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A B S T R A C T   

The North Qilian Orogenic Belt, NW China, is surrounded by the Tarim and North China cratons to the northwest 
and northeast, respectively. The North Qilian Block (NQB) is preserved as Precambrian continental fragments in 
this belt. This block records a series of intense Proterozoic tectono–magmatic events associated with the 
convergence and breakup of the Columbia supercontinent, providing insights into the location of the block 
within this supercontinent. This study focuses on the Paleoproterozoic (ca. 1.74 Ga) amphibolites of the Beidahe 
Group (BDHG), and Mesoproterozoic (1.6–1.2 Ga) basalts of the Aoyougou (AF) and Huashugou (HF) formations 
of the Zhulongguan Group, all of which outcrop in the NQB. 

The BDHG amphibolites have island arc basalt-type geochemical affinities with variable εNd(t) (− 7.8 to − 0.7) 
and εHf(t) (− 9.8 to − 2.1) values, that are indicative of the derivation from metasomatized mantle wedge in a 
continental arc setting. The ocean island basalt-like AF basalts and some HF basalts have depleted and decoupled 
Nd–Hf isotopic compositions (εNd(t) = 1.8–6.4 and εHf(t) = 2.1–10.7), and high mantle potential temperatures of 
up to 1642 ◦C, indicating derivation from a mantle plume in an intracontinental rifting setting. The normal mid- 
ocean-ridge basalt-like HF basalts originated from depleted asthenospheric mantle in a nascent ocean basin, as 
indicated by their Nd–Hf isotopic compositions (εNd(t) = 8.6–11.6 and εHf(t) = 14.7–15.2). 

Combining these new data with the results of previous research, it is suggested that the Paleo–Mesoproterozoic 
evolution of the NQB involved paleo-oceanic plate subduction, intracontinental rifting, and the development of 
an embryonic oceanic basin, all of which were responses to Columbia supercontinent aggregation and breakup. 
The formation ages of the BDHG (ca. 1.74 Ga) and the AF (1.56–1.53 Ga) and detrital zircon ages (1.77 and 1.59 
Ga) for the North Qilian Orogenic Belt are similar to those of the North China Craton (1.76 and 1.59 Ga) located 
to the southwest of the central Columbia supercontinent (i.e., Laurentia). This suggests that the NQB was located 
to the southwest of the Laurentia with volcanic islands within the Columbia supercontinent.   

1. Introduction 

Supercontinent amalgamation and dispersal cycles have dominated 
the evolution of continental blocks since at least the early Proterozoic. 
The Columbia (also termed Nuna) supercontinent is the earliest recog-
nized Precambrian supercontinent (Zhao et al., 2004) and formed at 
2.1–1.8 Ga before undergoing breakup at 1.6–1.2 Ga, as evidenced by 
the development of widespread mafic dike swarms (e.g., Pidgeon and 
Nemchin, 2001; Rogers and Santosh, 2009; Ernst and Bell, 2010; Zhao 

et al., 2016). This means that Precambrian mafic rocks formed at this 
time can provide insights into the evolution of the Columbia supercon-
tinent. The North Qilian Block (NQB) is a Precambrian block that was 
broken up and is preserved as Precambrian continental fragments in the 
North Qilian Orogenic Belt, an early Paleozoic orogenic belt located in 
NW China that formed as a result of orogenesis after the Neoproterozoic. 
The Precambrian continental fragments are divided into the Beidahe 
(BDH) and Zhulongguan groups, and record the Proterozoic tectonic 
evolution of the NQB (e.g., Hou et al., 2008). However, the formation 
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age and tectonic setting of these fragments remain controversial. They 
are thought to have formed during either the Paleoproterozoic, Meso-
proterozoic, or Paleozoic in various tectonic settings, including intra-
continental rift and/or magmatic arc settings or combinations thereof 
(Supplemental Table 1). The relationship between the tectonic evolution 
of the NQB and the Columbia supercontinent also remains unclear, 
meaning that identifying the link would further our understanding of the 
evolution of the Columbia supercontinent. 

The Laurentia was located in the central part of the Columbia su-
percontinent with the Siberia and Baltica to the north and northeast, 
respectively (e.g., Rogers and Santosh, 2009; Zhang et al., 2012). The 
nature of the western and southwestern borders of Laurentia remains 
controversial, with reconstructions placing the East Antarctica, 
Australia, Siberia, North China, or South China blocks in this location 

(Zhang et al., 2012; Hou et al., 2008). However, the location of the NQB 
within the Columbia supercontinent remains uncertain. 

This paper presents new geochronological, geochemical, and iso-
topic data for (meta-)mafic rocks of the Precambrian BDH and Zhu-
longguan groups, both of which crop out across the western part of the 
North Qilian Orogenic Belt. Combining these new data with the results 
of previous research provides insights into (a) the petrogenesis of these 
units, (b) the Proterozoic tectono–magmatic evolution of the NQB and 
its relationship to the formation and breakup of the Columbia super-
continent, and (c) the location of the NQB within the Columbia 
supercontinent. 

Fig. 1. (a) Tectonic location of the Qilian–Qaidam blocks in NW China (after Song et al., 2013); (b) the northwestern Qilian Block tectonic unit and Precambrian 
stratigraphic distribution map (modified after Wang et al., 2018; Xu et al. 2015). 

Fig. 2. (a) Geological map of the western North Qilian Orogenic Belt, NW China (modified from Qi et al., 2015) and (b) lithology histogram of Precambrian 
continental crust remnants. 1, Paleozoic; 2, Qingbaikou System; 3, HF, Zhulongguan Group, Changcheng Period; 4, AF, Zhulongguan Group, Changcheng Period; 5, 
BDHG, Paleoproterozoic; 6, Cennzoic; 7, Mafic–ultramafic rocks; 8, Intermediate–acid intrusion; 9, Fault; 10, Sampling site. 
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2. Geological background and petrographic descriptions 

2.1. Geological background 

The WNW–ESE-striking Qilian Orogenic Belt is located in the 
northeastern margin of the Tibetan Plateau and forms part of the Central 
China Orogenic Belt. It is split from north to south into the North Qilian 
Orogenic Belt, the Middle Qilian Block, and the South Qilian Block 
(Fig. 1; e.g., Song et al., 2013). The North Qilian Orogenic Belt is an 
elongate, NW–SE-trending belt located along the junction of the three 
major geological blocks in China and is bound to the northwest by the 
Alxa Block of the North China Craton (Fig. 1). The western and northern 
boundaries of the North Qilian Orogenic Belt are the sinistral strike-slip 
Altyn Tagh Fault and the Longshoushan Fault, respectively (Fig. 1b). The 
belt is dominated by Paleozoic rocks and is thought to represent an early 
Paleozoic oceanic suture zone that separates the Alxa Block to the north 
from the Middle Qilian Block to the south (Fig. 1b). This area contains 
Paleozoic ophiolite sequences, high pressure/low temperature (HP/LT) 
metamorphic belts, volcanic rocks, granitoid plutons, flysch and molasse 
units, and a Carboniferous to Triassic sedimentary cover sequence (Song 
et al., 2013), all of which developed on a Precambrian block; i.e., the 
NQB. The NQB is split into continental fragments that formed as a result 
of post-Neoproterozoic orogenesis and is preserved as the Precambrian 
basement of the North Qilian Orogenic Belt. The Precambrian conti-
nental fragments are subdivided into the BDH and Zhulongguan groups, 
all of which contain amphibolite, schist, marble, gneiss, and conglom-
erate units that are intercalated with minor amounts of volcanic rocks 

(Fig. 1b; Yang et al., 2016). The lowermost BDH Group (BDHG) formed 
during the Paleoproterozoic (2001–1771 Ma) or Mesoproterozoic 
(1336–1166 Ma) (Supplemental Table 1) and is the oldest Precambrian 
basement material in the North Qilian Orogenic Belt. The widely 
distributed Zhulongguan Group is further divided into the Aoyougou 
(AF) and Huashugou (HF) formations (Fig. 2). The formation age of the 
Zhulongguan Group is controversial, with suggestions including early 
Mesoproterozoic (1529 Ma), late Neoproterozoic (600–580 Ma), and 
Paleozoic (504–480 Ma) ages (Supplemental Table 1). Yu (1997) pro-
posed that the age boundary between the AF and the HF occurs at 1529 
Ma. 

The study area lies in the Diaodaban–Gulangxia region of the west-
ern North Qilian Orogenic Belt and includes outcrops of the BDH and 
Zhulongguan groups (Fig. 2a). The NW–SE-trending BDHG is exposed 
mainly in the Diaodaban and Binggou areas with a thickness of 1–4 km 
and a length of ~120 km (Fig. 2a). The BDHG exhibits intense structural 
deformation, including fold structures with gneissosity and schistosity. 
The BDHG comprises mainly amphibolite (metavolcanic rocks) and 
schist (metasedimentary rocks) with minor gneiss (Fig. 2b), recording 
low–middle-grade metamorphism of high-greenschist facies. The un-
derlying BDHG is in fault contact with the overlying AF with a sudden 
change in lithology from dolomites to schists (Fig. 2b), indicating the 
absence of strata or change in sedimentary environment. The NW–SE- 
trending AF crops out mainly in the Baijian and southern Gulangxia 
Fault with a thickness of 3–7 km and length of ~120 km (Fig. 2a). Rock 
assemblages of the AF include dolomite, quartz biotite schist, basalt, and 
sedimentary rocks. Our field geological survey indicates that quartz 

Fig. 3. (a, b) Field and photomicrographs of the BDHG amphibolites; (c) quartz biotite schists are in conformable contact with AF basalts; (d) hand specimen of the 
AF basalts; (e) photomicrographs of AF basalts; and (fi) field and photomicrographs of the HF basalts. Amp: amphibole; Pl, plagioclase; Apt, apatite; Cpx, clino-
pyroxene; Cb, carbonate; Ol, olivine. 
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biotite schists are in conformable contact with AF basalts (Fig. 2b, 
Fig. 3d). The near NW-striking HF conformably overlies the AF in the 
northern Gulangxia Fault (Fig. 2), which comprises mainly argillaceous 
slate–carbonate–banded iron with minor basalt (Fig. 2b). 

2.2. Sample descriptions 

Eighteen amphibole samples were collected from the BDHG in the 
Diaodaban area, and seven and ten basaltic samples from the AF and HF 
areas to the south and north of the Gulangxia Fault, respectively 
(Fig. 2b). The BDHG amphibolite is massive and contains amphibole 

(~50 vol%), plagioclase (~40 vol%), biotite, quartz, and accessory 
minerals (e.g., apatite; Fig. 3a, b). Most phenocrysts retain their original 
euhedral–subhedral forms with variable size (100–500 μm) and, 
together with their unifoliate minerals (Fig. 3a, b) indicate low-grade 
metamorphism. The AF basalts are in conformable contact with the 
underlying quartz-biotite schist and are massive, amygdaloidal, and 
granular (Fig. 3c, d). They contain subhedral–anhedral plagioclase 
(~20 vol%), clinopyroxene (~40 vol%), and olivine (~10 vol%) of 
various sizes (50–250 μm). The clinopyroxenes form clusters containing 
several clinopyroxene crystals (Fig. 3e). The HF basalts can be divided 
into two groups based on the results of optical microscopy. The Group I 

Fig. 4. Cathodoluminescence images of representative zircons and U–Pb concordia diagrams for zircons from BDHG amphibolite and AY quartz biotite schist.  
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are massive, granular, and contain variably sized euhedral–subhedral 
plagioclase (~35 vol%), clinopyroxene (~45 vol%), and olivine (~10 
vol%; Fig. 3f, g). The Group II are massive and porphyritic and contain 
euhedral plagioclase (~40 vol%) and clinopyroxene (~20 vol%; 
Fig. 3h–i). The influence of later alteration on the AF and HF basalts was 
negligible, as indicated by the unaltered minerals (Fig. 3e, g, i). 

3. Results 

Details of the analytical methods used during this study are given in 
the Supporting Information, Appendix 1. Mineral and whole-rock 
geochemical data, Zircon U–Pb geochronological data for the BDHG 
amphibolites and AF quartz-biotite schists, and Sr–Nd–Hf isotope data 
for the BDHG amphibolites and AF and HF basalts are given in Sup-
plemental Tables 2 and 3. 

3.1. Zircon U–Pb ages 

Zircon U–Pb dating was carried out on 67 grains from the BDHG 
amphibolite (sample 18DG–01) and 18 grains from the AF quartz-biotite 
schist (sample 15AYG–17). Of the 68 zircons from the BDHG amphib-
olite, 51 have elliptical or irregular shapes and have planar zoning 
visible during cathodoluminescence (CL) imaging (Fig. 4c, d). They 
contain low concentrations of Th and U and have low Th/U ratios 
(0.01–0.12; Supplemental Table 2), indicating a metamorphic origin. 
The remaining 16 zircons are euhedral–subhedral and prismatic and 
have oscillatory zoning visible during CL imaging (Fig. 4b). They have 
high concentrations of Th and U and high Th/U ratios (0.41–0.96; 
Supplemental Table 2), all of which indicate a magmatic origin. 
Magmatic zircons from the BDHG amphibolite yield 207Pb/206Pb ages 
from 1802 to 1687 Ma and a weighted mean age of 1740 ± 16 Ma, which 
is consistent with the upper intersect age defined by these zircons (1744 
± 39 Ma; Fig. 4a, b). The metamorphic zircons define four age groups 
with 206Pb/238U weighted mean ages of 604 ± 5 (Fig. 4c), 442 ± 4, 420 
± 4, and 371 ± 13 Ma (Fig. 4d). 

Zircons from the AF quartz-biotite schist have both metamorphic and 
magmatic origins. Of the 18 grains analyzed, 15 are of metamorphic 
origin and have low concentrations of Th and U, low Th/U ratios 
(0.07–0.10), and yield a 207Pb/206Pb weighted mean age of 1182 ± 35 
Ma (Supplemental Table 2; Fig. 4e). The magmatic zircons have clear 
oscillatory zoning visible during CL imaging (Fig. 4f), high concentra-
tions of Th and U, and high Th/U ratios (0.31–1.36; Supplemental 
Table 2), and yield 207Pb/206Pb ages from 1575 to 1513 Ma and a 
weighted mean age of 1555 ± 9 Ma (Fig. 4f). 

3.2. Mineral compositions 

The apatites of the BDHG amphibolite are enriched in F (1.78–2.96 
wt%) but depleted in Cl (0.01–0.12 wt%) and are classified as fluo-
rapatite (Supplemental Table 4). 

Clinopyroxenes in the AF basalt comprise Wo (18.8–28.2), En 
(45.5–62.7), and Fs (9.50–33.5), with Mg# values of 60.5–86.3, and are 
augites (Supplemental Table 5). 

3.3. Major and trace elements 

All of the samples analyzed during this study have high loss on 
ignition (LOI) values (up to 7.27 wt%) that meant all major element data 
were recalculated on an anhydrous basis prior to interpretation. The 
BDHG amphibolites (samples 18DG–01–18) have variable SiO2 
(45.1–50.5 wt%), MgO (3.52–9.39 wt%), and TiO2 (1.02–3.55 wt%) 
contents, high Na2O (1.36–3.92 wt%) contents, relatively low K2O 
(0.14–1.61 wt%) contents, and Mg# values of 26.8–52.8 (where Mg# =

Mg2+/(Mg2++Fe2+) × 100). The AF basalts have less variable SiO2 
(48.2–51.4 wt%), TiO2 (2.10–3.12 wt%), and MgO (5.75–7.21 wt%) 
contents and Mg# values (49.9–53.4), relatively high K2O (4.59–6.60 wt 

%) contents, relatively low Na2O (1.17–2.76 wt%) contents, and low 
K2O/Na2O values (1.66–5.62). The HF basalts have relatively low SiO2 
(41.7–45.3 wt%) contents and high MgO (6.90–8.76 wt%) contents, 
with Mg# values of 54.5–65.9. Group I HF basalts have higher K2O 
(3.15–3.41 wt%) and total alkali (5.96–6.32 wt%) contents relative to 
the Group II HF basalts, which have relatively low K2O (0.06–0.08 wt%) 
and total alkali (0.29–0.31 wt%) contents. The protoliths of the BDHG 
amphibolites and the Group II HF basalts are classified as subalkaline 
basalts in a Zr/TiO2 versus Nb/Y diagram (Fig. 5), whereas the AF and 
Group I HF basalts have alkaline basalt protoliths. 

The studied samples are enriched in light rare earth elements (LREEs; 
(La/Yb)N = 2.13–3.16, 6.92–9.44, and 27.6–31.2, respectively; Fig. 6) 
with the exception of the Group II HF basalts ((La/Yb)N = 1.33–1.42). 
The BDHG amphibolites have negative Eu and Ce anomalies (δEu =
0.76–0.87, barring one sample with a δEu value of 1.01; δCe =
0.78–0.82). They have primitive mantle-normalized multi-element 
variation diagram patterns that are characterized by positive Rb, Th, U, 
and Pb and negative Nb, Ta, and Ti anomalies, indicating they are 
compositionally similar to island arc basalts (IAB; Fig. 6a, b). In com-
parison, the AF and Group I HF basalts are depleted in large ion lith-
ophile elements (LILEs; e.g., Pb, Sr) and enriched in high field strength 
elements (HFSEs; e.g., Nb, Ta), indicating that they have ocean island 
basalt (OIB)-type compositions (Fig. 6c, f). The Group II HF basalts are 
depleted in LILEs but slightly enriched in HFSEs, suggesting they have a 
normal mid-ocean ridge basalt (N-MORB)-type affinity (Fig. 6c, f). 

3.4. Whole-rock Sr–Nd and Lu–Hf isotopic compositions 

The BDHG amphibolites are characterized by variable and enriched 
Sr, Nd, and Hf isotopic compositions with (87Sr/86Sr)i =

0.70683–0.70899, εNd(t) = − 7.8 to 0.7, and (εHf(t) = − 9.8 to 2.1 
(Fig. 7). The (87Sr/86Sr)i, εNd(t) and εHf(t) of the AF basalts range from 
0.70546 to 0.70843, 1.8 to 5.5 and 4.1 to 9.0, respectively. For the 
Group I and II HF basalts, (87Sr/86Sr)i = 0.70434–0.70637 and 
0.70131–0.70236, εNd(t) = 4.7–6.4 and 8.6–11.6, and εHf(t) = 2.1–10.7 
and 14.7–15.2, respectively (Fig. 7). 

Fig. 5. Nb/Y vs. Zr/TiO2 lithology classification diagram (after Winchester and 
Floyd, 1976). 
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Fig. 6. Chondrite-normalized rare-earth-element patterns and primitive-mantle-normalized trace-element spider diagrams for the BDHG amphibolites, and AF and 
HF basalts. Chondrite, primitive-mantle, OIB, and N-MORB values are after Sun and McDonough (1989); the IAB value is the average for Aleutian island arc basalt, 
after Kelemen et al. (2003). 

Fig.7. (a) (87Sr/86Sr)i vs. εNd (t) and (b) εNd (t) vs. εHf (t) diagrams. For the mantle array, εHf (t) = 1.33 × εNd (t) + 3.19 (Kempton et al., 2002). The data for HIMU, 
EM I, EM II, MORB, OIB, GLOSS, and plume related basalts are from the references listed in the supporting information of Appendix 1. The (87Sr/86Sr)i ratios and 
εNd(t) and εHf(t) values for the DM, AOC, GLOSS are given in Supplemental Table 7. 
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4. Discussion 

4.1. Effects of alteration and Low-Grade metamorphism 

The BDHG has undergone metamorphism and alteration as evi-
denced by the high LOI values (up to 7.27 wt%) of the Zhulongguan 
Group basalts (Supplemental Table 3). This means that the potential 
effects of metamorphism and alteration need to be assessed before 
interpreting the compositions of these units. The HFSEs (e.g., Zr, Nb) are 
generally immobile during alteration and metamorphism, especially 
when compared with the easily mobilized LILEs and REEs (e.g., Polat 
and Hofmann, 2003). As such, we focus on the HFSEs to evaluate the 
mobility of the other trace elements during the metamorphism and 
alteration recorded in the study area. Element mobility was assessed by 
plotting potentially mobile elements in bivariate diagrams with Nb (or 
Zr), where immobile incompatible elements would typically define 
positive linear trends if their concentrations are only controlled by 
magmatic processes (e.g., Polat and Hofmann, 2003). Plotting data for 
the BDHG amphibolites and the AF and HF basalts indicates that U, La, 
and Zr all positively correlate with Nb whereas Rb does not correlate 
with Nb (Supplemental Fig. 1), indicating that the LILE concentrations 
have been modified by alteration or metamorphism. In comparison, the 
REE and HFSE concentrations in the BDHG amphibolites and the AF and 
HF basalts reflect magmatic processes. In addition, it is unlikely that 
SiO2 was mobile under the P–T conditions of metamorphism in the study 
area, as evidenced by the lack of correlation between the SiO2 contents 
and LOI values of the BDHG amphibolites (Supplemental Fig. 1). This is 
consistent with the generally low-grade metamorphic conditions 
recorded by these samples, as evidenced by the fact that some of the 
amphibole and plagioclase phenocrysts retain their igneous euhe-
dral–subhedral textures (Fig. 3a, b). This means that only the LILE 
concentrations have been influenced by metamorphism and alteration, 
with all other elements being potentially useful for determining the 
petrogenesis, source, and tectonic setting of the magmatism. 

4.2. Assimilation and fractional crystallization 

Some of the samples have low Mg# values and contain high K2O and 
LILE contents (Supplemental Table 3), all of which suggests that the 
magmas that formed these samples assimilated crustal material prior to 
emplacement or eruption. Continental crustal material has low Nb/U 
(~6.2), Sm/Nd (~0.87), and εNd(t) values, high La/Sm (~6.6) values, 
and high SiO2 contents (Rudnick and Fountain, 1995). However, all of 
the studied samples have Nb/U ratios higher than those expected for the 
continental crust (75.3–9.4). In addition, their La/Sm (or εNd(t) and Sm/ 
Nd) values do not correlate with variations in their SiO2 contents, sug-
gesting negligible crustal contamination (Supplemental Fig. 2). 

In general, mantle-derived primary melts have Ni concentrations >
400 ppm, Cr concentrations > 1000 ppm, and Mg# values of 73–81 
(Litvak and Poma, 2010). The low Mg# values (27–66) and Ni concen-
trations (19.5–144 ppm) and variable Cr concentrations (123–2296 
ppm; Supplemental Table 3) of the studied samples suggest they were 
derived from parental magmas that fractionated significant amounts of 
Mg-rich minerals such as olivine and clinopyroxene. Here we use 
partition coefficients for various elements in different minerals to define 
covariant diagrams for Ni (Sc/Yb, Nb/Ta, and CaO/Al2O3) relative to 
MgO (Supplemental Fig. 3). Combined with their δEu values, these 
suggest that the protoliths of the BDHG amphibolites fractionated 
olivine, clinopyroxene, and plagioclase (δEu = 0.76–0.87) prior to their 
emplacement or eruption. Their positive Ti anomalies and the presence 
of a positive correlation between La/Sm values and TiO2 contents 
indicate that the BDHG amphibolites record the accumulation of tita-
nium rich minerals (e.g., amphibole, not shown; Brenan et al., 1995). In 
comparison, the AF basalts record the fractional crystallization of olivine 
and clinopyroxene, whereas the Hf basalts record only fractional crys-
tallization of clinopyroxene (Supplemental Fig. 4). 

4.3. Sources of the BDHG and Zhulongguan Group rocks 

4.3.1. Protolith source for the BDHG amphibolites 
The BDHG amphibolites have compositions with IAB-type affinities, 

as evidenced by their Rb and Pb enrichments, Nb and Ti depletions, and 
high La/Nb ratios (Fig. 8). Previous research suggests that IAB formed 
from magmas generated by the partial melting of mantle wedge material 
previously metasomatized by interaction with aqueous fluids and/or 
sedimentary melts derived from subducted slab material (i.e., mafic 
oceanic crust and overlying sediments; Merle et al., 2014). However, 
mafic oceanic crustal material is generally derived from the depleted 
mantle, indicating that fluids and/or melts derived from subducted 
oceanic crustal material cannot significantly modify the Sr–Nd–Hf iso-
topic compositions of depleted mantle wedges. This means that the 
relatively enriched Sr–Nd–Hf isotopic compositions and significant 
positive Pb anomalies of the BDHG amphibolites are indicative of 
metasomatism of a mantle wedge by fluids and/or melts derived from 
subducted sedimentary material. The BDHG amphibolites also have 
higher (87Sr/86Sr)i and lower U/Nb (0.04–0.20) values than aqueous 
fluids released from altered oceanic crustal material (AOC; 87Sr/86Sr =
0.70412, Nielsen and Marschall, 2017; U/Nb = 4.8, Kessel et al., 2005). 
This, together with the presence of a negative correlation between U/Nb 
ratios and Nd isotopes (Fig. 9a), further supports the involvement of 
fluids/melts derived from subducted sediments. It is important to note 
that Th is mobile during the melting of subducted sedimentary material 
with high Th/Nb values (0.77; Plank and Langmuir, 1998). The BDHG 
amphibolites have Th/Nb values that negatively correlate with their Nb/ 
La values (Fig. 9b). This, combined with their negative Ce anomalies 
(Fig. 6a), suggests that they formed from magmas derived from a source 
region containing subducted sediment-derived melts (e.g., Kessel et al., 
2005; Yogodzinski et al., 2015). This is consistent with the enriched and 
decoupled Nd–Hf isotopic compositions of these samples. Zircon, 
monazite and rutile are residual phases during partial melting of sub-
ducted sediments. A mantle source metasomatized by these sediment- 
derived melts would have decoupled Nd–Hf isotopic compositions 
(Tollstrup and Gill, 2005; Fig. 7b). Plotting the BDHG amphibolites on a 
two-component Sr–Nd isotopic mixing diagram for depleted mantle and 
subducted sedimentary material indicates that these samples were 
derived from magmas with mantle sources containing 4%–20% 

Fig. 8. La vs. La/Nb discrimination diagram.  
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subducted sedimentary material (Fig. 7a). 

4.3.2. Source of the Zhulongguan Group basalts 
The AF and Group I HF basalts are enriched in LREEs and HFSEs but 

have depleted Nb and Hf isotopic compositions and low La/Nb values 
(Figs. 6 and 8), all of which are indicative of OIB-type affinity. However, 
the Group II HF basalts have N-MORB-type affinity in that they are 
depleted in LILEs (Rb and Pb), have no negative HFSE anomalies (e.g., 
Nb, Ta and Ti), have low La/Nb values, and have depleted Nd and Hf 
isotopic compositions (Figs. 6–8). 

It is generally considered that OIBs form from hot spots or mantle 
plumes incorporating subducted material (e.g., Jackson et al., 2007; 
Chauvel et al., 2008). The depleted Nd–Hf isotopic compositions of AF 
and Group I HF basalts are decoupled and lower than those of the mantle 
array (Fig. 7), indicating the involvement of subducted sediments (e.g., 
Jackson et al., 2007; Chauvel et al., 2008). The subducted sediments 
may be entrained in buoyant upwelling plumes and returned to Earth’s 
surface at hotspots (e.g., Jackson et al., 2007). Furthermore, the mantle 
source of AF and Group I HF basalts has a high mantle potential tem-
perature, as indicated by the high crystallization temperature of clino-
pyroxene in these samples (up to 1470 ◦C; Fig. 11; Supplemental 
Table 5). This is substantiated by the high estimated temperatures of the 
AF and Group I HF basalts at which melts separate from the melting 
column varies from 1484 ◦C to 1600 ◦C and 1518 ◦C to 1642 ◦C, as 
calculated using the methods of Lee et al. (2009) and Herzberg and 
Asimow (2015), respectively (Supplemental Table 6). A prerequisite for 
the formation of mantle plumes is a high mantle potential temperature 

(e.g., Xu et al., 2004). Thus, the AF and Group I HF basalts were 
generated by a mantle plume incorporating subducted oceanic crustal 
material. This is consistent with the positive relationship between their 

Fig. 9. (a) U/Nb vs. εNd (t) and (b) Nb/La vs. Th/Nb diagram.  

Fig.10. (a) εNd (t) vs. Ce/Pb) and (b) εHf (t) vs. Ce/Pb diagrams (the data for MORB and OIB are after Sun and McDonough (1989) and Haase and Devey (1996); and 
ocean sediments after Plank and Langmuir (1998). 

Fig. 11. The mantle potential temperature of AF and Group I basalts compared 
with the global mantle plume. Temperatures of South China Sea, Emei Mount, 
Iceland, and Tortugal mantle plumes are after Yang et al. (2019) and references 
therein, and for the Tarim and North China plume are after Zhang et al. (2017) 
and Peng et al. (2010). 
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εNd(t) and εHf(t) or Ce/Pb values, all of which are indicative of the 
involvement of subducted sedimentary material in their petrogenesis 
(Fig. 10). Plotting the AF and Group I HF basalts in a three-component 
Sr–Nd isotopic mixing diagram indicates that these units were derived 
from a depleted asthenospheric mantle source containing 4%–15% 
subducted slab material with an AOC/sediment ratio between 90:10 and 
70:30 (Fig. 7a). 

The N-MORB-like Group II HF basalts also likely originated from 
depleted asthenospheric mantle material, as indicated by their depleted 
εNd(t) and εHf(t) isotopic compositions (Fig. 7) and low Gd/Yb 
(1.44–1.48), Zr/Y (3.82–4.13), and Ta/Yb (0.08) ratios. 

4.4. Tectonic setting 

4.4.1. Tectonic setting of the BDHG 
The 207Pb/206Pb weighted mean age (1740 ± 16 Ma) of magmatic 

zircons from the BDHG amphibolite is indicative of the timing of for-
mation of the protoliths for these units, which is consistent with previous 
research that suggested the BDHG formed during the Paleoproterozoic 
(1771–2001 Ma; Supplemental Table 1). Previous studies have sug-
gested that the BDHG was formed in either an arc (Gao, 2003; Fu et al., 
2005; Nan, 2018) or rift (e.g., Zhang and Mao, 1998) setting. The 
geochemical and isotopic compositions of the BDHG amphibolites sup-
ports formation in an arc-type setting for a number of reasons: (a) the 
BDHG amphibolites plot within continental arc and IAB fields of tectonic 
setting discrimination diagrams (Fig. 12), which is consistent with 
previous research on metamorphosed BDHG rocks that suggested they 
formed in a continental arc setting (Gao, 2003; Fu et al., 2005; Nan, 
2018); (b) they have low Nb/U ratios (average 9.4) that are similar to 
those expected for continental arc volcanic rocks (Nb/U = ~12; Kele-
men et al., 2003); and (c) the mantle source of the protoliths for BDHG 
amphibolites was metasomatized by interaction with subducted 
aqueous fluids and sediment-derived melts as discussed above. 

The apatites in the BDHG amphibolites are euhedral prismatic 
crystals with low MnO contents, implying a magmatic origin (Fig. 13a). 
They therefore record the characteristics of the parental magma. The Mn 
and P concentrations of apatite in the BDHG amphibolites also nega-
tively correlate, with apatite Mn + Si concentrations also negatively 
correlating with Ca + P concentrations (Fig. 13b, c). This indicates that 
the Mn in the apatite was incorporated as Mn5+ with a minor amount 
present as Mn3+, suggesting that the apatite formed under high oxygen 
fugacity conditions around the magnetite–hematite buffer (Fig. 13d). 
Different tectonic settings are typically associated with variations in 
oxygen fugacity conditions, with subduction environments associated 
with high oxygen fugacities and intraplate environments associated with 

relatively low oxygen fugacity conditions (Frost and McCammon, 2008). 
This means that the high oxygen fugacity environment evidenced by the 
BDHG amphibolites is consistent with their formation in a continental 
arc environment. 

The blocks surrounding the NQB also contain abundant Paleo-
proterozoic IAB-like (meta-)mafic rocks that formed in island arc envi-
ronments, including the Dunhuang Block (Zhao et al., 2015), the Middle 
Qilian Block (Guo et al., 1999), and the North China Craton (Lu et al., 
2010). All of this suggests that the BDHG amphibolites formed in a 
continental arc environment during the late Paleoproterozoic (1740 ±
16 Ma). Combining the metamorphic zircon U–Pb ages for the BDHG 
amphibolites (Fig. 4; 604 ± 5, 442 ± 4, 420 ± 6, and 371 ± 13 Ma) with 
the results of previous research on the North Qilian Orogenic Belt (Wang 
et al., 2005; Song et al., 2013) suggests that the belt most likely records 
tectonic events associated with the breakup of Rodinia (710–603 Ma), 
the closure of the Paleo–Qilian Ocean (ca. 440 Ma), a con-
tinent–continent collisional orogeny (ca. 420 Ma), and post–collisional 
extension (<400 Ma; Song et al., 2013). 

4.4.2. Formation age and tectonic setting of the Zhulongguan Group 
Previous studies have suggested that the Zhulongguan Group was 

formed either during the late Neoproterozoic (600–580 Ma; Xu et al., 
2015) or the Paleozoic (504–480 Ma; Xiang et al., 2007; Xia et al., 2012). 
The study area contains the Paleozoic Aoyougou ophiolites that were 
either accreted onto or intruded the Precambrian units in the study area 
(Xiang et al., 2007; Song et al., 2013). Neoproterozoic or Paleozoic 
samples collected from the Aoyougou Valley or Jiugeqingyang (Xiang 
et al., 2007; Xia et al., 2012; Xu et al., 2015) could also be part of the 
Aoyougou ophiolite rather than the Precambrian units that were 
sampled during this study. The Zhulongguan Group is split into under-
lying AF and overlying HF units. Combining the new zircon U–Pb data 
presented in this study with field relationships and the results of pre-
vious research suggests that the AF formed during the Mesoproterozoic 
(1555–1529 Ma). This is evidenced by the fact that the younger AF is in 
faulted contact with the older underlying BDHG (1740 ± 16 Ma; 
Fig. 2b). In addition, the zircon U–Pb age for the AF quartz-biotite schist 
(1555 ± 9 Ma) constrains the oldest possible timing of formation of the 
AF basalts, as the schists conformably underlie the AF basalts (Fig. 2b). 
Yu (1997) also reported a 1529 Ma Sm–Nd isochron age for the AF ba-
salts in the Subei area of the western North Qilian Orogenic Belt and 
reported this as an age boundary between the AF and the HF. 

A zircon U–Pb age of 1235 Ma for diabase within the Jingtieshan 
Group, which conformably overlies the HF basalts (Yang et al., 2016), 
represents the youngest possible age of the HF. This age is consistent 
with the metamorphic age of 1182 Ma for the AF quartz-biotite schists, 

Fig. 12. Tectonic discrimination diagrams. (a) Ta/Yb vs. Th/Yb, after Rudnick and Fountain (1995); (b) Zr vs. Zr/Y, after Pearce and Norry, (1979). IAB, island arc 
basalt; MORB, mid-oceanic-ridge basalt; WPB, within-plate basalt; SHO, shoshonite; ICA, calc–alkaline basalt; IAT, island arc tholeiite; ALK, alkaline basalt; TH, 
tholeiite; TR, transitional basalt. The BDHG metamorphic rocks are after Gao (2003), Fu et al. (2005), and Nan (2018). 
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suggesting that this metamorphism may be related to the tecto-
no–magmatic event that formed the HF basalts. All of this indicates that 
the HF basalts formed between 1529 and 1182 Ma. 

Zuo et al. (2002) and Yan (2014) suggested that the AF and HF units 
of the Zhulongguan Group formed as a result of the intracontinental 
rifting that has been identified in neighboring regions (e.g., the Tarim 
Craton, the Qaidam Block, the North China Craton, and the Dunhuang 
Block). All of these regions record latest Paleoproterozoic to 

Mesoproterozoic rifting events (e.g., Peng et al., 2010; Lu et al., 2010). 
The geochemistry of the AF and Group I HF basalts are indicative of 
formation from a mantle plume in an intraplate environment (Fig. 11). 
This suggests that these basalts formed in an intracontinental rift during 
the early Mesoproterozoic. 

The Group II HF basalts have N-MORB-like geochemical affinities 
and more depleted εNd(t) and εHf(t) isotopic compositions than the AF 
and Group I HF basalts (Figs. 6–8 and 12), indicating derivation from a 

Fig. 13. (a) SiO2 vs. MnO; (b) Mn vs. P; (c) (Mn + Si) vs. (Ca + P); and (d) logƒO2 vs. T (◦C) diagrams for the apatites in amphibolite. MH, magnetite–hematite buffer; 
FMQ, fayalite–magnetite–quartz buffer; IW, iron–wustite buffer. 

Fig. 14. Tectonic evolution of the North Qilian Block during the Paleoproterozoic–Mesoproterozoic.  
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depleted source region. The HF basalts are hosted by an argillaceous 
slate–carbonate–banded iron formation sequence that was deposited in 
a shallow sea sedimentary environment (Direen and Crawford, 2003). 
This suggests that the Group II HF basalts formed in an extensional 
tectonic setting similar to the limited oceanic basins that formed in this 
area during the middle Mesoproterozoic. 

5. Proterozoic tectono–magmatic evolution of the western NQB 

Previous studies have determined that the Columbia supercontinent 
was formed during the Paleoproterozoic (ca. 1.8 Ga; Rogers and San-
tosh, 2009). The development of 1.6–1.2 Ga intracontinental rift zones 
and the anorogenic magmatism (including rapakivi granites, kimber-
lites, lamproites, anorthosite–mangerite–charnockite–granite suites, 
and carbonatites) that is recorded in numerous cratonic blocks globally 
are all thought to provide evidence of the separation and fragmentation 
of Columbia (Zhao et al., 2016; Ernst and Bell, 2010). The new data 
presented in this study indicate that the NQB records late Paleoproter-
ozoic to Mesoproterozoic tectono–magmatic events that have been 
identified in adjacent blocks (e.g., the North China and Tarim cratons, 
and the Middle Qilian, Dunhuang, and South China blocks; Guo et al., 
1999; Lu et al., 2010; Zhao et al., 2016; Liu et al., 2019; Wang et al., 
2020). The evolution of the NQB is also a response to the Columbia 
convergence and breakup processes that have been identified in North 
America, South America, Australia, and India (e.g., Pidgeon and Nem-
chin, 2001; Hou et al., 2008). All of this allows the tectonic evolution of 
the NQB to be summarized as follows (Fig. 14).  

(1) A late Paleoproterozoic oceanic subduction stage (>1.74 Ga, 
Fig. 14a) involving the formation of the (meta-)mafic rocks of the 
BDHG in a continental arc setting, including units in the NQB, the 
Huangyuan Group of the Middle Qilian Block, and the Dunhuang 
Group of the Dunhuang Block (Guo et al., 1999; Zhao et al., 2015, 
2017; this study). These tectono–magmatic events were a 
response to the convergence of the Columbia supercontinent 
(Rogers and Santosh, 2009).  

(2) A paleo-oceanic closure and continental collisional stage 
(1.7–1.6 Ga, Fig. 14b) following the closure of a paleo-ocean and 
a series of subsequent late Paleoproterozoic orogenic events 
(Zhao et al., 2016). These involved the collision of the NQB with 
another plate (e.g., the North China Craton) during the latest 
Paleoproterozoic, as evidenced by the Lvliang–Zhongtiao 
orogeny of the North China Craton (Lu et al., 2010).  

(3) A continental disintegration stage (1.6–1.5 Ga; Fig. 14c) where 
the NQB was involved in the start of a new Wilson cycle. This is 
evidenced by the formation of widespread early Mesoproterozoic 
OIB-like units (e.g., the AF and Group I HF basalts), mafic dikes, 
and A-type granites (e.g., Zuo et al., 2002; Gao, 2003; Peng et al., 
2010; Wu et al, 2014; this study). This magmatism provides ev-
idence of intracontinental rifting in the North China Craton, the 
Tarim Craton, and the NQB.  

(4) An embryonic oceanic basin stage (1.5–1.2 Ga; Fig. 14d) where 
the rifting outlined above led to the formation of an embryonic 
oceanic basin and the generation of the Group II HF basalts. This 
is further evidenced by the formation of the Jingtieshan banded 
iron formations and associated metasedimentary rocks (ca. 1.2 
Ga) in the North Qilian Orogenic Belt, all of which formed in an 
extensional setting in a continental marginal sea environment 
(Yang et al., 2016). 

The last two stages are associated with large-scale breakup events 
recorded in the North China Craton (1.77–1.3 Ga) and the disintegration 
of the Columbia supercontinent (1.6–1.2 Ga; Rogers and Santosh, 2009). 
This also provides evidence that mantle plume activity was a key driver 
of the breakup of the Columbia supercontinent (Zhang et al., 2018). 

6. Location of the NQB within the Columbia supercontinent 

The above considerations indicate that the NQB was part of the 
Columbia supercontinent, with Laurentia occupying a central location 
(e.g., Zhang et al., 2012; Pisarevsky et al., 2014; Zhao et al., 2016), 
which flanked by the South America–West Africa, the Western Aus-
tralia–South Africa, the East Antarctica, and the North China–India 
(Zhao et al., 2004). The western Laurentia contained a widespread thick 
Mesoproterozoic basin sedimentary succession (e.g., the Belt–Purcell 
Supergroup and its equivalents) that has been used to constrain the 
nature of continental fragments to the west of Laurentia (e.g., Hou et al., 
2008). These basin deposits are characterized by 1.6–1.5 Ga detrital 
zircons (Condie et al., 2009), which is inconsistent with there being two 
episodes of magmatism at 1.70–1.65 and 1.48–1.35 Ga, with a hiatus 
during 1.65–1.49 Ga (Stewart et al., 2010). However, this rare 1.6–1.5 

Fig. 15. U–Pb age spectra for detrital zircons from (a) the North Qilian Block 
(Xu et al., 2010; Gong et al., 2017; Liang et al., 2020); (b) the South China Block 
(Xu et al., 2019), (c) the North China Craton (Kang et al., 2020), (d) the western 
Laurentia (Ross and Villeneuve, 2003), (e) the Mawson continent (Cherry et al., 
2017) and (f) the Tarim Craton (Wang et al., 2020). 
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Ga magmatism occurred along the eastern margin of the northern Aus-
tralia–Mawson continent (Condie et al., 2009), suggesting a 1.6–1.5 Ga 
sedimentary and tectonic link between the western Laurentia and the 
northern Australia–Mawson continent (i.e., part of the East Antarctica 
and Southern Australia; Jones et al., 2015). This is confirmed by the 
Australia–Mawson continent and Laurentia having similar polar-wander 
paths during the Paleoproterozoic, as indicated by the analogous Pale-
oproterozoic poles within these continents (Pisarevsky et al., 2014; 
Kirscher et al., 2019). Furthermore, paleocurrent data from the Belt- 
Purcell Supergroup indicate that they deviated from the western 
source of the Mawson continent (e.g., Ross and Villeneuve, 2003). 
Therefore, the location of blocks within the Columbia supercontinent 
may be determined by the presence of 1.6–1.5 Ga detrital zircons (e.g., 
Yao et al., 2017; Zhang et al., 2019; Xu et al., 2019). For example, the 
South China Block has been proposed as one of the continental candi-
dates that lay adjacent to the western Laurentia, based on the presence 
of 1.6–1.5 Ga detrital zircons in the Mesoproterozoic Baoban Complex 
(Yao et al., 2017; Zhang et al., 2019) on Hainan Island, within the 
southern part of the block. This is further evidenced by the detrital 
zircon age distribution of the > 1.45 Ga Gezhencun succession of the 
South China Block, which is broadly comparable with that identified in 
the lower Belt–Purcell Supergroup in western Laurentia (Xu et al., 
2019). The Hf isotopic compositions of Proterozoic detrital zircons from 
sedimentary rocks in the Qilian and South China blocks indicate that the 
Qilian Block had a close relationship with South China Block during the 
Proterozoic (Gao et al., 2021). Recent research indicates that the Tarim 
Craton was located between the South China and Siberian blocks in the 
northwest Laurentia (e.g., Wu et al., 2014; Wang et al., 2020), and the 
North China and India cratons once lay to the southwest of the western 
Laurentia, based on reconstruction of the ca. 1.85 Ga giant radiating 
dyke swarm in the North China and India cratons and Laurentia (Hou 
et al., 2008). 

Compiled detrital zircon data for the North Qilian and South China 
blocks, the North China and Tarim Cratons, the Mawson continent, and 
the western Laurentia are shown in Fig. 15. The timing of formation of 
the BDHG (ca. 1.74 Ga) and the AF (1.56–1.53 Ga), and age peaks (ca. 
1.77 and 1.59 Ga) of detrital zircons from the North Qilian Block are 
similar to those of detrital zircons from the South China Block, the North 
China Craton, the western Laurentia, and the Mawson continent, all of 
which have Paleoproterozoic (ca. 1.79, 1.76, 1.78, and 1.74 Ga, 
respectively) and Mesoproterozoic (ca. 1.58, 1.59, 1.59, and 1.59 Ga, 
respectively) age peaks (Fig. 15a–e). However, detrital zircons from the 
Tarim Craton record episodic Meso- and Paleoproterozoic magmatism at 
ca. 1.15 and 1.35 Ga, and 1.64 and 2.07 Ga, respectively (Fig. 15f). This 
strongly suggests that the 1.6–1.5 Ga detrital zircons of the NQB, the 
South China Block, the North China Craton, and the western Laurentia 
were likely derived from the Mawson continent (Fig. 16). Given that 
there were rifts in the western Laurentia and subduction zone in the 

southwestern Laurentia during the Proterozoic (Hou et al., 2008), with a 
subduction zone existing in the NQB as indicated by the IAB-like BDHG 
amphibolites (1740 ± 16 Ma). The NQB and the North China Craton lay 
to the southwest of Laurentia within the Columbia supercontinent dur-
ing the Paleoproterozoic–Mesoproterozoic (Fig. 16). The Paleo-
–Mesoproterozoic tectono–magmatism in the NQB was a response to the 
convergence and breakup of the Columbia supercontinent, providing 
insight to the tectonic evolution of the Columbia supercontinent. In the 
Paleoproterozoic, the BDHG was formed in a continental arc setting, 
indicating the convergence of the Columbia supercontinent with an 
external subduction zone (Fig. 16a; Zhao et al., 2004; Hou et al., 2008). 
This was followed by rifting between the Laurentia and other blocks due 
to the breakup of the Columbia supercontinent during the early Meso-
proterozoic (Fig. 16b). The embryonic oceanic basin was then formed 
during the late Mesoproterozoic (Fig. 16c). 

7. Conclusions 

The new zircon U–Pb geochronological, geochemical, and isotopic 
data for the Beidahe and Zhulongguan groups samples presented in this 
study further our understanding of the Paleoproter-
ozoic–Mesoproterozoic formation, petrogenesis, and tectonic evolution 
of the North Qilian Block, all of which are associated with the formation 
and breakup of the Columbia supercontinent. The main findings of this 
study are as follows.  

(1) IAB-like BDHG amphibolites were derived from a metasomatized 
mantle wedge source in a continental arc setting during the 
Paleoproterozoic (1740 ± 16 Ma).  

(2) Quartz-biotite schists in the lower part of the AF yield a magmatic 
zircon 207Pb/206Pb weighted mean age of 1555 ± 9 Ma. Basalts in 
the AF have OIB-like compositions and formed as a result of 
mantle plume magmatism in an intracontinental rift setting.  

(3) Group I HF basalts have OIB-like compositions and formed as a 
result of mantle plume magmatism in an intracontinental rift 
setting, whereas the Group II HF basalts have N-MORB-like 
compositions and formed in an embryonic oceanic basin setting.  

(4) Paleoproterozoic–Mesoproterozoic tectono–magmatic events in 
the NQB reflect the convergence and breakup of the Columbia 
supercontinent where the evolution of the NQB represents a 
microcosm of the tectonic events that affected the supercontin-
ent. The NQB was most likely located to the southwest of Lau-
rentia, within the Columbia supercontinent. 
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