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Abstract
Permian magmatism occurred widely in the Tarim basin and adjacent areas of NW China, resulting in the emplacement of 
numerous carbonatite plutons and alkaline rock intrusions, which are likely to have been derived from mantle sources. In 
addition, at least one large igneous province (LIP) can be recognized in NW China; namely, the ca. 270–290 Ma Tarim LIP, 
and it can be inferred that the peak age of magma activity is ~ 280 Ma. Therefore, the mantle plume is limited spatially within 
southern Tianshan and the Tarim Basin and temporally in the Early Permian. Age and field evidence suggest a spatial and 
temporal relationship between the carbonatites and alkaline rocks within the Tarim LIP, and their genesis is related to the 
Tarim mantle plume. In this paper, we direct our attention to the mineral assemblages that are related to carbonatites and 
alkaline rocks which host REE deposits (Wajilitag, Boziguoer) in the northern Tarim Craton. Alkaline rocks typically are 
related to rifts and/or extensional tectonics, and we suggest that these magmatic and metallogenic events occurred during 
an extensional regime, possibly related to the Tarim mantle plume event that affected much of South Tianshan during the 
Permian.

Keywords  Tarim · Carbonatite and alkaline · Large igneous provinces · Mantle plume

Introduction

Large igneous provinces (LIPs) are not only an important 
window into geological processes and biospheric extinc-
tions in the deep earth, but they are often accompanied by 
the formation of numerous deposit types of important eco-
nomic value, leading to the extreme enrichment of important 
strategic resources (Begg et al. 2010; Jowitt et al. 2014). In 

the formation process of LIPs, a large amount of basaltic 
magma is generated in a short time, which create favorable 
metallogenic conditions for large-scale chromite deposits, 
copper-nickel sulfide deposits, Fe–Ti oxide deposits and 
other magmatic deposits (Hu et al. 2005; Song et al. 2010). 
Many superlarge magmatic deposits form in LIPs, a typical 
representative of which is the Noril'sk-Talnakh superlarge 
Ni–Cu-PGE sulfide deposits of the Siberian LIP (Naldrett 
1992; Arndt et al. 2003), the Skaergaard Pd–Au deposits 
in North Atlantic LIP (Andersen et al. 1998; Holwell and 
Keays 2014), the Panxi Fe–Ti–V deposits in the Emeishan 
LIP (Zhang et al. 2009a, b; Song et al. 2013) and the Brand-
berg REE deposits in the Paraná-Etendeka LIP (Ernst and 
Buchan 2001).

Widespread Permian carbonatite-alkaline rocks have been 
discovered in the Tarim Basin and adjacent areas (Xu et al. 
1998; Zou et al. 1998, 2002; Liu et al. 2004; Li and Yan 
2015). These carbonatite-alkaline rocks start from Tuoyun 
of Atushi in the west and extend to the east of Yuli County 
in the east (Fig. 1b; Zou et al. 2002). In the alkaline rock belt 
on the Tarim Basin's northern margin, some REE deposits 
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(ore occurrences) with economic prospects have been dis-
covered (Table 1), to have primarily formed in the Permian. 
In spite of the numerous studies (e.g., Xu et al. 1999; Zou 
et al. 2002; Liu et al. 2004; Yin et al. 2013; Li and Yan 
2015) that have been carried out, the origin of the Permian 
carbonatite-alkaline intrusions in the Tarim Basin is poorly 
understood, and the nature of their mantle sources is still 
unknown. Many geologists have conducted many studies on 
these carbonatite-alkaline rocks and associated REE deposits 
(Zou et al. 2002; Zou and Li 2006; Liu et al. 2012, 2013; Xu 
et al. 2010, 2012; Huang et al. 2014, 2018). However, there 
have not been extensive reviews in the English language 
relating the tectonic evolution of the Tarim LIP to the dif-
ferent types of REE deposits in the north of the Tarim LIP. 
As a result, the international geological community knows 
little about this tectonic relationship. In this contribution, 
we present a detailed overview of the geological charac-
teristics of typical REE deposits related to the carbonatite-
alkaline rocks in the northern margin of the Tarim Basin, 
with emphasis on their mineralization, metallogenetic timing 
and associated lithologies, which will provide insights into 
the tectonic evolution of the Tarim LIP.

Geological setting

The South China, North China and Tarim Cratons make 
up the tectonic framework of China (Zhao and Cawood 
2012). The Tarim Craton has a late Archean to Paleopro-
terozoic basement similar in lithology and age to that of 
the Western Block of the North China Craton, and has 
no clear suture zone with the latter (Zhao et al. 2001). 
The Tarim Craton is bounded by the Tianshan, Western 
Kunlun and Central-Southern Altyn Tagh mountain belts 
to the north, south and southeast, respectively (Fig. 1b; 
Lu et al. 2008; Zhang et al. 2013b). More than 85% of 
the Tarim Craton is covered by desert with Precambrian 
basement rocks only exposed on the margins of the craton, 
including the Hetian area in the southwestern margin, the 
Akesu area in the northwestern margin, the Kuluketage 
area in the northeastern margin, the North Altyn Tagh 
Mountain and the Dunhuang area in the eastern margin. 
Due to its inadequate exposure, the Tarim Craton has not 
been comprehensively studied, but in the last few years 
Chinese researchers have carried out extensive field-based 

Fig. 1   a Tectonic sketch map of the Central Asian Orogenic Belt 
showing the position of the alkaline rock belt (modified from Gao 
et al. 2011; Huang et al. 2014). b Tarim Craton and its surrounding 

geotectonic map related to rare metal-rare earth element deposits 
(modified from Lu et al. 2008)
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structural, petrological, geochemical and geochronologi-
cal investigations on the basement of the craton (Xu et al. 
2005; Lu et al. 2008; Long et al. 2010, 2011a, 2012; b; Shu 
et al. 2011; Zhang et al. 2013b).

The Tarim LIP consists of tholeiitic volcanic rocks, 
mafic dykes, mafic–ultramafic rocks and syenites cover-
ing an area of about 250,000 km2 and with a thickness of 
between 600 and 800 m, in the western and southwestern 
parts of the Tarim Basin (Fig. 2; Jia et al. 1995; Jiang 
et al. 2004c, 2006; Xia et al. 2004; Yang et al. 2006a, b, c; 
Zhang et al. 2008). The timing of the Tarim LIP igneous 
suites is between 290 and 275 Ma (Li et al. 2008, 2011; 
Chen et al. 2009), with the large-scale basaltic magma 
eruption that occurred between ca. 290 and 288 Ma (Yu 
et al. 2011). The basalts from the Keping area have an 
OIB-like (OIB: oceanic island basalt) trace element pat-
tern with enrichments in LILEs (large ion lithophile ele-
ments) and HFSEs (high field strength elements), a rela-
tively high 87Sr/86Sri and negative εNdt) value suggesting 
that they were derived from an enriched mantle (Zhou 
et al. 2009; Zhang et al. 2010b). The basalts should reflect 
an interaction between the mantle plume and the litho-
sphere (Yu et al. 2009, 2011; Zhang et al. 2010c; Wei and 
Xu 2013; Wei et al. 2014a). The generation of the inter-
mediate-felsic volcanic rocks in the northern Tarim Block, 
Bachu syenites (A-type granite) and syenitic porphyry 

and the Halajun A-type granite correlate with the mantle 
plume and the appearances of A-type granite means the 
end of the Tarim LIP magmatism (Chen et al. 1998; Yang 
et al. 2006a, b; Sun et al. 2007; Zhang et al. 2010a, b). 
All the geological characteristics, such as the large-scale 
crustal uplift (Chen et al. 2006; Li et al. 2014), the identi-
cal geochemical features displayed by the ultrabasic rocks 
and the picrite (Yang et al. 2007a, b; Tian et al. 2010), 
and the large scale of dyke swarms and V–Ti magnetite 
deposit support the theory that the Tarim LIP is related to 
mantle plume magmatism. Permian intrusions in the Tarim 
Basin and surrounding areas include carbonatites and 
alkaline plutons (Yang et al. 2006a, b; Zhang et al. 2008, 
2010a, b). The carbonatites in the Bachu area intruded 
into the layered mafic–ultramafic intrusions in Devonian 
strata and are subsequently cut by diabase dykes (Fig. 3; 
Cheng et al. 2018). The alkaline rocks are approximately 
east–west trending, which runs from Atushi in the west, 
through Bachu, Aksu, Baicheng and Korla in the east, to 
the east of Yuli County, and reaches the Tarim Fault Zone 
in the south, with a length of 1100 km. One of the larg-
est manifestations of alkaline ultramafic magmatism with 
carbonatites is the Bachu area that includes the Wajilitag 
complex as well as a number of other complexes occur-
ring mainly within the South Tianshan along the northern 
margin of Tarim Craton (Zou and Li 2006).
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Ore deposit types

This paper mainly discusses REE deposits in the Early Per-
mian, so older or younger deposits (or occurrences) are not 
involved currently. Based on metallogenic characteristics, 
there are two types of rare earth mineralization related to 
Early Permian alkaline rocks are identified in the northern 
margin of the Tarim Craton as follows: (1) mineral system 
associated with carbonatites, typically the Wajilitag deposit 
and (2) mineralization in alkaline complexes, with typical 
as the Boziguoer and Yilanlik deposits.

Mineral system associated with carbonatites

Carbonatites are the main host of Nb–Ta, Fe-apatite, 
Nb-REE and fluorite mineralization, both magmatic 
and hydrothermal (Mariano 1989). Of these, the largest 
include Bayan Obo (China), Mountain Pass (USA) and 
Palabora (also spelled Phalaborwa, South Africa; Pirajno 
2009). Carbonatite-related Fe-apatite, Nb–Ta, and Nb-
REE deposits (e.g., Tomtor, Karasug, Beloziminskoe) are 
numerous in the Siberian Craton and surrounding orogenic 
belts (Seltmann et al. 2010). The Mountain Pass carbon-
atite typically contains bastnasite-parisite as primary mag-
matic minerals, albeit in a late-stage carbonatite (Castor 

2008). Hydrothermal REE minerals are more common, 
forming polycrystalline aggregates, veinlets and interstitial 
fillings, and are usually associated with barite, fluorite and 
monazite in varying amounts, which may or may not be 
economically viable. Bastnasite is one of the more impor-
tant REE mineral species, together with ancylite, parisite, 
synchysite and monazite. Most hydrothermal carbonatite-
hosted REE deposits are small and uneconomic, although 
it is possible that a Bayan Obo style mineral system could 
be found in rift-related tectonic settings (Pirajno 2009). 
Weathering of carbonatite complexes results in dissolu-
tion of carbonate minerals, leaving behind residual and/
or supergene monazite, apatite and REE minerals, such as 
bastnasite, parisite and florencite, ilmenite, rutile, mona-
zite and synchysite in the carbonatites (Lottermoser 1990). 
Apatite is one of the principal accessory minerals in car-
bonatite and alkaline complexes and in some cases, apatite 
can exceed 50 vol.% (Mariano 1989).

The Wajilitag REE deposit is located about 42 km south-
east of the town of Bachu. The geographical coordinates 
of the deposit are 78°52′45″E and 39°33′45″N. The Wajil-
itag complex is situated in the western part of the Tarim 
Craton (No.10 in Fig. 1b), is 5 km in length and 1.5–3 km 
in width, and occupying an area of ~ 12 km2 (Fig. 3). The 
mafic–ultramafic complex intrudes weakly metamorphosed 
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upper Devonian terrestrial clastic sequences, namely; the 
Keziletag and Yimugangtawu Formations.

The Wajilitag mafic–ultramafic intrusion is dominantly 
composed of coarse-grained clinopyroxenite, fine-grained 
clinopyroxenite, gabbro, olivine pyroxenite, with the lithofa-
cies showing gradational contacts, and porphyritic olivine 
pyroxenite that occurs as a dyke, located in the margin of the 
pluton, and intruding into the clinopyroxenite at a low angle.

The carbonatite dykes are distributed in the complex's 
northern inner contact zone, dipping at 70–80°, and forming 
a concentrated area of carbonatite dykes. The carbonatites 

have intruded the 284–281 Ma (zircon U–Pb age) layered 
mafic–ultramafic intrusions and are subsequently cut across 
by late diabase dykes (Fig. 4; Li et al. 2007; Zhang et al. 
2016). Commonly, those carbonatite dikes extending nearly 
W-E have an enormous output scale, displaying a ring-like 
morphology with a single dyke length of up to 3 km and 
thickness of up to 20 m (Fig. 3). The intrusion age of the 
diabase dykes is 272 Ma (Li et al. 2007). Therefore, the 
age of the carbonatite dykes is between 284 and 272 Ma. 
The wallrocks of carbonatite dykes are mainly pyroxen-
ite and gabbro, which are generally fenitized due to alkali 

Fig. 4   The orebody section 
along A–A′ line of the Wajilitag 
REE deposit (modified from 
Cheng et al. 2018)
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metasomatism. Recently, 24 orebodies, made up of 12 ore-
bodies and 12 blind orebodies, have been recognized both 
in outcrops and drill cores, whose lengths range from 200 
to 1100 m and thicknesses between 0.73 and 6.36 m, and 
having a measured TREO resource of 300,000 tons. The 
TREO grade of the carbonatite ranges from 0.51 to 1.61%, 
whilst the grade of associated Nb is 0.0521–0.3256% (Li and 
Yan 2015). The ore minerals are dominantly dolomite and 
calcite, and subordinate celestine, apatite, pyrite, potassium 
feldspar and albite. The principal rare earth minerals are 
monazite and fluocerite, and the main niobium-containing 
mineral is pyrochlorite.

Zou and Li (2006) proposed that, based on the mineral 
components, the primary carbonatite ores can be subdivided 
into three types as follows;

1.	 REE type: This type of ore is mainly composed of 
ankerite carbonatite, which is highly enriched in rare 
earth element content (RE2O3; 1.43–5.19%, aver-
age = 3.463%), low phosphorus and niobium content 
(P2O5; 0.08–1.02%, average = 0.594%; Nb2O5; 0.004–
0.0059%).

2.	 REE-P type: This type of ore is composed of calcite 
carbonatite and calcite-dolomite carbonatite. Average 
ore grades are 1% RE2O3 (RE2O3; 0.32–1.55%) and 2% 
P2O5 (P2O5; 0.53–6.08%).

3.	 REE-Nb-P type: this is a REE-niobium-phosphorus 
enriched ore; and composed of some calcite-dolomite 
carbonatite. Average ore grades are 1.14% RE2O3 
(RE2O3; 0.61–2.08%), 0.105% of Nb2O5 (Nb2O5; 0.021–
0.299%) and 2.97% of P2O5 (P2O5; 0.70–7.38%).

Mineralization in alkaline complexes

Alkaline rocks are considered to be derived from low-degree 
partial melting of metasomatized mantle material, enriched 
in REE, HFSE and halogens (Verplanck and Van Gose 
2011). However, the origin of the REE mineralization in 
the alkaline rocks is still the subject of debate, because the 
mineralization process is not well understood; even though 
hydrothermal processes may have played an important role 
(Salvi and Williams-Jones 2005). Generally, REE deposits 
associated with alkaline intrusions can be divided into two 
categories: (1) deposits in layered alkaline complexes, e.g., 
Nechalacho deposit (Canada), Kringlerne deposit (Green-
land), Lovozero deposit (Russia); (2) deposits in dykes, veins 
or hydrothermal disseminations associated with alkaline 
intrusions, e.g., Bokan Mountain (USA), Khaldzan-Buregtey 
(Mongolia), Ghurayyah (Saudi Arabia). High concentrations 
of REE in alkaline rocks are partially due to magmatic dif-
ferentiation and prolonged fractional crystallization. The 
REE-rich layered alkaline complexes show textures sugges-
tive of crystal accumulation where the REE mineralization 

occurs in layers containing mineral cumulates that are rich 
in REE-bearing minerals (Dostal 2017). Cumulate textures 
display evidence of magmatic evolution by fractional crys-
tallization and magma chamber processes and indicate the 
initial REE enrichment. The REE minerals generally accu-
mulate in highly fractionated parts of intrusions.

The second deposit category does not show any features 
of crystal accumulation and associated with peralkaline 
rocks, which occurred as dykes, veins and disseminations 
(Dostal 2017). As Bokan Mountain (southeastern Alaska, 
USA) an example, REE mineralization forms narrow veins 
and linear dykes that extend out from an alkaline complex 
(Thompson et al. 1982). Thompson (1988) explained the 
observed lithologies with the fractional crystallization of 
evolved magma that intruded into the shallow crustal levels. 
Warner and Barker (1989) has identified the REE-bearing 
minerals in veins or dykes from the matrix of larger sili-
cate minerals. The REE deposits related to alkaline intru-
sion have a variety of REE-bearing minerals, partly because 
magma evolution and hydrothermal processes tend to over-
print primary mineralogy.

Hydrothermal alteration is widespread in alkaline com-
plexes, mainly alkali metasomatism, but special one is 
known as fenitization, and the resulting rock formed is 
called fenites (the name comes from Fen alkaline complex 
in Norway; Pirajno 2013). In the late stage of magma evo-
lution, the alkali-rich fluid was released from the magma-
metasomatised wallrocks of the alkaline complex to form 
fenites (Le Bas 2008). The mineral composition of fenites 
varies greatly, depending on many factors (e.g., protolith and 
fluid nature). Although fenite remains mysterious, there is 
a strong correlation between fenitization and related min-
eralization, which is crucial to the formation of economic 
deposits (Elliott et al. 2018; Weng et al. 2021).

Although the formation process of alkaline rock-related 
REE deposits is not well understood, the magmatic source 
for the formation of economically viable deposits is derived 
from the metasomatised mantle. Different magmatic evolu-
tion processes have been suggested for the generation of the 
observed rock types at various REE-rich sites. With the dif-
ferentiation and continuous evolution of magma rich in REE, 
P, F and other components, given the chemical properties of 
these components, they tend to be enriched in the final stage. 
The evolution of parent magma and the formation of fluid 
phases are crucial to forming an economic mineral deposit.

The Boziguoer deposit is located about 43 km north 
of Baicheng County. The geographical coordinates of the 
deposit are 81°55′00″E and 42°13′00″N. Tectonically, it 
belongs to the STOB (South Tianshan Orogenic Belt) at 
the northern margin of the Tarim Basin (NO.7 in Fig. 1b). 
The strata exposed in the mine are the upper Silurian Keke-
tiekedaban Formation, the Lower Carboniferous Gancaohu 
Formation and the Lower Permian Xiaotikanlike Formation 
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(Fig. 5). Ore-bearing alkaline granite intrude into the Upper 
Silurian Keketiekedaban Formation of the thick-bedded 
marbles interlayered with biotite-muscovite-quartz schist 
(Huang et al. 2018).

A stock-like pluton intrudes into the Upper Silurian Keke-
tiekedaban Formation marble, spreads east–west, and is 
composed of alkaline granite in the west and biotite granite 
in the east (Fig. 5). The alkaline granites can be divided into 
two units: (i) a porphyritic albite granite; and (ii) equigran-
ular, medium-grained biotite-aegirine-arfvedsonite granite 
(Huang et al. 2014). The former is mainly distributed outside 
the intrusion, and occasionally distributed in the central part, 
whilst the latter is only exposed in the central part of the 
intrusion. No sharp boundary between the two units has been 
observed, suggesting that both units are coeval. LA-ICP-
MS zircon from alkaline granites ages of ~ 288–~ 292 Ma 
have previously been reported by Huang et al. (2014) and 
Liu et al. (2014), suggesting that the Boziguoer pluton was 
emplaced in an extensional regime after the Carboniferous 
collision between the Paleozoic Tarim and SW CAOB (Cen-
tral Asian Orogenic Belt), and the time is the peak of the 
eruption of basaltic magma in the Tarim LIP event (Huang 
et al. 2018; Li et al. 2017; Tian et al. 2010; Zhang et al. 
2016; Shangguan et al. 2016).

The orebody's overall trend is 295°, dipping towards 
NNE at an angle of about 70°. The exposed area of the ore-
bearing intrusion is about 1.2 km2, with a length of about 
0.8 ~ 1.1 km, and width of about 0.5 ~ 1.1 km. The deposit 
was discovered in 1998 and inferred to be the resource of 

the Boziguoer Nb–Ta-REE deposit with reserves of more 
than 10 Mt of Nb and 1 Mt of Ta based on average ore 
grades of 0.068% Nb2O3 and 0.0057% Ta2O3 (Xu et al. 
2011; Huang et al. 2014). The Boziguoer deposit is mainly 
composed of Nb, Ta mineralization, and REE is secondary, 
alkaline granite has a relatively high REE content, reaching 
0.058 ~ 0.1453%, with estimated REE resource is 619,500 
tons (Xu et al. 2012). The ore minerals are mainly pyro-
chlore, followed by zircon, monazite, xenotime, bastnasite, 
thorite, calcium silicate, zircon, mica. Gangue minerals 
are mainly albite, microcline, quartz, K-feldspar, aegirine, 
arfvedsonite, ilmenite, and magnetite. The ores are grayish-
white, and the ore minerals are mostly granular aggregates 
or monomers filled in between the gangue mineral particles, 
forming obvious sparse disseminated textures and occasion-
ally fine vein disseminated textures (Huang et al. 2018).

Discussion

Geochronological constraints

Tarim LIP: The Tarim LIP of Permian age in northwest-
ern China has been well surveyed and studied by geolo-
gists in the past few decades (e.g., Yang et al. 1996, 2005, 
2006a, b, 2007a, 2007b; Chen et al. 1997, 1998, 2006; 
Jiang et al. 2004a, b, c, 2006; Li et al. 2008, 2011; Zhang 
et al. 2008, 2010a, b; Zhang et al. 2010c; Pirajno 2009; 
Zhou et al. 2009; Tian et al. 2010; Yu et al. 2011). So 
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far, published age data on the Tarim igneous rocks (e.g., 
basalts, mafic–ultramafic dikes, granite intrusions and vol-
canic rocks) show a wide range between 261 and 291 Ma, 
including zircon U–Pb age data by LA-ICP-MS, SHRIMP 
and SIMS, as well as K–Ar and 39Ar–40Ar (Table 2). Nev-
ertheless, the analysis of rocks from the same locality by 
the same method in an individual study generated dis-
tinct results (e.g., the ages of rhyolite from Yingmai by 
Tian et al. 2010; Table 2), which might depend on their 
sampling depth/layer, because some of the rock samples 
come from cores collected from boreholes. The statistical 
results of histogram exhibit the peak age of 275–280 Ma 
for the igneous rock (Fig. 6), indicating that this time 
was the peak period of Tarim mantle plume activity. Qin 
et al. (2011), using a more precise Cameca IMS 1280 
yielded zircon U–Pb dating on mafic–ultramafic intru-
sions from Beishan, obtained a relatively restricted age 
range between 276.8 Ma and 284.0 Ma, even though the 
Beishan region is far from the Tarim LIP. Moreover, these 
ages are consistent with the compiled zircon U–Pb age 
data measured by TIMS, SIMS, SHRIMP and LA-ICP-
MS, illustrating a striking peak with values between 280 
and 285 Ma and lie within the age range (280–300 Ma) of 
Pirajno et al. (2008). In addition, the ages within the Tarim 
basalts (Tarim LIP) age field (272–292 Ma) of Zhang et al. 
(2008), even though the area is located in the northwest/
west of the Tarim Basin. These characteristics imply that 
the mafic–ultramafic intrusions in Beishan region have a 
geochronological genetic relationship with the Tarim flow 
basalts. Therefore, it can be inferred that the peak age of 
magma activity was ~ 280 Ma (Fig. 6), which most likely 
represents a period of the mantle plume activity in NW 
China.

Wajilitag deposit: Zhang et al. (2016) obtained SIMS 
U–Pb age of 281.3 ± 2.2 Ma (n = 14, MSWD = 1.4) and 
on clinopyroxenite from the Wajilitag complex, as well 
as three LA–ICP–MS zircon U–Pb method ages of 
283.3 ± 0.88 Ma (Melagabbro), 282.4 ± 1.4 Ma (Oxide 
gabbro), 284.2 ± 2.8 Ma (Oxide Clinopyroxenite). Zhang 
et al. (2013) also dated perovskite from the Wajilitag com-
plex by SIMS zircon U–Pb method at 299.8 ± 4.3 Ma, and 
also obtained 300.8 ± 4.7 and 300.5 ± 4.4 Ma for two bad-
deleyites samples using the same method.

Boziguoer deposit: LA-ICP-MS U–Pb zircon dat-
ing yielded ages of 275.1 ± 1.3 Ma and 275 ± 1.4 Ma for 
mineralized aegirine-riebeckite alkali granites in the east 
and west of the mine, respectively (Xu et al. 2012) and 
290.1 ± 1.4 Ma for alkali granite (Huang et al. 2014). Simi-
larly, Liu et al. (2014) performed LA-ICP-MS zircon U–Pb 
dating on four sample and obtained the following ages; 
286.3 ± 3.5 Ma (Biotite alkali syenite), 282.2 ± 5.5 Ma 
(Aegirine-riebeckite alkali granite), 278.3 ± 6.5  Ma 

(Aegirine-riebeckite alkali granite) and 289.7 ± 4.5 Ma 
(Aegirine-riebeckite quartz alkali syenite).

In conclusion, the main formation time of the REE depos-
its related to alkaline rocks in the northern margin of Tarim 
Basin is almost the same as the activity time of the Tarim 
LIP event (Fig. 6), so it can be speculated that there is a 
certain genetic relationship between them.

Tectonic setting of northern margin of the Tarim 
Craton's REE ore deposits

Alkaline magmatism is occurred in continental anorogenic 
or within-plate tectonic settings and typically are related to 
rifts and/or extensional tectonics, mantle plume play a key 
role in it (Dostal 2017; Richardson and Birkett 1995; Pirajno 
2021). Carbonatite is mostly produced in the background of 
intraplate rifts, and a relatively small amount of carbonatite 
terraces also occurred under the background of ocean and 
orogenic belts (Woolley and Kjarsgaard 2008). Therefore, 
in most cases, carbonatite's genesis is closely related to 
mantle plume activity (Hulett et al. 2016). LIPs are another 
important product of mantle plumes, so the mineral depos-
its formed during LIP formation are also potentially link of 
mantle plume (Pirajno 2021).

Based on previous research results, in the early Late Car-
boniferous (ca. 320 Ma), northward subduction of South 
Tianshan Ocean closed, and CAOB and Tarim Craton were 
collaged (Wang et al. 2018; Xiao et al. 2013). Therefore, 
from the late Carboniferous to Permian period, Tarim 
Block has entered the stage of intraplate evolution (Wang 
et al. 2018). Extensive post-orogenic magmatism in the 
entire region of the northern Tarim Craton was character-
ized by carbonatite and alkaline rocks and REE deposits. 
This locally occurring alkaline and peralkaline magmatism 
extends for thousands of kilometers from Xinjiang, through 
southern Mongolia and Inner Mongolia to North China, 
where granitic rocks were emplaced in two stages, first in the 
Permian–Triassic (300–250 Ma) and then during the Late 
Triassic–Cretaceous (210–120 Ma; Hong et al. 1996, 2004; 
Jahn 2004). Therefore, the granitic magmatism formed in 
Early Permian is potentially related to the Tarim LIP event, 
and the Tarim LIP covers large areas of northern Xinji-
ang with ages spanning ages from 290 to 270 Ma (Li et al. 
2008, 2011; Chen et al. 2009; Zhang et al. 2013a, 2016). 
The intrusion of these A-Type granitic magmas occurred in 
the very large Permian alkaline rock belt occupying Xinji-
ang of magmas were probably associated with large-scale 
extension, accompanied by basaltic underplating, linked to 
the impingement of mantle plumes (Pirajno et al. 2008). In 
terms of results, the Tarim mantle plume affected large parts 
of Xinjiang and are characterized by magmatic events that 
include picrites and alkali basalts, tholeiitic flood basalts 
and carbonatite and alkaline rocks (Pirajno et al. 2008). This 
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Table 2   Summary of 
geochronological data of the 
Permian Tarim igneous rocks

Location Rocks Methods Age (Ma) Resources

Bachu Syenite Zircon SHRIMP 273.7 ± 1.5 Zhang et al. (2008)
Bachu Quartz syenite Zircon LA-ICP-MS 274.0 ± 2.0 Zhang et al. (2008)
Bachu Syenite Zircon LA-ICP-MS 281.0 ± 4.0 Li et al. (2007)
Bachu Syenite Zircon LA-ICP-MS 282.0 ± 3.0 Li et al. (2007)
Bachu Syenite Zircon LA-ICP-MS 281.7 ± 4.8 Li et al. (2007)
Bachu Diabase Zircon LA-ICP-MS 272.0 ± 6.0 Li et al. (2007)
Bachu Syenite porphyry Zircon SHRIMP 284.3 ± 2.8 Li et al. (2011)
Bachu Syenite 40Ar/39Ar 277.7 ± 1.3 Yang et al. (1996)
Bachu Syenite Zircon SHRIMP 277.0 ± 4.0 Yang et al. (2006c)
Bachu Syenite Zircon SHRIMP 285.9 ± 2.6 Sun et al. (2008)
Bachu Syenite Zircon SIMS 279.7 ± 2.0 Wei and Xu (2011)
Bachu Gabbro Zircon SHRIMP 283.1 ± 3.2 Zhang et al. (2009a, b)
Bachu Wehrlite Zircon SIMS 278.9 ± 2.1 Wei et al. (2014b)
Bachu Wehrlite Zircon SIMS 278.4 ± 2.1 Wei et al. (2014b)
Bachu Diorite Zircon SHRIMP 275.2 ± 1.2 Zou et al. (2015)
Bachu Alkali diabase Zircon SHRIMP 281.4 ± 1.7 Zou et al. (2015)
Bachu Quartz syenite Zircon SHRIMP 273.0 ± 3.7 Chen et al.(2009)
Bachu Clinopyroxenite Zircon SIMS 283.2 ± 2.0 Shangguan et al. (2016)
Bachu Diabase 40Ar/39Ar 285.4 ± 8.5 Zhang et al. (2010c)
Keping Diabase 40Ar/39Ar 274.1 ± 2.4 Zhang et al. (2010c)
Keping Basalt 40Ar/39Ar 271.9 ± 3.7 Zhang et al. (2010c)
Keping Basalt 40Ar/39Ar 282.9 ± 1.6 Zhang et al. (2010c)
Keping Basalt Zircon LA-ICP-MS 275.0 ± 13.0 Li et al. (2007)
Keping Volcanic tuff Zircon LA-ICP-MS 291.0 ± 10.0 Li et al. (2007)
Keping Gabbro Zircon LA-ICP-MS 274.0 ± 15.0 Li et al. (2007)
Keping Basalt Zircon SHRIMP 279.0 ± 4.5 Chen et al. (2009)
Yingan Basalt 40Ar/39Ar 287.3 ± 4.0 Wei et al. (2014a)
Yingan Basalt 40Ar/39Ar 287.9 ± 3.1 Wei et al. (2014a)
Yingan Basalt K–Ar 287.2 ± 5.6 Yang et al. (2006a)
Yingan Basalt K–Ar 289.6 ± 5.6 Yang et al. (2006a)
Yingan Basalt 40Ar/39Ar 281.8 ± 4.2 Yang et al. (2006a)
Yingan Basalt K–Ar 289.0 ± 6.1 Zhang et al. (2003)
Yingan Basalt K–Ar 272.9 ± 4.0 Zhang et al. (2003)
Yingan Basalt K–Ar 288.4 ± 4.4 Zhang et al. (2003)
Sishichang Basalt K–Ar 278.5 ± 1.4 Yang et al. (1996)
Sishichang Basalt 40Ar/39Ar 278.0 ± 0.0 Jia et al. (1995)
Yingmai Basalt K–Ar 290.5 ± 4.2 Zhang et al. (2003)
Yingmai Syenite K–Ar 287.6 ± 2.8 Chen et al. (1998)
Yingmai Rhyolite Zircon SHRIMP 277.3 ± 2.5 Tian et al. (2010)
Yingmai Rhyolite Zircon LA-ICP-MS 290.9 ± 4.1 Tian et al. (2010)
Yingmai Rhyolite Zircon LA-ICP-MS 271.7 ± 2.2 Tian et al. (2010)
Yingmai Rhyolite Zircon LA-ICP-MS 282.9 ± 2.5 Tian et al. (2010)
Yingmai Dacite Zircon LA-ICP-MS 286.6 ± 3.3 Tian et al. (2010)
Kuche Trachydacite Zircon SIMS 287.2 ± 2.0 Shangguan et al. (2016)
Kuche Rhyolite 40Ar/39Ar 278.0 ± 1.3 Chen et al. (1998)
Kuche Granite Rb–Sr 285.7 ± 17.0 Chen et al. (1998)
Kuche Rhyolite 40Ar/39Ar 278.0 ± 23.0 Yang et al. (1996)
Tahe Dacite Zircon LA-ICP-MS 276.0 ± 3.0 Luo et al. (2006)
Tazhong Basalt 40Ar/39Ar 268.9 ± 4.2 Zhang et al. (2010c)
Tazhong Basalt 40Ar/39Ar 271.1 ± 3.5 Zhang et al. (2010c)
Taxinan Basalt K–Ar 289.6 ± 5.6 Li et al. (2008)
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lithological assemblage reflects the extensional tectonic set-
ting (Dostal 2017; Woolley and Kjarsgaard 2008).

The geodynamic setting responsible for producing REE 
ore-forming alkaline magmatism has been variably ascribed 
to mantle plumes (Pirajno 2015), continental rift zones 
(Goodenough et al. 2016) and intracontinental fault activa-
tion due to far-field stresses (Downes et al. 2016; Slezak 
and Spandler 2019). In many parts of the world spatial and 
temporal correlations exist between carbonatites and large 

igneous provinces (Ernst and Bell 2010). Consequently, 
most of the northern margin of the Tarim Craton's REE 
ore deposits are interpreted to have formed in isolation of 
Tarim mantle plume. The carbonatite-related ore deposits 
(Wajilitag) were linked to the Tarim large igneous province 
(Pirajno and Santosh 2014), which have been suggested to 
have broad links to a mantle plume (Zhang et al. 2013b).

Metallogenic evolution and geodynamic processes

The large igneous province or plume of Early Permian in age 
occurred in the present-day southwestern part of the Tarim 
Craton (Yang et al. 2007a, b; Tian et al. 2010; Li et al. 2011). 
The exact distribution of this Early Permian LIP or plume 
is still debatable, with one group of scientists proposing 
that the plume extended in the whole Altaids or even to the 
Siberian Craton (Xia et al. 2004; Zhou et al. 2004; Pirajno 
et al. 2008), while another group suggests that the plume was 
only distributed in the Tarim Craton and its adjacent areas 
(Yang et al. 2007a, b; Tian et al. 2010; Li et al. 2011). The 
main evidence of the first group is from the ultramafic–mafic 
complexes located in the Chinese Altai, Tianshan and Beis-
han, which are actually either Alaskan-type complexes or 
results of slab-windows related to subduction of oceanic 
plate (Xiao et al. 2004, 2009, 2010). Also, the ages of those 
ultramafic–mafic complexes located in the Chinese Altai, 
Tianshan and Beishan are around late Carboniferous and 
Permian and they are subduction-related (Xiao et al. 2004, 
2009, 2010; Han et al. 2010), which should not belong to any 

Table 2   (continued) Location Rocks Methods Age (Ma) Resources

Taxinan Basalt 40Ar/39Ar 290.1 ± 3.5 Yang et al. (2006a)
Taxinan Basalt K–Ar 292.4 ± 0.5 Liu and Li (1991)
Atushi Gabbro Zircon SHRIMP 276.0 ± 4.0 Zhang et al. (2010b)
Atushi Granite Zircon SHRIMP 278.0 ± 3.0 Zhang et al. (2010b)
Atushi Granite Zircon SHRIMP 278.0 ± 3.0 Zhang et al. (2010b)
Atushi Alkaline granite Zircon LA-ICP-MS 273.0 ± 1.0 Huang et al. (2012a, b)
Atushi Alkaline granite Zircon LA-ICP-MS 276.7 ± 0.9 Zhang and Zou (2013)
Atushi Alkaline granite Zircon LA-ICP-MS 272.4 ± 1.1 Zhang and Zou (2013)
Atushi Alkaline granite Zircon LA-ICP-MS 268.6 ± 1.5 Zhang and Zou (2013)
Atushi Alkaline granite Zircon LA-ICP-MS 268.8 ± 1.7 Zhang and Zou (2013)
Atushi Alkaline granite Zircon LA-ICP-MS 271.0 ± 2.2 Zhang and Zou (2013)
Atushi Gabbro Zircon LA-ICP-MS 262.3 ± 2.1 Zhang and Zou (2013)
Atushi Lecuogabbro Zircon LA-ICP-MS 261.7 ± 1.8 Zhang and Zou (2013)
Atushi Gabbro Zircon LA-ICP-MS 276.4 ± 1.1 Ma et al. (2016)
Atushi Diabase Zircon LA-ICP-MS 277.2 ± 0.9 Ma et al. (2016)
Atushi Quartz syenite Zircon LA-ICP-MS 275.5 ± 2.0 Ma et al. (2016)
Atushi Alkaline granite Zircon LA-ICP-MS 278.6 ± 1.9 Ma et al. (2016)
Atushi Gabbro Zircon LA-ICP-MS 274.0 ± 0.9 Yang et al. (2016)
Atushi Quartz syenite Zircon LA-ICP-MS 268.9 ± 1.0 Yang et al. (2016)
Baicheng Alkaline granite Zircon LA-ICP-MS 290.1 ± 1.4 Huang et al. (2014)

Fig. 6   Histogram of compiled age data of Early Permian igneous 
rocks and alkaline rock-related REE deposits in Tarim Basin (data 
sources see Tables 1 and 2; Zhang et al. 2016; Zhang et al. 2013; Xu 
et al. 2012; Liu et al. 2014)
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large igneous province. Thus, the Tarim plume was probably 
only strictly distributed in the Tarim Craton and its adja-
cent areas. The mantle plume event discussed in this study 
is limited spatially to within southern Tianshan and Tarim, 
and temporally in the Early Permian (Fig. 2), which appar-
ently differs from the plume proposed by Xia et al. (2004). 
Meanwhile, the Early Permian is also the most important 
ore-forming stage for REE deposits related to carbonatites 
and alkaline rocks in southern Tianshan and Tarim (Xu et al. 
1998; Zou et al. 1998, 2002; Liu et al. 2004; Li and Yan 
2015).

There are two stages of magmatic activity in the Tarim 
LIP (Xu et al. 2013, 2014): the first stage was at ~ 290 Ma, 
which is represented by basalt and rhyolite in the inner 
Tarim Basin, and the second stage occurred at ~ 280 Ma, 
dominated by intrusive rocks and mafic dykes in the edge of 
the Tarim Basin. The alkaline plutons in the northern margin 
of the Tarim Craton are similar to the Wajilitag carbonatites 
with respect to the formation age, trace elements and iso-
topic characteristics, and should be the product of the second 
stage magmatism. According to the mantle plume model 
of the Tarim large igneous province (Yang et al. 2007a, b), 
the enriched components in the Tarim lithosphere melted 
under the mantle plume and triggered the ~ 290 Ma mag-
matism. Flattening occurred when the local mantle plume 
ascended to the bottom of the lithosphere. Due to the thinner 
lithosphere at the edge of the craton, mantle plume decom-
pression melting initiated the ~ 280 Ma magmatism (Xu 
et al. 2013, 2014). A large amount of mafic magma formed 
at ~ 280 Ma penetrated the bottom of the lower crust and 
underwent crystallization differentiation, resulting in the 
formation of a large number of intermediate-acid magma. 
Due to its low density, it was relatively easier for the inter-
mediate-acid magma to rise to the shallow crustal levels 
to form carbonatite and alkaline rocks and associated REE 
deposits. Therefore, it is considered that a large amount of 
mafic magma at ~ 280 Ma that infiltrated into the bottom of 
the Tarim Craton was a necessary prerequisite for the forma-
tion of alkaline intrusions in the Tarim LIP (Cao et al. 2013).

Many REE deposits related to carbonatites and alka-
line rocks in the world commonly form along the edge and 
interior of the ancient cratons (Huo et al. 2015a; b; Dostal 
2017). For example, the Bayan Obo REE deposit is located 
on the northern margin of the North China Craton (Yang 
et al. 2019); the western margin of the Yangtze Craton has 
formed a world-class Dechang-Mianning REE metallogenic 
belt, of which the Maoniuping is the world's fifth-largest 
REE deposit (Liu and Hou 2017); The Mountain Pass REE 
deposit on the western edge of the Colorado Platform (Dostal 
2017). Similarly, the REE deposits related to alkaline rocks 
in the Tarim Basin and its adjacent region are also located 
on the northern edge of the Tarim Craton, which is since 
these deposits were formed in the extensional setting and 

are closely related to the magmatic and hydrothermal sys-
tem developed during the craton destruction and reworking 
period (Hou et al. 2015a, b; Dostal 2017). Therefore, to form 
economically meaningful REE deposits and refertilized thick 
craton margins, especially convergent margins, it is ideal for 
REE mineralization (Huo et al. 2015a; Liu and Hou 2017). 
The magma source area was previously metasomatized by 
subduction material to enrich REE and volatile components, 
or subducted sediments metasomatized subcontinental lith-
ospheric mantle (SCLM), lithospheric destruction or asthe-
nospheric upwelling induced metasomatic mantle or SCLM 
low-degree partial melting to form REE-rich carbonatite and 
alkaline rock parent magma made REE initially enriched 
(Bell and Simonetti 2010). Subsequently, after a series of 
magmatic evolution and hydrothermal fluid action, REE was 
further activated, migrated, enriched, and precipitated in tec-
tonically weak zones to form REE deposits (Guzmics et al. 
2015; Martin et al. 2013; Feng et al. 2020; Veksler et al. 
2012; Hou et al. 2009; Yang et al. 2019; Klemme and Dalpe 
2003; Chebotarev et al. 2019; Migdisov et al. 2016). The for-
mation of a series of REE deposits related to alkaline rocks 
in the northern margin of the Tarim Basin may be due to the 
long-term metasomatism and reworking of the Tarim Block's 
lower mantle during the Meso-Neoproterozoic and Paleozoic 
by subduction-related sediments and recycling oceanic crust 
components (Zhang et al. 2008; Zhu et al. 2021). In the Early 
Permian, influenced by the emplacement of a mantle plume, 
large-scale magmatism formed the Tarim LIP, accompanied 
by the formation of REE-rich alkaline magma and carbon-
atite magma along deep faults or intraplate rifts migrated 
and precipitated to form ore deposits.

Conclusions

1.	 We have reviewed selected alkaline plutonic complex 
(Boziguoer) and carbonatites (Wajilitag). The carbon-
atites and alkaline complexes are part of the ~ 270–
290 Ma Tarim LIP, which includes silica oversaturated 
(A-type granites) and silica-undersaturated complexes 
and carbonatites in the spotlight of increasing attention 
due to its potential to host economically viable REE 
resources.

2.	 Carbonatite and alkaline rocks-related REE deposits, 
which provide the majority of REE resources in the 
world, are the most significant global deposit types. 
The genesis and enrichment mechanism of REEs in 
such deposits are still not very clear. At present, we 
believe that the formation of carbonatites and alkaline 
rocks-related REE deposits in the northern margin of 
the Tarim Craton is closely related to the Tarim mantle 
plume.
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3.	 The mantle plume on magmatic petrogenesis and related 
REE deposits occurred from ca. 290 to 270 Ma. Hence 
the large volume of underplating mafic magmas is the 
prerequisite for the formation of the coeval carbonatite 
intrusions and alkaline plutons of the Tarim large igne-
ous province.
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