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A B S T R A C T   

The majority of global Fe–Ti-oxide deposits hosted in mafic–ultramafic layered intrusions are closely related to 
mantle plume activity. The metallogenesis of these Fe–Ti-oxide deposits is still debated, especially with regard to 
their mantle source and relationship to magmatism. Here we report detailed petrology and geochemistry for 
early Permian (ca. 280 Ma) mafic–ultramafic igneous rocks in the Wajilitag area of the western Tarim Large 
Igneous Province (TLIP) to establish the relationships among mantle source, magmatism, and metallogenesis in 
mantle plume activity. The mafic rocks (i.e., gabbro and diabase) show alkaline affinities and OIB-like trace- 
element patterns. Clinopyroxenites closely related to Fe–Ti-oxide deposits were derived from the same magmatic 
system as that of the mafic rocks. The primary magma of the Wajilitag mafic rocks was enriched in FeOT and TiO2 
and depleted in SiO2, and has high FC3MS (FeOT/CaO − 3MgO/SiO2) and Fe/Mn, indicating the involvement of 
Si-poor pyroxenite/eclogite in the mantle source. Primary olivines from the Wajilitag gabbro have consistently 
high NiO and Fe/Mn. Wajilitag mafic rocks have variable Sr–Nd–Hf isotopes owing to their derivation from a 
hybrid mantle source with the involvement of subducted oceanic crust and sediments. Subducted slabs within the 
upper mantle are inferred to have been entrained by the upwelling mantle plume and preferentially melted to 
produce mainly Fe-rich magma. The occurrence of an adjacent oceanic subduction event just prior to the 
operation of a mantle plume played a crucial role in the formation of large-scale Fe–Ti-oxide deposits in LIPs.   

1. Introduction 

Mantle plumes drive the chemical differentiation of the solid Earth. A 
main outcome of a plume interacting with the lithosphere is the for
mation of large igneous provinces (LIPs), a process that is usually 
accompanied by extensive magmatism (e.g., He et al., 2016; Xiao et al., 
2004) and mineralization events (e.g., Namur et al., 2010; Zhong et al., 
2011). Specifically, the majority of world-class Fe–Ti-oxide deposits 
hosted in mafic–ultramafic layered intrusions are closely related to LIP 
events caused by mantle plume activity, such as the Bushveld intrusion 
in South African (Wilson, 2012), the Panzhihua intrusion in south
western China (Zhong et al., 2011), the Sept Iles intrusion in Canada 
(Higgins and van Bremen, 1998), the Skaergaard complex in Greenland 
(Tegner et al., 1998), and the Duluth complex in the USA (Chalokwu 

et al., 1996). However, some LIPs, including the Siberian and Deccan 
LIPs, lack large-scale Fe–Ti-oxide deposits, although they also were 
related to plume activity (Haase et al., 2019; Saunders et al., 2005). 

Numerous studies have proposed that processes of magmatic evo
lution, such as crystallization fractionation (Song et al., 2013; Toplis and 
Carroll, 1995), silicate-oxide liquid immiscibility (Charlier et al., 2011), 
and magma–carbonate interaction (Tang et al., 2021), are important to 
the generation of Fe–Ti-oxide deposits. However, the role of magmatic 
processes in producing Fe–Ti-oxide deposits is less particular to the re
gion involved but is more dependent on the physical and chemical 
features of the magma (Philpotts, 1982; Whitaker et al., 2007 and ref
erences therein). Thus, whether an LIP has large-scale Fe–Ti-oxide de
posits should be independent of magmatic evolution. Fe–Ti-rich primary 
magma might be an important control on the generation of large-scale 
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Fe–Ti-oxide deposits in LIPs because such magma can enhance the re
serves of ore deposits (Bai et al., 2014). In general, Fe-rich primary 
magmas are derived from an Fe-rich mantle source (Gibson et al., 2000), 
such as garnet pyroxenite (Tuff et al., 2005) and Fe-rich peridotite 
(Gibson, 2002; Gibson et al., 2000). Garnet pyroxenite might be related 
to subducted oceanic lithosphere becoming entrained by an upwelling 
plume and reacting with surrounding peridotite (Tuff et al., 2005), 
whereas Fe-rich peridotites are formed by mixing and reaction processes 
between convecting mantle peridotite and subducted oceanic crust 
(Gibson, 2002; Gibson et al., 2000). Thus, the involvement of recycled 
oceanic crust in the mantle source may account for the metallogenesis of 
large-scale Fe–Ti-oxide deposits in LIPs (Bai et al., 2014; Tang et al., 
2021). Because an upwelling mantle plume could entrain recycled 
oceanic crust from the deep mantle and even the core–mantle boundary 
(Hofmann and White, 1982), pyroxenites are a common lithology in the 
mantle source of almost all plume-related basaltic rocks (Lambart et al., 
2013). Therefore, the key issue is whether pyroxenites (recycled oceanic 
crust) have a particular composition and genesis that favor the pro
duction of large-scale Fe–Ti-oxide deposits in LIPs. 

Early Permian mafic–ultramafic rocks in the Wajilitag area in the 
western margin of the Tarim Craton, including mafic dikes, 
mafic–ultramafic intrusions, nephelinites, and kimberlitic rocks, are all 
rich in total FeO (FeOT; Zhang et al., 2010, 2013, 2018; Cao et al., 2014, 

Cheng et al., 2015) and have been considered typical magmatic rocks of 
the Tarim LIP (TLIP; Fig. 1; Xu et al., 2014). A large-scale Fe–Ti-oxide 
deposit in the Wajilitag area has also been suggested to be associated 
with the Tarim mantle plume (Cao et al., 2014; Xu et al., 2014; Zou et al., 
2015). Thus, igneous rocks of the Wajilitag area favor an investigation of 
the metallogenesis of Fe–Ti-oxide deposits with respect to mantle plume 
activity. Although previous studies have examined aspects such as the 
geochronology and geochemistry of Wajilitag mafic–ultramafic rocks 
(Cao et al., 2014; Zhang et al., 2008; Zou et al., 2015), the mantle 
sources of these rocks are still uncertain and might include lithospheric 
mantle (Zhang et al., 2016, 2018) or asthenospheric mantle (Cao et al., 
2014). In this study, we report a comprehensive investigation into the 
petrology, mineralogy, geochemistry, and geochronology of early 
Permian mafic–ultramafic rocks in the Wajilitag area, including miner
alized clinopyroxenite, gabbro, and diabase, with the aim of gainning an 
insight into the magma sources, melt generation, and subsequent 
evolutionary processes involved in the formation of these rocks. We 
propose that the subduction history in the area adjacent to an LIP is a 
crucial factor controlling the generation of large-scale Fe–Ti-oxide de
posits during mantle plume activity. 

Fig. 1. (a) Schematic map showing the position of the Tarim Craton, modified after He et al. (2016); (b) simplified tectonic map of the Tarim Basin, modified after 
Wei et al. (2014) and Xu et al. (2014); (c) simplified geological map of the Wajilitag area showing the distribution of early Permian igneous rocks and sample 
locations, modified after Cheng et al. (2015), Zou et al. (2015), and Zhang et al. (2016); and (d) cross section of the Wajilitag complex, with investigated drill holes, 
modified after Zhang et al. (2018). 
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2. Geological background and sample descriptions 

2.1. Geological background and the Tarim Large Igneous Province 

The Tarim Craton is bounded by the Tianshan, Kunlun, and Altyn 
orogenic belts (Fig. 1a–b). Early Permian igneous rocks are widespread 
in the Tarim Craton and include basalt, rhyolite, diabase, 
mafic–ultramafic intrusions, and syenitic rocks (Li et al., 2014; Xu et al., 
2014; Zhang et al., 2008, 2010). Except for those covered by the 
Taklamakan desert (Fig. 1b), the early Permian igneous rocks are 
exposed mostly in the areas of Keping, Bachu, and Piqiang around the 
northwestern and southwestern margins of the Tarim Craton (Wei et al., 
2014; Zhang et al., 2008, 2010). On the basis of geophysical in
vestigations and borehole data, it has been suggested that the basalts 
may extend over an area of 250,000 km2 in the interior of the craton, 
with a thickness varying from ~200 to ~800 m (Xu et al., 2014 and 
references therein). The estimated volume of the Tarim basalts is 
~150,000 km3, which is comparable with that of the Emeishan LIP (Xiao 

et al., 2004 and references therein). Thus, Tarim early Permian intra
plate magmatism is regarded as forming an LIP, the Tarim large igneous 
province or TLIP (Xu et al., 2014). The formation of the TLIP is likely 
related to mantle plume activity, a proposal that is supported by the 
existence of a kimberlite–flood-basalt assemblage, large-scale crustal 
uplift, picrite, radiating mafic dike swarms, large-scale Fe–Ti-oxide de
posits, and high-temperature granites (Xu et al., 2014). 

The TLIP has been subdivided into three magmatic episodes, namely, 
ca. 300 Ma small-volume kimberlitic rocks, ca. 290 Ma flood basalts, and 
ca. 280 Ma ultramafic–mafic–felsic intrusions and dike swarms (Xu 
et al., 2014). The ca. 290 Ma flood basalts are widespread across the 
province, whereas the ca. 300 Ma kimberlitic rocks and ca. 280 Ma 
ultramafic–mafic–felsic intrusions and dike swarms are confined to the 
Bachu Uplift and the margins of the Tarim Craton (Fig. 1; Xu et al., 
2014). 

The major ore resources in the TLIP are Fe–Ti-oxide deposits and 
Cu–Ni sulfide deposits (Qin et al., 2011; Xu et al., 2014). Cu–Ni sulfide 
deposits are mainly distributed in the East Tianshan and Beishan 

Fig. 2. Photomicrographs and backscattered electron (BSE) images of Wajilitag mafic–ultramafic rocks: (a) diabase showing typical ophitic structure with clino
pyroxene phenocrysts; (b) cumulatic texture of mineralized clinopyroxenite, with mostly ilmenite–magnetite as the interstitial phase between clinopyroxenes; (c, d) 
anhedral biotites and core–rim-zoned clinopyroxenes in gabbro; (e) intergrowth of ilmenite and magnetite in mineralized clinopyroxenite, and magnetites showing 
exsolution lamellae of spinel and enclosing ilmenite; and (f) magnetites enclosing ilmenite and interstitial to clinopyroxenes in gabbro. Mineral abbreviations: 
Clinopyroxene (Cpx), plagioclase (Pl), biotite (Bt), apatite (Ap), ilmenite (Ilm), and magnetite (Mag). 
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orogens (Qin et al., 2011), while Fe–Ti-oxide deposits are hosted by the 
layered mafic–ultramafic intrusions in the western margin of the Tarim 
Craton (e.g., Wajilitag, Mazhaertag and Piqiang intrusions at ~280 Ma; 
Cao et al., 2014, 2017; Wei et al., 2014; Zhang et al., 2016) and the 
Southwest Tianshan Orogen (e.g., Haladala intrusion at ~300 Ma; He 
et al., 2016). These layered mafic–ultramafic intrusions were interpreted 
as the magmatism of the Tarim mantle plume (Cao et al., 2014, 2017; He 
et al., 2016; Wei et al., 2014; Zhang et al., 2016). 

2.2. Magmatism in the Wajilitag area 

Abundant end-Carboniferous to early Permian magmatic rocks are 
found in the Wajilitag area of the northwestern margin of the Tarim 
Craton (Fig. 1c). The lithologies include kimberlitic rocks, clinopyrox
enite, gabbro, diabase, syenitic rocks, diorite, nephelinite, and carbo
natite (Cao et al., 2014, 2017; Cheng et al., 2015; Zhang et al., 2008; 
Zhang et al., 2013; Zhang et al., 2016, 2018; Zou et al., 2015). The 
Wajilitag kimberlitic rocks consist of multiple pipes and dike swarms, 
and baddeleyite and perovskite separated from kimberlitic samples 
show uniform concordia U–Pb ages of ca. 300 Ma (Zhang et al., 2013). 
The layered mafic–ultramafic intrusion consists of olivine clinopyrox
enite (Ol = 10–20%), clinopyroxenite (Ol < 3%) and gabbro (Ol < 2%) 
from base upwards (Cao et al., 2014; Zhang et al., 2018), which are the 
main igneous rocks in the Wajilitag area. They show a gradual transition 
in lithology, have similar zircon U–Pb ages (284.2–281.3 Ma; Zhang 
et al., 2016; Cao et al., 2017), and are intruded into upper Devonian 
metamorphosed continental clastic sequences (Fig. 1c). The Wajilitag 
layered intrusion hosts a large-scale Fe–Ti-oxide deposit (Cao et al., 
2014) that contains 146 million tons of ore reserves with ~17 wt% FeOT, 

7 wt% TiO2, and 0.2 wt% V2O5 according to a report released in 2010 by 
the Xinjiang Bayi Iron & Steel Ltd. The Wajilitag Fe–Ti-oxide ore bodies 
occur as lenses or pods in the (olivine) clinopyroxenites, and dissemi
nated ores have been mainly identified in the complex (Fig. 1c–d). The 
disseminated ores in the Wajilitag show transitional contacts with the 
adjacent silicate rocks and typically consist of 25–40% titanomagnetite, 
10–15% ilmenite and 30–50% clinopyroxene with minor plagioclase 
and olivine (Zhang et al., 2018). Mafic dikes typically intrude the 
layered mafic–ultramafic intrusion or upper Devonian sedimentary 
rocks (Fig. 1c). 

2.3. Petrography of the studied samples 

The studied samples collected from the Wajilitag area consist of 3 
clinopyroxenites, 7 gabbros, and 20 diabases. 

Diabase samples show porphyritic texture with variable amounts of 
clinopyroxene phenocrysts (Fig. 2a). The groundmass shows ophitic 
texture and consists of plagioclase, clinopyroxene, Fe–Ti-oxides, biotite, 
hornblende, and apatite (Fig. 2a). Fine-grained clinopyroxenes and/or 
biotites are interstitial to plagioclases (Fig. 2a). 

Clinopyroxenite samples were collected from the orebody and are 
composed of dominant clinopyroxene (70–80%) and Fe–Ti-oxides 
(20–30%; Fig. 2b) with minor hornblende and biotite (< 1%), which is 
termed as mineralized clinopyroxnite in this study. Clinopyroxene 
grains are usually euhedral to subhedral with a grain size of 0.3–1.5 mm 
(Fig. 2b). Gabbro samples show gabbroic texture and are composed of 
plagioclase (35–50%), clinopyroxene (35–45%), Fe–Ti-oxides (3–6%), 
and biotite (3–6%), with minor olivine (< 2%) and apatite (1–2%) 
(Fig. 2c–d). Some clinopyroxenes in gabbro samples show zoning texture 

Fig. 3. Representative cathodoluminescence images of zircons and concordia diagrams of SIMS zircon U–Pb geochronology for Wajilitag gabbros. (a–b) Sample 
BC16021 and (c–d) sample BC16070. Dotted and solid circles show the locations of SIMS O isotope and U–Pb age analyses, respectively. 
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with a euhedral core (Fig. 2c). Minor similar euhedral zoned clinopyr
oxenes also occur in mineralized clinopyroxenite samples. The Fe–Ti- 
oxides in mineralized clinopyroxenite and gabbro samples all consist of 
magnetite and ilmenite, which are generally interstitial to clinopyroxene 
and/or plagioclase (Fig. 2). Small amounts of fine-grained magnetites 
and ilmenites are wrapped in clinopyroxene (Fig. 2b). Magnetites typi
cally contain spinel exsolution lamellae and enclose ilmenite in miner
alized clinopyroxenite and gabbro samples (Fig. 2e–f). 

3. Analytical methods 

Whole-rock major element oxides were analyzed by X-ray fluores
cence (XRF) at the ALS Chemex (Guangzhou) Co Ltd. Analytical preci
sion is generally better than 2% for most oxides and better than 1% for 
SiO2. The other analyses, including whole-rock trace elements and 
Sr–Nd–Hf isotopes, zircon U–Pb dating and O isotope, mineral compo
sition and BSE images were carried out at the State Key Laboratory of 
Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences (SKLaBIG-GIGCAS). 

Whole-rock trace elements were analyzed by a Thermo iCAP Qc 
inductively-coupled plasma source mass spectrometer (ICP-MS). 
Powdered samples were dissolved in high-pressure Teflon bombs using a 
HF-HNO3 mixture. Trace element concentrations were calibrated using 
USGS and Chinese National standards AGV-2, GSR-1, GSR-2, GSR-3, 
BHVO-2, W-2a, SY4 and SARM-4. Analytical precision of REE and other 
incompatible elements is typically 1–5%. 

Whole-rock Sr–Nd–Hf isotopes were determined using a Finnigan 
Neptune multi-collector (MC)-ICP-MS, following the similar procedures 
described by He et al. (2016). Measured 87Sr/86Sr, 143Nd/144Nd and 
176Hf/177Hf ratios were normalized to 86Sr/88Sr = 0.1194, 146Nd /144Nd 
= 0.7219 and 179Hf/177Hf = 0.7325, respectively. Reference standard 
BHVO-2 analyzed along with the unknowns gave 87Sr/86Sr = 0.703456 
± 0.000028 (n = 10; 2σ), 143Nd/144Nd = 0.512984 ± 0.000011 (n = 8; 
2σ), and 176Hf/177Hf = 0.283095 ± 0.000004 (n = 4; 2σ), consistent 
with the recommended values (87Sr/86Sr = 0.703481 ± 0.000020, 
143Nd/144Nd = 0.512983 ± 0.000010, and 176Hf/177Hf = 0.283096 ±
0.000020, respectively; Weis et al., 2005). 

Cathodoluminescence (CL) images of zircons were obtained using a 
Carl Zeiss SUPRA55SAPPHIRE Field Emission-Scanning Electron Mi
croscopy (FE-SEM) to characterize the internal structures. The CL im
ages of representative zircons are shown in Fig. 3. 

In-situ zircon U–Pb ages and oxygen isotope were performed on a 
Cameca IMS-1280HR ion microprobe. The detailed analytical proced
ures are similar to those described by Li et al. (2010). For the O isotopic 
analyses, the 133Cs+ primary ion beam was accelerated at 10 kV, with an 
intensity of about 2 nA and focused on an area of 10 μm on the sample 
surface. The size of analytical spots is about 20 μm in diameter (10 μm 

beam diameter + 10 μm raster). Oxygen isotopes were measured in 
multi-collector mode using two off-axis Faraday cups. The internal 
precision of a single analysis generally was better than 0.1‰ (1σ) for the 
18O/16O ratio. The measured oxygen isotopic data were corrected for 
instrumental mass fractionation (IMF) using the Penglai zircon standard, 
which was analyzed once every five unknowns. Six measurements of the 
Qinghu zircon standard during the course of this study yielded a 
weighted mean of δ18OVSMOW = 5.36 ± 0.28‰ (2σ), which is consistent 
with the reported value of 5.40 ± 0.20‰ within errors (Li et al., 2013). 
For zircon U–Pb dating, the ellipsoidal spot is about 20 μm × 30 μm in 
size. Calibration of Pb/U ratios is relative to the standard zircon Pleso
vice, which was analyzed once every four unknowns. A long-term un
certainty of 1.5% (1 RSD) for 206Pb/238U measurements of the standard 
zircons was propagated to the unknowns (Li et al., 2010), despite that 
the measured 206Pb/238U error in a specific session is generally around 
1% (1 RSD) or less. U and Th concentrations of unknowns were also 
calibrated relative to the standard zircon Plesovice. Measured compo
sitions were corrected for common Pb using non-radiogenic 204Pb. A 
secondary standard zircon Qinghu (Li et al., 2013) was analyzed as 
unknown to monitor the reliability of the whole procedure. Un
certainties on single analyses are reported at the 1σ level; mean ages for 
pooled U–Pb analyses are quoted with a 95% confidence interval. 

Major elements compositions of clinopyroxene and olivine were 
carried out using the Cameca SXFive FE Electron Probe Microanalyzer 
(EPMA). The operating conditions are: 20 kV accelerating voltage, 
20–40 nA beam current. A variable peak counting time of 8–180 s was 
used depending on the intensity of characteristic X-ray line. Calibration 
standards used for minerals analysis were silicate and oxide standards 
from SPI company. 

Trace elements in clinopyroxene were measured with an ELEMENT 
XR (Thermo Fisher Scientific) ICP-SF-MS coupled with a 193-nm (ArF) 
Resonetics RESOlution M-50 laser ablation system. Laser condition was 
set as following: 24 μm beam size, 5 Hz repetition rate, ~4 J cm− 2 en
ergy density. A smoothing device (the Squid, Laurin Technic) was used 
to smooth the sample signal. Each spot analysis consisted of 20 s gas 
blank collection with the laser off, and 30 s sample signal detection with 
the laser on. The calibration line for each element was constructed by 
analyzing three USGS reference glasses BCR-2G, BHVO-2G and GSD-1G. 
The oxide molecular yield, indicated by the 232Th16O/232Th ratio, was 
less than 0.3%. The detailed experiment procedure and data reduction 
strategy are described in Zhang et al. (2019). A USGS reference glass TB- 
1G was measured as unknown samples. Five analyses of TB-1G indicate 
most elements are within 8% of the reference values and the analytical 
precision (2RSD) was better than 10% for most elements. 

Fig. 4. (a) TAS (after Le Maitre et al., 1989) and (b) K2O versus SiO2 (after Middlemost, 1994) diagrams for Wajilitag mafic–ultramafic rocks. Data for early Permian 
clinopyroxenites and mafic rocks in the Bachu area are compiled in Supplementary Table 7. 
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4. Analytical results 

Results for secondary ion mass spectrometry (SIMS) zircon U–Pb 
geochronology and O isotopes, as well as whole-rock major and trace 
elements, Sr–Nd–Hf isotopes, and mineral compositions, are given in 
Supplementary Tables 1–6, respectively. 

4.1. In situ zircon U–Pb geochronology and O isotopes 

Two gabbro samples were selected for zircon SIMS U–Pb dating and 
O isotope analyses (Supplementary Table 1). All zircons show well- 
developed oscillatory zoning in CL images (Fig. 3), indicating a 
magmatic origin. 

Zircons from gabbro samples BC16021 and BC16070 have moderate 
Th and U contents (74–958 ppm and 81–347 ppm, respectively) with 
high Th/U ratios of 0.58–5.8 (Supplementary Table 1). The U–Pb results 
for sample BC16021 form a coherent cluster and yield a concordia age of 
281.9 ± 3.1 Ma (MSWD = 1.2; n = 7) and a weighted mean 206Pb/238U 
age of 281.7 ± 3.1 Ma (MSWD = 0.73) (Fig. 3b). The U–Pb results for 
sample BC16070 also form a coherent cluster and yield a concordia age 
of 280.4 ± 2.6 Ma (MSWD = 0.1; n = 10) and a mean 206Pb/238U age of 

280.4 ± 2.6 Ma (MSWD = 0.59; Fig. 3d), which are identical to the ages 
for sample BC16021 within errors and are interpreted as the emplace
ment age of the Wajilitag gabbros. These zircons have δ18O values of 
4.90‰–6.08‰ with mean values of 5.69‰ ± 0.31‰ (2SD) and 5.32‰ 
± 0.40‰ (2SD) for samples BC16021 and BC16070, respectively. 

4.2. Whole-rock major and trace elements 

The studied samples have variable whole-rock major-element com
positions (SiO2 = 32.75–49.51 wt%, MgO = 3.65–11.55 wt%, FeOT =

9.93–26.00 wt%, and CaO = 7.35–16.10 wt%; Figs. 4 and 5). The 
samples show overall high alkali contents, display alkaline affinities on a 
total-alkali–silica (TAS) diagram (Fig. 4a), and belong to the shoshonite 
series in a diagram of K2O vs. SiO2 (Fig. 4b). Mineralized clinopyroxenite 
samples have the highest MgO (10.90–11.55 wt%), FeOT (20.04–26.00 
wt%), TiO2 (7.16–8.99 wt%), and CaO (14.40–16.10 wt%) and the 
lowest SiO2 (32.75–38.14 wt%), Al2O3 (3.93–4.13 wt%) and alkali 
(0.35–0.58 wt%) contents (Figs. 4 and 5). Gabbro and diabase samples 
have variable MgO (3.65–10.20 wt%) with slightly variable SiO2 
(44.82–49.51 wt%), TiO2 (3.21–4.55 wt%), and FeOT contents 
(9.93–13.97 wt%). In the Harker diagrams, SiO2 and Al2O3 contents 

Fig. 5. Diagrams of representative major-element oxides (SiO2, TiO2, CaO, FeOT, and Al2O3) (a–e) and Ni (f) versus MgO for Wajilitag mafic–ultramafic rocks. Data 
for early Permian clinopyroxenites and mafic rocks in the Bachu area are compiled in Supplementary Table 7. 
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increase gradually with decreasing MgO from mineralized clinopyrox
enite through gabbro to diabase (Fig. 5a and e). There is a change in the 
trend of SiO2, TiO2, and FeOT at MgO ≈ 5–6 wt% (Fig. 5a, b, and d). 

The contents of compatible trace elements such as Ni, V, Co, Cr, and 
Sc of the studied samples are highly variable (18.0–191 ppm, 208–806 
ppm, 24.7–97.9 ppm, 2.53–769 ppm, and 15.2–59.4 ppm, respectively). 
Gabbro and diabase samples have lower contents of these compatible 
trace elements, except for Cr, than mineralized clinopyroxenite samples 
(Supplementary Table 2 and Supplementary Fig. 1). Overall, the studied 
samples show strong positive correlations between these compatible 
trace elements (e.g., Ni; Fig. 5f) and MgO contents. 

Mineralized clinopyroxenite samples display convex rare earth 
element (REE) patterns that have low La/Sm (0.79–0.91) and high Sm/ 
Yb ratios (4.81–4.99) (Fig. 6a). The samples are depleted in large-ion 
lithophile elements (LILEs; e.g., Rb, Ba, Th, U, and K) and show posi
tive Nb, Ta, and Ti anomalies in trace-element variation diagrams 
(Fig. 6b) owing to the accumulation of clinopyroxenes and Ti–Fe-oxides 
(Fig. 2b). Gabbro and diabase samples show similar REE patterns that 
are highly fractionated between light REEs (LREEs) and heavy REEs 
(HREEs) with high La/Yb ratios (22.9–30.9), resembling typical ocean 
island basalt (OIB; Fig. 6a). These samples are also similar to OIB in 
trace-element variation diagrams, showing enrichment in LILEs, Nb and 
Ta without pronounced negative Ti anomaly (Fig. 6b). 

4.3. Whole-rock Sr–Nd–Hf isotopes 

Mineralized clinopyroxenite and gabbro samples have similar initial 
87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf ratios that show narrow ranges 

(0.70430–0.70464, 0.51231–0.51241, and 0.28271–0.28274, respec
tively). All samples show positive εNd(t) (+0.70 to +2.64) and εHf(t) 
(+3.46 to +4.49) values (Supplementary Table 3). Diabase samples have 
slightly higher 87Sr/86Sr ratios (0.70457–0.70578) and a wider range of, 
but overall slightly lower, initial 143Nd/144Nd (0.51216–0.51238) and 
176Hf/177Hf ratios (0.28261–0.28273) than those of the intrusive rocks, 
corresponding to slightly variable εNd(t) values (− 2.27 to +1.92) and 
εHf(t) values (− 0.06 to +4.39). In isotope diagrams of εNd vs. 87Sr/86Sr 
and εHf vs. εNd, the Wajilitag samples all plot within the field of OIBs 
(Fig. 7). Gabbro and diabase samples define a linear array that departs 
slightly from the terrestrial array in the diagram of εHf vs. εNd (Fig. 7b). 

4.4. Mineral compositions 

4.4.1. Olivine 
Olivines from gabbro samples show a wide range of Fo contents 

(63.3–84.8) and have variable MnO (0.19–1.06 wt%), NiO (0.038–0.36 
wt%), and CaO (0.014–0.29 wt%) contents (Supplementary Table 4). 
Some olivines have lower CaO contents than those of typical magmatic 
olivine (CaO > 0.1 wt%; Foley et al., 2013) despite their variable Fo 
contents (65.4–84.8). Overall, Ni contents of olivines decrease with 
decreasing Fo, consistent with the trend of fractional crystallization of 
olivines in a magmatic system (Fig. 8a). High-Fo (82.8–84.8) olivines 
have high Ni contents with high Fe/Mn ratios and plot in the field of 
olivines from pyroxenite-derived magmas, resembling olivines in the 
ferropicrites (Fig. 8; Gibson, 2002). 

Fig. 6. (a) Chondrite-normalized REE patterns and (b) primitive-mantle-normalized trace-element variation diagrams for Wajilitag mafic–ultramafic rocks. Chon
drite and OIB values are from Sun and McDonough (1989). Primitive-mantle values are from McDonough and Sun (1995). 

Fig. 7. Sr–Nd–Hf isotopes for Wajilitag mafic–ultramafic rocks. (a) εNd(t) versus (86Sr/87Sr)i; and (b) εHf(t) versus εNd(t). (86Sr/87Sr)i, εNd(t), and εHf(t) are all 
recalculated at 280 Ma. The Nd–Hf mantle array with the relationship described by εHf = 1.55εNd + 1.21 is from Vervoort et al. (2011). Data for FOZO, HIMU, EM1, 
and EM2 are from Stracke et al. (2003, 2005). Data for ~280 Ma igneous rocks in the Bachu area are compiled in Supplementary Table 7. Data for Tarim basalts are 
from the compilation by Li et al. (2014). 
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4.4.2. Clinopyroxene 
Clinopyroxenes from mineralized clinopyroxenite, gabbro, and dia

base samples have variable SiO2 (46.37–52.72 wt%), MgO 
(12.28–17.19 wt%), FeO (5.12–9.44 wt%), CaO (20.04–22.61 wt%), 
TiO2 (0.68–2.64 wt%), Al2O3 (1.52–6.38 wt%), Na2O (0.34–0.93 wt%), 
MnO (0.08–0.33 wt%), and Cr2O3 (bdl.–0.84 wt%) contents and belong 
to Mg-augite or diopside with Mg# values of 70.7–85.4 (Supplementary 
Table 5 and Supplementary Fig. 2). These clinopyroxenes show similar 
patterns of Mg# variation (Supplementary Fig. 2), except for some low- 
Mg# clinopyroxenes from gabbro samples, which have higher SiO2 but 
lower TiO2 contents than others at a given Mg# owing to fractional 
crystallization of Ti–Fe-oxides, corresponding to slight negative Ti 
anomalies for some gabbro samples (Fig. 6d). All clinopyroxenes show a 
positive correlation between TiO2 and AlIV with similar Ti/Al ratios 

(0.20–0.35), similar to the trend of clinopyroxenes from rift-related 
mafic–ultramafic cumulates (Supplementary Fig. 2). In addition, all 
clinopyroxenes show parallel and convex-upward REE patterns (Fig. 9a) 
and display notably negative Pb and Sr anomalies on the trace elements 
patterns (Fig. 9b). Most of them exhibit negative Ti anomaly (Ti/Ti* <
1), except for those with high Mg# and low REE (Fig. 9c–d). Overall, Ti/ 
Ti* values of these clinopyroxenes are positively correlated with Mg# 

but negatively correlated with REE (Fig. 9c–d).  

Fig. 8. Diagrams of Ni (a) and Fe/Mn (b) versus Fo for olivines from Wajilitag gabbros. Compositional fields of olivines from peridotite melts and Hawaii basalts 
(Koolau and Loihi) are from Herzberg (2011). The field of olivines from Etendetk ferropicrite is from Gibson et al. (2000) and Gibson (2002). 

Fig. 9. (a) Chondrite-normalized REE patterns, (b) primitive-mantle-normalized trace-element variation diagrams, and plots of (c) Mg# and (d) 
∑

REE versus Ti/Ti* 
for clinopyroxenes from Wajilitag mafic–ultramafic rocks. Chondrite values are from Sun and McDonough (1989), and primitive-mantle values are from McDonough 
and Sun (1995). Ti/Ti* = 2TiPM/(SmPM + TbPM). 
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5. Discussion 

5.1. Petrogenesis of the Wajilitag mafic–ultramafic rocks 

5.1.1. Timing of emplacement of the Wajilitag mafic rocks 
Zircon SIMS U–Pb dating results for two gabbro samples (281.9 ± 3.1 

and 280.4 ± 2.6 Ma) of this study are consistent with previous dating 
results for gabbro and clinopyroxenite (284.2–281.3 Ma; Zhang et al., 
2016; Cao et al., 2017) within errors, and all of these ages are close to the 
emplacement age of Xiaohaizi gabbro and diabase (Wei et al., 2014 and 
references therein) in the northwestern Wajilitag area (Fig. 1b). 
Although mafic dikes are intruded into gabbro and clinopyroxenite 
(Fig. 1c; Cao et al., 2014), zircon U–Pb dating of a Wajilitag alkali mafic 
dike has yielded an age of 281.4 ± 1.7 Ma (Zou et al., 2015), which is 
also identical to the emplacement age of intrusive rocks, within errors. 
Therefore, geochronological data show that gabbro, clinopyroxenite, 
and mafic dikes were emplaced almost simultaneously (at ca. 280 Ma) 
and belong to the final magmatic phase of the TLIP. 

5.1.2. Alteration and crustal contamination 
Several diabase samples have slightly higher LOI values (1.5%– 

2.5%) than those of other samples, as well as some secondary minerals, 
indicating some degree of alteration. Other samples are relatively fresh 
with low LOI values (<1.5%) and rarely have secondary minerals 
(Fig. 2), excluding the possibility of marked alteration. As Zr is stable 
during alteration and weathering, correlations between Zr and other 
elements can be used to determine whether these elements have been 
affected by alteration. The diabase, gabbro, and mineralized clinopyr
oxenite samples all show positive correlations between Zr and other 
trace elements (including REEs, HFSEs, and LILEs; Supplementary 
Fig. 1), suggesting that their trace-element contents are essentially un
affected by alteration. 

Crustal contamination is inevitable for basaltic melts during their 
ascent through crust and their evolution within magma chambers in a 
continental crust environment. The εNd(t) values of Wajilitag mafic rocks 
are weakly correlated with SiO2 and MgO contents, indicating slight 
crustal contamination (Supplementary Fig. 3). However, the level of 
crustal contamination is very low because the studied samples show 
OIB-like trace-element patterns (Fig. 6b) and have much higher Nb/U 
(34.2 ± 5.7; Supplementary Table 2) and lower Th/Nb (0.11 ± 0.03; 
Supplementary Table 2) ratios relative to continental crust (Nb/U =
4.44, Th/Nb = 0.70; Rudnick and Gao, 2003). In addition, the gabbro 
samples show mantle-derived zircon δ18O values (4.90‰–6.08‰; Sup
plementary Table 1), further indicating that crustal contamination, if 
present, is negligible. 

5.1.3. Fractional crystallization and accumulation 
The Wajilitag gabbros and diabases are coeval and have similar 

trace-element and Sr–Nd–Hf isotopic compositions (Figs. 6 and 7), 
indicating similar mantle sources. In addition, clinopyroxenes from 
gabbro, diabase, and mineralized clinopyroxenite samples show the 
same major-elements compositional trends (Supplementary Fig. 2) and 
have similar Al/Ti ratios (0.20–0.35; Supplementary Table 5) with 
parallel trace elements patterns (Fig. 9c–d), demonstrating that these 
mafic–ultramafic rocks and associated ore deposits were derived from a 
common magma. As crustal contamination has a negligible effect on the 
compositional variation of Wajilitag mafic–ultramafic rocks, the wide 
range of major-element contents of these rocks should be related mostly 
to partial melting of their mantle sources and subsequent fractional 
crystallization and/or accumulation (Figs. 5, 9c–d). 

MgO contents of the studied samples are negatively correlated with 
Al2O3 but positively correlated with CaO and Ni (Fig. 5), suggesting 
fractional crystallization or accumulation of mafic phases such as cli
nopyroxene and olivine. The change in trend of SiO2, TiO2, and FeOT 

contents at MgO ≈ 5–6 wt% (Fig. 5a, b, and d) indicates a change in 
fractional crystallization or accumulation phases. For the diabase 

samples at MgO < 6 wt%, TiO2 and FeOT decrease and SiO2 increases 
with decreasing MgO, corresponding to fractionation of Fe–Ti-oxides 
(Fig. 5a, b, and d). For the gabbro samples at MgO > 8 wt%, CaO in
creases steeply as MgO increases, indicative of clinopyroxene accumu
lation (Figs. 2c–d and 5c). Furthermore, the mineralized clinopyroxenite 
samples have the highest MgO, Al2O3, CaO, FeOT, and TiO2 and the 
lowest SiO2, Na2O, and K2O contents as the result of the accumulation of 
clinopyroxene and Fe–Ti-oxides (Figs. 4 and 5). 

5.1.4. Magma source 
The Tarim Craton has a relatively thick lithosphere of > 140 km at 

present (An and Shi, 2006) and might have been even thicker during the 
Permian (Wei et al., 2014; Xu et al., 2014). Because a thick lithosphere 
(> 130 km) will impede the upwelling of a mantle plume and thus 
prevent decompression melting of convective mantle (Sleep et al., 
2002), some mafic rocks in the LIPs might have been derived from a 
subcontinental lithospheric mantle source (e.g., Xiao et al., 2004; Xu 

Fig. 10. Diagrams of FeOT (a) and FC3MS (b) versus MgO for Wajilitag mafic 
rocks. The samples include diabases and gabbros that have not experienced 
significant Fe–Ti-oxides fractionation. Data for early Permian mafic rocks in the 
Bachu area are compiled in Supplementary Table 7. Literature data: global 
MORBs, including those from central India, southwest India, southeast India, 
the Atlantic, and the east Pacific mid-ridge, are from the PetDB database; 
Hawaii basalts are from GEOROC; Emeishan high-Ti and low-Ti basalts are from 
Xiao et al. (2004); ferropicrites and associated high-Fe basalts are from Hanski 
and Smolkin (1995), Gibson et al. (2000) and Gibson (2002); Wajilitag neph
elinites are from Cheng et al. (2015), and Wajilitag kimberlitic rocks are from 
Zhang et al. (2013). The FC3MS boundary (bold black line) between peridotite- 
derived melts and pyroxenite melts is from Yang et al. (2016). 
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et al., 2014). Indeed, the Tarim flood basalts at ca. 290 Ma have alkaline 
affinity, with pronounced negative Nb and Ta anomalies in primitive- 
mantle-normalized trace-element patterns (Wei et al., 2014) and 
mostly negative εNd(t) values (− 9.15 to +0.23; Fig. 7a; Wei et al., 2014), 
indicating a subduction-metasomatized subcontinental lithospheric 
mantle source (Wei et al., 2014; Xu et al., 2014). However, most of the 
Wajilitag mafic rocks have depleted Sr–Nd–Hf isotopes (Fig. 7) and OIB- 
like trace-element patterns that display enrichment in LREEs, Rb, Ba, Th, 
and U, and positive Nb and Ta anomalies and negative Pb and K 
anomalies (Fig. 6b), indicating their affinity to an asthenospheric mantle 
source. 

5.2. Genesis of Fe-rich magma: partial melting of si-poor pyroxenite/ 
eclogite 

Mafic–ultramafic rocks in the TLIP, such as kimberlitic rocks, 
nephelinite, and diabase, have overall high FeOT contents (Cao et al., 
2014; Cheng et al., 2015; Zhang et al., 2010, 2013, 2018) compared with 
global MORBs and Emeishan low-Ti basalts (Fig. 10a). Specifically, the 
Wajilitag kimberlitic rocks with MgO > 20 wt% contain much higher 
FeOT (12.5–14.1 wt%; Fig. 10a; Zhang et al., 2013) than global kim
berlites (mostly 5–11 wt%; Canil and Bellis, 2007). Overall, the FeOT 

contents of Wajilitag mafic rocks without significant fractionation of 
Fe–Ti-oxides (Ti/Ti* > 0.80) are similar to those of Emeishan high-Ti 
basalts and Hawaii basaltic rocks associated with mantle plumes 
(Fig. 10a). 

Fe-rich melts can be generated by several processes: (a) liquid 
immiscibility of a differentiated basaltic magma (Charlier et al., 2011); 

(b) early-stage fractional crystallization of plagioclase from picritic/ 
basaltic melt in a deeper magma chamber (Toplis and Carroll, 1995); (c) 
low-degree partial melting of peridotite at high pressure (Walter, 1998) 
or of carbonated peridotite (Davis et al., 2011); and (d) input of Fe-rich 
components, such as pyroxenite/eclogite or hornblendite, into the 
mantle source (Gibson, 2002; Gibson et al., 2000; Pilet et al., 2008; Tuff 
et al., 2005). Wajilitag mineralized clinopyroxenite samples have 
extremely low P2O5 contents (≤ 0.01 wt%; Supplementary Table 2), and 
the gabbro and diabase samples contain high alkali contents (Na2O +
K2O = 3.95–6.44 wt%; Fig. 4a), all of which differ from those of Fe-rich 
melts formed by liquid immiscibility, which generally have high P2O5 
and low alkali contents (Charlier et al., 2011). Moreover, Wajilitag mafic 
rocks and coeval syenitic rocks in the Bachu area all plot away from the 
field of immiscibility liquid (Supplementary Fig. 4). Accordingly, there 
is no evidence to support liquid immiscibility in Wajilitag 
mafic–ultramafic rocks. 

Fractional crystallization of Fe-poor minerals (e.g., plagioclase) in a 
deeper magma chamber can produce an Fe-rich residual magma (Toplis 
and Carroll, 1995), which is a common phenomenon for anhydrous 
magma. However, petrographic and major-element characteristics of 
Wajilitag mafic–ultramafic rocks clearly show that plagioclase was a 
late-stage phase (Figs. 2a–d and 5). The samples with relatively high 
MgO (> 6 wt%) and FeOT (> 12 wt%) contain no plagioclase pheno
crysts and have negligible Eu anomalies (Eu/Eu* = 0.97–1.01), which 
precludes early-stage fractional crystallization of plagioclase. In addi
tion, accumulation of Fe–Ti-oxides in the early-stage can also increase 
FeOT content of cumulate rocks significantly. However, both the whole- 
rocks and clinopyroxenes of Wajilitag diabase and gabbro samples show 

Fig. 11. Comparison of the calculated primary magma of Wajilitag mafic rocks with experimental partial melts. (a) FeOT versus Al2O3; (b) CaO versus MgO; and (c) 
Fe/Mn versus MnO. Mafic rock samples include diabases and gabbros that have not experienced significant Fe–Ti-oxide fractionation (Ti/Ti* = 0.80–1.20) with MgO 
> 6 wt% . The primary magma compositions were calculated by adding equilibrium olivine until the melt were in equilibrium with olivine of Fo90 at QFM and 5 kb, 
using the program petrolog_v3.1.1.3 (see details in Supplementary Table 8). (d) Projections of calculated primary magma compositions from or towards diopside into 
the plane of olivine–quartz–calcium Tschermak's (CATS). The cotectics of [L + Opx + Cpx + Gt] and [L + Ol + Cpx + Gt] are from Herzberg (2011). Data for partial 
melts of anhydrous fertile peridotite (0.5–14 GPa), carbonated fertile peridotite (3 GPa), Si-poor pyroxenite/eclogite (2.0–5.0 GPa), and hornblendite (1.5 GPa) are 
compiled in Supplementary Table 9. 
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insignificant or negative Ti anomaly (Figs. 6b, 9b), which excludes 
noticeable accumulation of Fe–Ti-oxides in the mafic rocks. On the other 
hand, the primary magma for Wajilitag diabases should have 13.0–14.1 
wt% FeOT and 18.0–19.4 wt% MgO according to the calculated melts in 
equilibrium with olivine of Fo90 (Supplementary Table 8; Fig. 11a), 
which is Fe rich and comparable with global Proterozoic–Phanerozoic 
ferropicrite (FeOT = 12.5–15.8 wt%; MgO = 12.0–20.0 wt%; Hanski and 
Smolkin, 1995; Gibson et al., 2000; Gibson, 2002). 

Low-degree partial melting of peridotite at high pressure or partial 
melting of carbonated peridotite and hornblendite can also produce Fe- 
rich primary magma (Dasgupta et al., 2007; Davis et al., 2011; Pilet 
et al., 2008; Walter, 1998). Wajilitag diabases have higher FC3MS 
(FeOT/CaO − 3MgO/SiO2) values than those of peridotite-derived melts 
(Fig. 10b), which excludes a source lithology of peridotite (Yang et al., 
2016). In general, Al2O3 contents of peridotite-derived melts decrease 
with increasing pressure (Walter, 1998). This relationship can be 
applied to give an approximate estimate of the partial-melting depth of a 
peridotite source. For example, peridotite-derived melt might have a 
low Al2O3 content corresponding to high-pressure melting (Supple
mentary Table 9). The primary magma of Wajilitag diabases have lower 
Al2O3 (~8.0 wt%) and higher FeOT relative to melts derived from fertile 
peridotite at a given Al2O3 content (Fig. 11a), indicating that low-degree 
partial melting of a peridotite source at high pressure cannot account for 
the Fe-rich characteristics of Wajilitag mafic rocks. For a carbonated 
peridotite source, at least 5–10 wt% CO2 is required to produce a basaltic 
melt with 11.5–13.5 wt% FeOT (Davis et al., 2011), which is a similar 
FeOT content to that inferred for the Wajilitag primary magma. How
ever, carbonated peridotite-derived melts would have much higher CaO 
contents than that inferred for the Wajilitag primary magma (Fig. 11b). 
In addition, such melts may show much lower FC3MS values (less than 
− 0.3; Supplementary Table 9; Dasgupta et al., 2007) than those of 
Wajilitag diabase (FC3MS = 0.73–1.02; Supplementary Table 8), even 

though the source contains only 2.5 wt% CO2 (Dasgupta et al., 2007). 
The (clinopyroxene) hornblendite-derived melts show much higher 
Al2O3 and CaO contents and lower Fe/Mn ratios relative to the inferred 
Wajilitag primary magma (Fig. 11a–c), indicating that hornblendite 
cannot be a suitable candidate for the mantle source of Fe-rich magma in 
the Wajilitag area. 

Therefore, the Fe-rich characteristic of the Wajilitag primary magma 
can be attributed to partial melting of a mantle source enriched in 
eclogite or pyroxenite. Because clinopyroxene has lower partition co
efficient ratios between Fe and Mn (DFe/DMn) compared with olivine 
(Foley et al., 2013), pyroxenite-derived melts should show higher Fe/Mn 
ratios relative to peridotite-derived melts at a given MnO content. 
Therefore, the primary magma of Wajilitag mafic rocks shows higher Fe/ 
Mn ratios than those of (carbonated) peridotite- and hornblendite- 
derived melts, corresponding to partial melting of a mantle source 
enriched in eclogite/pyroxenite (Fig. 11c). Relatively primitive olivines 
(Fo = ~85 mol%) in Wajilitag mafic rocks have higher Ni contents and 
Fe/Mn ratios than those from MORBs, but are similar to those from 
Hawaii basalts (Fig. 8), which also indicates a mantle source enriched in 
eclogite/pyroxenite. Furthermore, because the melts derived from Si- 
rich eclogite/pyroxenite have much higher SiO2 (> 48 wt%; Herzberg, 
2011; Lambart et al., 2013 and references therein) relative to Wajilitag 
primary magma (SiO2 < 46 wt%; Supplementary Table 8), Si-poor 
eclogite/pyroxenite could be the best candidate for the source lithol
ogy of Wajilitag mafic rocks. On an olivine–quartz–calcium Tschermak's 
(CATS) projection from or towards diopside (Herzberg, 2011), the 
inferred Wajilitag primary magma clearly plots on the Si-poor side and 
along the cotectic line of “L + Ol + Cpx + Gt” at ~4 GPa (Fig. 11d), 
corresponding to a mantle source enriched in Si-poor pyroxenite/ 
eclogite. 

Fig. 12. Plots of (a) Nb/La versus εNd(t), (b) Nb/La versus εHf(t), (c) Nb/U versus Th/Nb, and (d) Nb/La versus Ba/Nb for Wajilitag mafic rocks. The average 
composition of global GLOSS is from Plank and Langmuir (1998). Data for early Permian diabases in the Bachu area are compiled in Supplementary Table 7. 
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5.3. Involvement of recycled oceanic crust in the mantle source 

During the subduction and subsequent dehydration of oceanic crust, 
fluid-mobile elements (e.g., Ba, K, Sr, Pb, Th, and U) are lost, whereas 
fluid-immobile elements (e.g., Nb and Ta) are preferentially retained in 
the residual slab (Kessel et al., 2005). Therefore, dehydrated oceanic 
crust should show negative Sr, K, and Pb anomalies, as well as low Th/ 
Nb and high Nb/La and Nb/U ratios. Most of the Wajilitag mafic rocks 
show negative Sr, K, and Pb anomalies (Fig. 6b), and some samples, 
especially those with depleted Nd and Hf isotopes, have lower Th/Nb 
but higher Nb/La and Nb/U ratios than those of the primary mantle 
(Fig. 12), consistent with the involvement of dehydrated oceanic crust in 
their mantle source. This is also supported by the mantle-like zircon 
δ18O values of Wajilitag mafic rocks (Supplementary Table 1). In 
contrast, Wajilitag mafic rocks have variable Nd–Hf isotopic composi
tions that define a linear array that departs slightly from the terrestrial 
array but plots on the mixing curve between recycled oceanic crust and 
sediments at 0.4–1.0 Ga (Fig. 7b). The involvement of recycled sedi
ments in a mantle source would induce higher Ba/Nb and Th/Nb but 
lower Nb/La, Nb/U, 143Nd/144Nd, and 176Hf/177Hf ratios in the melt, as 
such sediments are enriched in Ba, Th, and La relative to Nb and usually 
have enriched Nd–Hf isotopic compositions (Plank and Langmuir, 
1998). Therefore, positive correlations of Nb/La with εNd(t) and εHf(t), 
and negative correlations of Nb/La with Ba/Nb, Nb/U, and Th/Nb in the 

Wajilitag mafic rocks (Fig. 12), in addition to the linear array of Nd–Hf 
isotopic compositions, clearly point to the involvement of recycled 
oceanic crust and sediments in the mantle source. The key issue is how 
and when these materials were recycled into the mantle source. 

The northern margin of the Tarim Craton was strongly influenced by 
southward subduction during the Neoproterozoic and Paleozoic 
(950–300 Ma; Ge et al., 2014; Zhong et al., 2019). Moreover, the 
southern margin of the Tarim Craton and the West Kunlun region were 
continuously affected by northward subduction of Proto- and Paleo- 
Tethys oceanic lithosphere from the late early Paleozoic to early 
Mesozoic (i.e., 471–215 Ma), which formed abundant ophiolites and 
arc-related volcanic rocks in these areas (Wang et al., 2020; Xiao et al., 
2005). Therefore, Neoproterozoic to Paleozoic subduction processes in 
the areas surrounding the Tarim Craton might have allowed input of 
oceanic crust and sediments into the asthenosphere under the marginal 
parts of the craton (Fig. 13). 

5.4. Implications for the metallogenesis of Fe–Ti-oxide deposits in LIPs 

Numerous studies have proposed that magmatic evolution is 
important to the generation of Fe–Ti-oxide deposits (Charlier et al., 
2011; Namur et al., 2010; Song et al., 2013; Tang et al., 2021; Toplis and 
Carroll, 1995). However, the involvement of recycled oceanic crust in 
the mantle source may account for the genesis of Fe-rich primary magma 

Fig. 13. Schematic model illustrating the generation of Wajilitag Fe-rich igneous rocks. (a) Long-term accretionary orogenesis in the northern (Tianshan Orogen) and 
southern (Kunlun Orogen) margins of the Tarim Craton. Accretionary orogenic history of the Tianshan Orogen: at 980–600 Ma, Paleo-Asian oceanic lithosphere 
subducted beneath the Tarim Craton and eventually resulted in the opening of the South Tianshan Ocean as a back-arc basin at 600 Ma (Ge et al., 2014); at 460–400 
Ma, bidirectional subduction beneath the South Tianshan Ocean formed the Yili–Central Tianshan–Hanshan arcs in the north and the northern Tarim arc in the south, 
and the South Tianshan Ocean closed during the late Carboniferous (Ge et al., 2014; Zhong et al., 2019). Accretionary orogenic history of the West Kunlun Orogen: 
Proto-Tethys oceanic plate subducted beneath the South Kunlun Terrane and North Kunlun Terrane (Tarim) in the late Cambrian–Ordovician, followed by closure of 
the Proto-Tethys Ocean at 455–400 Ma (Wang et al., 2020); Paleo-Tethys oceanic plate subducted beneath the Kunlun Terrane (Tarim) from the early Carboniferous 
to late Triassic (Xiao et al., 2005). Subducted slabs can remain in the upper mantle for over 100 Myr (Richter et al., 2020) and can be transformed into Si-poor or Si- 
rich pyroxenites at upper-mantle depths (Herzberg, 2011; Lambart et al., 2013). (b) Hot and buoyant mantle plume carrying Si-poor pyroxenite (recycled oceanic 
crust) upwelled and ponded in the bottom of the lithosphere beneath the Tarim Craton. Owing to conductive heating by the Tarim mantle plume, partial melting of 
enriched metasomatized subcontinental lithsophereic mantle with or without plume materials produced Tarim flood basalts (Li et al., 2014; Xu et al., 2014). Partial 
melting of a mantle plume with Si-poor pyroxenite at the margin of the Tarim Craton formed the Wajilitag mainly Fe-rich mafic rocks and large-scale Fe–Ti- 
oxide deposits. 
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and consequent large-scale Fe–Ti-oxide deposits in LIPs. In general, 
OIBs, which are the most common mafic rocks involved in mantle plume 
activity, are characterized by high TiO2 contents, and the ferropicrites 
that are typically found in Proterozoic–Phanerozoic LIPs also have high 
TiO2 contents (1.6–3.5 wt%; Gibson, 2002 and references therein), 
which can be explained in terms of the presence of subducted oceanic 
slab materials in mantle plumes (Gibson, 2002; Prytulak and Elliott, 
2007; Tuff et al., 2005). The primary magma of Wajilitag mafic rocks 
was enriched in FeOT (12.1–14.5 wt%) and TiO2 (2.02–3.91 wt%), 
consistent with the involvement of Si-poor pyroxenite/eclogite in the 
mantle source. Analogously, recycled oceanic crust in the mantle source 
might also account for the genesis of Fe–Ti-oxide deposits in the Pan
zhihua intrusions of the Emeishan LIP (Bai et al., 2014; Tang et al., 2021; 
Zhong et al., 2011) and the Bushveld complex (Wilson, 2012). 

At mantle depths, recycled oceanic crust should be transformed into 
either Si-poor or Si-rich pyroxenite/eclogite (Herzberg, 2011). The 
solid-state interaction between MORB and peridotite would produce Si- 
rich pyroxenite in the upper mantle and Si-poor pyroxenite in the lower 
mantle, whereas cumulates of dunites, troctolites, and high-MgO gab
bros in the recycled oceanic crust would produce Si-poor pyroxenite 
after recycling into the upper mantle (Herzberg, 2011; Lambart et al., 
2013). The melts derived from Si-rich pyroxenite/eclogite are similar to 
peridotite melts (Lambart et al., 2013) in FeOT but have lower FeOT 

contents than those derived from Si-poor pyroxenite/eclogite. There
fore, it is probably Si-poor pyroxenite/eclogite in the mantle source that 
accounts for the generation of Fe–Ti-rich primary magma and conse
quent large-scale Fe–Ti-oxide deposits. As a fusible component (Gibson, 
2002), recycled oceanic crust is preferentially melted as a result of the 
heat provided by a mantle plume and decompression of the upwelling 
asthenosphere, which can produce overall Fe-rich melts. Subducted 
slabs in the mantle will be folded, stretched, and thinned through 
convective mixing and stirring processes (Herzberg, 2011 and references 
therein). Thus, recycled oceanic crust can remain in the depths ranging 
from the upper mantle to lower mantle. Therefore, mantle sources for 

plume-related OIBs contain variable amounts of recycled oceanic crust 
(Hofmann and White, 1982), including Si-poor pyroxenite/eclogite 
responsible for Fe–Ti-rich primary magma and large-scale Fe–Ti-oxide 
deposits. However, some LIPs, such as the Siberian traps LIP (Saunders 
et al., 2005) and the Deccan LIP (Haase et al., 2019) show a distinct lack 
of large-scale Fe–Ti-oxide deposits, which would be due to the relatively 
low amounts of Si-poor pyroxenite/eclogite in their mantle source. 

Recycled oceanic crust may be dispersed in the upper mantle (over a 
time scale of ~130 Myr; Richter et al., 2020) or remain within the 
mantle transitional zone (~20–60 Myr; Goes et al., 2017) for a long 
time. However, the vast majority of recycled oceanic crust will finally 
descend into the lower mantle and eventually reach the core–mantle 
boundary because it is usually denser than the surrounding mantle at 
shallow depths (Aoki and Takahashi, 2004). In contrast, only very small 
amounts of recycled oceanic crust in the lower mantle or at the cor
e–mantle boundary can ascend to the base of the lithosphere because of 
the buoyancy barrier, especially at the top of the mantle transition zone 
(Dannberg and Sobolev, 2015). Therefore, subducted slabs dispersed in 
the upper mantle might provide recycled materials for basaltic rocks and 
Fe–Ti-oxide deposits in LIPs (Fig. 14). If so, it is reasonable to assume 
that the occurrence of subduction shortly prior to plume activity and 
near the plume region would play a crucial role in generating Fe–Ti-rich 
mantle sources and consequent large-scale Fe–Ti-oxide deposits 
(Fig. 14). 

Indeed, most of the LIPs that contain large-scale Fe–Ti-oxide deposits 
were formed near the end of or shortly after long-term subduction in the 
adjacent areas (Fig. 15), as follows:  

(a) Subduction processes along the Tarim Craton margin were 
operating at 950–215 Ma (Ge et al., 2014; Wang et al., 2020; Xiao 
et al., 2005; Zhong et al., 2019), which might have resulted in 
large amounts of recycled oceanic crust dispersed in the upper 
mantle throughout the duration of activity of the Tarim mantle 
plume at 300–270 Ma (Xu et al., 2014). 

Fig. 14. A proposed genetic model for large-scale Fe–Ti-oxide deposits in LIPs with regard to long-term oceanic subduction either contemporaneous with or shortly 
before plume activity and adjacent to the plume region. Only very small amounts of recycled oceanic crust in the lower mantle or the core–mantle boundary can 
return to the base of the lithosphere owing to the buoyancy barrier, especially at the top of the mantle transition zone (Dannberg and Sobolev, 2015). Recycled 
oceanic crust that is dispersed in the upper mantle as a result of long-term subduction shortly before plume activity preferentially melts to produce mainly Fe-rich 
mafic rocks and Fe–Ti-oxide deposits in LIPs. 
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(b) The period of activity of the Emeishan plume (ca. 260 Ma) was 
within the duration of eastward subduction of the Tethyan 
oceanic plate under the Yangtze block (374–230 Ma; Deng et al., 
2014). Accordingly, zircon δ18O values of the Taihe Fe–Ti–V- 
oxide ore deposits (4.1‰–4.6‰; Tang et al., 2021) and Pan
zhihua clinopyroxene (3.9‰–5.4‰; Zhang et al., 2009) in the 
Emeishan LIP are lower than those of normal mantle-derived 
magmas, which indicates the involvement of newly subducted 
high-temperature altered oceanic crust in their source (Bai et al., 
2014; Tang et al., 2021). 

(c) Similarly, the mantle source for the ca. 2.06 Ga Bushveld com
plex, which contains giant Fe–Ti-oxide deposits, was likely 
affected by 2.9–2.0 Ga oceanic subduction events (Wilson, 2012), 
which resulted in the amalgamation of the continental nucleus 
(Aulbach et al., 2017).  

(d) The Duluth complex in the southern margin of the Superior 
Craton was emplaced at ~1.1 Ga as a result of activity of the 
Keweenaw mantle plume (Hutchinson et al., 1990). The south
eastern and southern margins of the Superior Craton (Laurentia) 
were the loci of prolonged subduction, accretion, and collision 
processes (2.0–1.0 Ga; Karlstrom et al., 2001).  

(e) The ca. 565 Ma Sept Iles complex (Quebec, Canada) along the 
eastern margin of Laurentia was associated with the opening of 
the Iapetus Ocean (Cawood et al., 2010; Higgins and van Bremen, 
1998; Namur et al., 2010), but the subduction–accretionary sys
tem along this margin of Laurentia was much earlier (1030–710 
Ma; Cawood et al., 2010). However, during the assemblage of the 
Pannotia supercontinent in a Pan African event, the closure of a 
wide (>5500 km) ocean between South Rodinia (i.e., the Lau
rentia, Amazonia, Baltica, Siberia, and West Africa continents) 

and the Congo continent (e.g., Scotese, 2009) might have trans
ported abundant recycled oceanic crust into the asthenosphere 
under eastern Laurentia.  

(f) The 55 Ma Skaergaard complex (Namur et al., 2010) in the North 
Atlantic Igneous Province (NAIP) is located in eastern Greenland. 
Regional subduction events during the middle Jurassic–early 
Cretaceous resulted in the closure of the South Anuyi–Angayu
cham Ocean (Shephard et al., 2016). The proposed oceanic slabs 
might have been buried under present-day central Greenland at a 
depth of 1300–1500 km (Shephard et al., 2016) or preserved in 
the upper mantle beneath the Western Gakkel Ridge, Arctic 
Ocean (Richter et al., 2020), and could have been involved in the 
mantle source of the NAIP and given rise to Fe–Ti-oxide deposits 
in the Skaergaard complex. 

In contrast, the formation of the Deccan LIP by movement of the 
Indian Craton over the Réunion mantle plume at 68.5–65.4 Ma (Haase 
et al., 2019) was much later than the subduction events recorded in the 
Indian Craton (Fig. 15). From the early Ordovician to Paleocene, the 
northern margin of the Indian Craton, as a passive continental margin, 
was essentially unaffected by subduction (Yin and Harrison, 2000). 
Thus, the presence of recycled oceanic crust in the upper mantle under 
the Indian lithosphere would have been negligible during the period of 
activity of the Deccan LIP, meaning that the mantle source would have 
been deficient in Fe and Ti. For the case of the Siberian Traps LIP (STLIP) 
at ca. 250 Ma (Saunders et al., 2005), the late Neoproterozoic to 
Paleozoic CAOB was located in the south of the Siberian Craton (Şengör 
and Natal'in, 1996). Because the CAOB was relatively far away from the 
Siberian Craton during the Paleozoic (Şengör and Natal'in, 1996), the 
subducted slabs might have stagnated in the mantle transition zone 

Fig. 15. Timeline of some plume-related LIPs and associated subduction events and large-scale Fe–Ti-oxide deposits. Most of the LIPs containing large-scale Fe–Ti- 
oxide deposits occurred at the end of or shortly after long-term subduction in adjacent areas. Literatures for the subduction timing of the LIPs are as following: Tarim 
(Ge et al., 2014; Wang et al., 2020; Xiao et al., 2005; Zhong et al., 2019); Emeishan (Deng et al., 2014); Bushveld (Aulbach et al., 2017; Wilson, 2012); Duluth 
(Karlstrom et al., 2001); Sept Iles (Cawood et al., 2010; Scotese, 2009); North Altantic (Richter et al., 2020; Shephard et al., 2016); Deccan (Yin and Harrison, 2000); 
Siberia (Ivanov et al., 2008; Şengör and Natal'in, 1996). 
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under the thick cratonic lithosphere (Ivanov et al., 2008). The stagnating 
slab could have released water to create a water-saturated source for the 
volumetrically dominant low-Ti rocks of the STLIP (Ivanov et al., 2008), 
but might not have contributed additional Fe and Ti to the mantle source 
owing to the effect of buoyancy barrier at the top of the mantle transi
tion zone (Dannberg and Sobolev, 2015). 

6. Conclusion 

Mafic–ultramafic rocks of the Wajilitag area, including clinopyrox
enite, diabase, and gabbro, were formed simultaneously at ca. 280 Ma 
during the last magmatic episode of the Tarim Large Igneous Province 
and were derived from the same magmatic system. 

The Wajilitag mafic–ultramafic rocks are enriched mainly in Fe and 
Ti and have high Fe/Mn ratioowing to the involvement of Si-poor py
roxenite in the mantle source. Long-term subduction events along the 
Tarim Craton margins caused large volumes of recycled oceanic crust 
and sediments to be transported to mantle depths to form Si-poor 
pyroxenite. 

Subducted slabs dispersed in the upper mantle preferentially melt to 
produce mainly Fe-rich magma in LIPs during mantle plume activity. 
The occurrence of an oceanic subduction event adjacent to a mantle 
plume and just prior to plume activity plays a crucial role in the for
mation of large-scale Fe–Ti-oxide deposits in LIPs. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2021.106355. 
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