% to 2.9%). Similar carbonatite-related
REE ores occur along the Mianning-Dechang REE belt, such as weathered and brecciated ores of the
Dalucao deposit, ore veins of the Maoniuping deposit, and disseminated ores of the Lizhuang deposit
(Table 1) [13,29]. REE ores in veins including barite, fluorite, calcite, and bastnésite commonly have
high REE grades of >10%, whereas individual barite, fluorite, calcite, and bastnésite grades may be
<2%, further indicating the importance of fluoride and sulfate in REE mineral formation (Table 1).

6.3. Magmatic—-Hydrothermal REE Enrichment

Two factors are required to form CARDs: REE enrichment of the mantle by subduction
processes [12], and liberation and enrichment of REEs during magmatism and hydrothermal alteration.
The carbonatite—syenite complex at Weishan appears to be mineralized, based on its REE content
being similar to those of the Mianning-Dechang REE belt and Laiwu-Zibo carbonatites [12,63,66].
Furthermore, the Weishan complex has been regarded as the host rock for the REE deposits.
The enrichment of REEs during hydrothermal alteration is also important, and some mineralized
carbonatite-syenite complexes have limited grades. The occurrence of disseminated ores may explain
the low grades in veinlets of such deposits. Based on petrographic studies of disseminated ores and
mineral assemblages in various types of ore, it is likely that several factors cause the low grades.

Many studies have focused on factors controlling the transport and precipitation of REEs, which
can be transported in a diverse range of high-temperature fluid systems that are rich in sulfate,
carbonate, fluoride, chloride, and hydroxyl ions [60,67]. Experimental studies have shown that sulfate
ions can form stable complexes with REEs and could be important for REE transport [58,68]. Sulfate
complexes are particularly important for REE transport under high-temperature and mildly acidic to
near-neutral pH conditions [69]. However, in disseminated ores, the low barite content indicates that
sulfate ion and REE activity is very low in the ore-forming fluids. Carbonate ions are also thought to
form strong complexes with REEs [68,70,71], and REE enrichment shows a positive correlation with
CO; activity in some hydrothermal REE deposits such as the Bayan Obo and Maoniuping deposits
in China, the Wicheeda deposit in Canada, and the Sin Quyen deposit in NW Vietnam [2,13,67,72].
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Hydrothermal carbonate minerals such as calcite occur in ores in the Weishan deposit, indicating high
COg activity in the ore-forming fluids. Among the ligands mentioned above, REEs form their strongest
complexes with fluoride ions [58,68,71]. Furthermore, in many carbonatite-related hydrothermal REE
deposits, F-rich hydrothermal minerals, such as fluorite, fluorapatite, and other F-bearing minerals,
indicate abundant fluoride in the ore-forming fluids [7,9,73]. In the disseminated ores of the Weishan
deposit, only fluorapatite and phlogopite contain detectable F (but at low concentrations), indicating
that the ore-forming fluids had low F~ concentrations. Moreover, fluorite and REE fluorocarbonates
are rare, despite the high REE and Ca activities of the ore-forming fluids. This indicates that although
F~ was present in the fluids, its activity was relatively low, resulting in reduced REE transport in the
disseminated ores of the Weishan deposit.

Mineralized carbonatites that host REE deposits commonly have high REE, Ba, and Sr contents [12].
Concentrations of REEs, Ba, and Sr at Weishan are higher than those of giant or large REE deposits
elsewhere in the world, with data for Weishan plotting in the mineralized field in REE-(CaO/MgO),
REE—(FeO/MgO), REE-Ba, and REE—(Sr/Ba) diagrams [12,13]. The high REE contents suggest that the
carbonatite-syenite complex at Weishan has the potential to host large or giant REE deposits.

In the ore area, four groups of fractures controlled ore formation, with NW-SE- and NE-SW-trending
fractures being associated with REE mineralization [15]. During early stages of mineralization, local
tectonic activity produced fractures or fissures in carbonatite-syenite complexes, facilitating fluid
cycling and the modification of fluid chemistry by water—rock interactions. Circulation of ore fluids
in fractures drove alteration within the carbonatite and led to high concentrations of REEs, F~, CI~,
CO,, SO4%7, and volatiles in the fluids. Deposits within the Mianning-Dechang REE belt indicate
structural controls and exhibit a range of ore types associated with fluid infiltration, such as brecciated
ores and ore veins. In contrast, in the Lizhuang deposits, where weaker tectonic activity is recorded,
only disseminated ores have been found. Weak tectonic activity thus inhibits hydrothermal alteration
and restricts large-scale REE mineralization. Tectonic activity also drives the infiltration of meteoric
water, which reduces temperature, thereby facilitating the precipitation of REE-bearing minerals [60,74].
The occurrence and mineral assemblages of the ore veins and veinlets indicate that disseminated ores in
veinlets experienced less tectonic activity, which would have hindered the circulation of hydrothermal
fluids (Figure 3c,d).

Certain ligands in solution are necessary for REE transport or precipitation, and mechanisms of REE
enrichment by transportation and precipitation are a major focus of current research into REE deposits.
Laboratory experiments, theoretical studies, and analyses of natural examples suggest that REEs can
be transported in a diverse range of high-temperature fluid systems that are rich in sulfate, carbonate,
fluoride, chloride, and hydroxyl ions [32,33,60,75]. Sulfate and fluoride ions form stable complexes with
REEs and could be important for REE transport and precipitation, respectively [60]. Carbonate ions
are also known to form strong complexes with REEs [58,71], and the positive correlation between REE
enrichment and CO, activity has been well established in hydrothermal carbonatite-related deposits
such as at Bayan Obo and Maoniuping in China, the Wicheeda deposit in Canada, and the Sin Quyen
deposit in NW Vietnam [2,13,67,72]. Moreover, REE sulfate and carbonate complexes are particularly
important in high-temperature and mildly acidic to near-neutral pH conditions [60,69,76]. Large and
giant REE deposits generally contain large amounts of fluorine- and sulfate-bearing minerals such
as fluorite, fluorapatite, barite, and celestite as the main gangue minerals. The abundance of these
minerals implies high fluoride and sulfate contents in the ore-forming fluids [7,13]. However, fluorite
and barite are rare in disseminated ores (Table 5), suggesting that fluorine and sulfate contents were
low in the ore-forming fluids, with a consequent reduction in transport and precipitation of REEs.
We conclude that low concentrations of suitable ligands for REEs is another factor that inhibited REE
mineralization at Weishan.
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7. Conclusions

(1) Based on petrographic studies of disseminated ores in the veinlets in the Weishan deposit, REE
mineral formation is inferred to have occurred during the late stage of hydrothermal evolution, as REE
minerals occur in equilibrium with or formed after gangue minerals such as barite, calcite, and quartz,
which were overprinted by REE minerals.

(2) Petrographic, XRD, and geochemical data indicate that the disseminated ores have lower
grades, with less barite and fluorite than the vein and veinlet ores in the same deposit. In contrast, ore
veins with high grades have high barite, fluorite, calcite, and bastnésite contents.

(3) Several factors controlled the low grades of the disseminated ores in the veinlets. Relatively
limited tectonic activity reduced the circulation of fluids, and F~ and 50,2, which facilitated the
transport and precipitation of REE, were present in only minor amounts in the ore-forming fluids.
Our examination of the massive ores explains not only the reasons for their low grades but also the
reasons for their differences from other REE deposits.
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