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Abstract: The Late Carboniferous to Early Permian is a critical period of the Chinese Tianshan,
witnessing the tectonic transition from subduction to post-collisional extension during the final
amalgamation of the Central Asian Orogenic Belt (CAOB). The late Carboniferous Mozbaysay mafic–
ultramafic complex in the Qijiaojing–Balikun area, eastern North Tianshan, provides important clues
for revealing the nature and timing of this tectonic transition. The Mozbaysay complex comprises
mainly hornblende gabbros and lherzolites. LA-ICP-MS U-Pb zircon ages of hornblende gabbro
yielded a weighted mean age of 306 ± 1.9 Ma for this complex. These mafic–ultramafic rocks have
high contents of MgO (up to 30 wt.%), Cr (up to 2493 ppm), and Ni (up to 1041 ppm), but low contents
of SiO2 (40.34–47.70 wt.%). They are enriched in LREE and show characteristics of enriched mid-
ocean ridge basalts (E-MORB). The relatively high Th/Yb and Ba/Nb ratios imply the mantle sources
could have been metasomatized by slab–mantle interaction with aqueous fluids from dehydration
of the subducted slab. Thus, these mafic–ultramafic rocks were most likely produced by partial
melting of the asthenospheric and lithospheric mantle with a slight influence of slab-derived fluids.
Therefore, we suggest that the formation of these Late Carboniferous mafic–ultramafic rocks was
triggered by the decompression-induced influx of asthenospheric heat and melting through a slab
window during post-collisional slab breakoff. Combined with geological data, the petrogenetic links
of the Late Carboniferous mafic–ultramafic rocks in eastern North Tianshan to slab breakoff suggest
that the tectonic transition from convergence to post-collision most likely initiated in situ at ca. 306 Ma
and lasted to ca. 300 Ma.

Keywords: mafic–ultramafic rocks; Central Asian Orogenic Belt; asthenosphere–lithosphere interaction;
slab breakoff

1. Introduction

The Central Asian Orogenic Belt (CAOB) or Altaids is the largest Phanerozoic
(ca. 1.0–0.25 Ga) accretionary system on Earth [1–4]. The Chinese Tianshan lies in the
southmost part of CAOB and records the final amalgamation of the Kazakhstan and
Tuva-Mongol reclines, as well as the collision of the Tarim and North China cratons
(Figure 1; [1,2,4]). The Late Carboniferous to Early Permian was thought to be a cru-
cial period in the evolutionary history of the Chinese Tianshan, marked by the closure
of the paleo-Tianshan Ocean, the transition from subduction/accretion to post-collisional
extension tectonism and the occurrence of extensive mantle-derived magmatism [4–7].
However, the nature and timing of this tectonic transition remain open questions.

Mafic–ultramafic rocks as mantle-derived magmas can be generated in various tectonic
settings. In-depth analysis of mantle source compositions, physicochemical conditions
for source partial melting, and magmatic processes of non-ophiolitic mafic–ultramafic
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could provide crucial insights into understanding the tectonic setting in which they were
generated and further unraveling the tectonic evolutionary history of ancient orogenic
belts [8–15]. Significant volumes of Late Carboniferous to Early Permian mafic–ultramafic
rocks intruded in the eastern North Tianshan tectonic belt (NTB). Many of these complexes
exhibit Ni-Cu-(PGE) sulfide mineralization (Figure 1b; [7,13,16,17]). Although previous
studies have investigated their ages, petrogenesis, tectonic settings, and mineralization
mechanisms [13,18–20], the geodynamic setting of these mafic–ultramafic rocks remains
controversial. Some researchers have proposed that they were generated by either oblique
subduction or ridge subduction [10,13,18,21–23]. Others have attributed the formation of
these mafic–ultramafic complexes to magmatism induced by slab breakoff in a syn- or
post-collisional tectonic setting [16,17,24–28]. Furthermore, some researchers also argued
that these mafic–ultramafic magmas were generated in a continental rift setting associated
with a mantle plume [10,29–31]. Therefore, determining the ages and tectonic setting of
these mafic–ultramafic complexes is of key importance for understanding the nature and
timing of the tectonic transition of eastern NTB and the general role they played in the
geodynamic processes of accretionary orogenesis during the Late Carboniferous to Early
Permian period.

In this contribution, geochronological and geochemical analyses were conducted on
the Mozbaysay mafic–ultramafic complex located in the Qijiaojing–Balikun region, eastern
NTB (Figure 2). In combination with available geological data, we attempt to (1) determine
the age and isotopic characteristics of the studied mafic–ultramafic rocks to constrain their
formation age and magma source characteristics, (2) understand the role of slab–mantle
interaction in mantle metasomatism, and (3) shed light on the tectonic transition mechanism
and timing in eastern NTB during the Late Carboniferous to Early Permian period.
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Figure 1. (a) Simplified tectonic map of the Central Asian Orogenic Belt, modified from Jahn et al. 
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Figure 2. Geological map of the study area in the Qijiaojing–Balikun region with sample locations
(modified after Sandaoling Geological Map at 1:200,000 scale [33]).

2. Regional Geology

The Chinese segment of the Tianshan orogenic belt in the south CAOB can be geograph-
ically divided into eastern and western parts along the Urumqi–Korla highway. The Eastern
Chinese Tianshan can be further divided into three tectonic units as the North Tianshan,
Central Tianshan, and South Tianshan tectonic belts from north to south (Figure 1; [6,21]).
The North Tianshan tectonic belt (NTB) in the following text refers to the NTB in the East
Tianshan. The NTB is predominantly composed of Ordovician to Carboniferous volcano-
sedimentary sequences crosscut by Paleozoic granitoids [34]. Generally, it is considered a
Paleozoic arc system formed by the southward subduction of the Kalamaili Ocean, and/or
northward subduction of the North Tianshan Ocean [7,16,21,35–37]. This belt can be further
divided into three subunits, i.e., the Bogda–Harlik, Dananhu, and Kangguer–Yamansu
tectonic belts that are unconformably covered by the Mesozoic–Cenozoic Turpan–Hami
Basin (Figure 1b; [21,34]). Numerous Late Carboniferous to Early Permian mafic–ultramafic
complexes are distributed in these tectonic domains (Figure 1b). They are generally along
subparallel trans-lithospheric faults bounding tectonic units or subunits, and many of them
bear Ni-Cu-(PGE) sulfide ores [13,17,19].

3. Outcrop and Petrography

The Mozbaysay mafic–ultramafic complex is exposed in the Qijiaojing–Balikun area
in the northeast margin of the Turpan Hami basin, NTB (Figure 2), is a component of
the Late Carboniferous to Early Permian mantle-derived magmatic rock belt around the
Turpan basin [38]. This complex consists of three individual bodies of different sizes, which
are spatially distributed in a nearly east–west direction (Figure 2). The country rocks
of this complex are volcano-sedimentary rocks of the Early Carboniferous Jiangbasitao
Formation (C1j) and Late Carboniferous Qijiaojing Formation (C2q) (Figure 2). The intrusive
boundary is characterized by a hornfelsization belt (Figure 2). In addition, these complexes
display a ring-shaped feature in space. The outer zone mainly consists of grayish-black to
grayish-green hornblende gabbros, with an exposure width of 100–500 m and 1 km at most.
The core part is composed of grayish-black lherzolites, with a short axis of 300–400 m
and a long axis of more than 3 km. These two rock types are in transitional contact
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without obvious boundaries (Figures 2 and 3). Banded rhythmic structures can be seen
at the margin of the lherzolite plutons, with a spacing of approximately 4 cm (Figure 3c).
The characteristics mentioned above may suggest the emplacement of en-echelon intrusions
formed by deformation and diapir-like upward expulsion of a layered complex.
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Figure 3. Representative field (a–d) and microscopic (e–h, under cross-polarized light) photos of the
Mozbaysay hornblende gabbros and lherzolites in the Balikun area, eastern North Tianshan. Abbrevi-
ations: Ol—olivine; Opx—orthopyroxene; Cpx—clinopyroxene; Pl—plagioclase; Hb—hornblende.
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The hornblende gabbro is composed of plagioclase (40–45%), hornblende (35–40%),
and accessory phases (5–10%) including phlogopite, apatite, and magnetite (Figure 3e,f).
Plagioclase crystals are commonly euhedral and medium- to fine-grained, lath-shaped with
well-developed twinning, and some have been replaced by sericite. Hornblende crystals
are commonly euhedral to subhedral, medium- to fine-grained, and are interstitial to
plagioclase (Figure 3e,f). Hornblende crystals often display destabilization rims composed
of biotite and chlorite (Figure 3e,f). The lherzolite displays a poikilitic texture and contains
50–55% olivine, 15–20% clinopyroxene, 10–15% orthopyroxene, and a trace amount of
plagioclase, hornblende, and magnetite (5–10%). Olivine crystals are commonly euhedral
to subhedral, fine- to medium-grained, and are mostly altered to iddingsite and serpentine
(Figure 3g,h). Clinopyroxene and orthopyroxene form large intergranular crystals along
the boundaries of olivine crystals (Figure 3g,h).

4. Analytical Results
4.1. Zircon U-Pb Dating

One hornblende gabbro sample (BLK008TW1) was selected for zircon U-Pb dating.
The detailed zircon U-Pb dating results are summarized in Table S1 and shown in Figure 4.
Zircons from the hornblende gabbro are transparent, stubby and subhedral, 50–150 µm
in size, with length/width ratios of 1:1–3:1, and clear zoning in CL images (Figure 4a).
Fourteen zircons were analyzed, and their Th and U contents, and the Th/U values of
these of these zircons are 273–3761 ppm, 238–2098 ppm, and 0.80–3.66 (Figure 4b), respec-
tively, indicating magmatic origins. Nineteen zircon analyses from the hornblende gabbro
sample yield 206Pb/238U ages of 305–307 Ma, with a weighted mean age of 305.7 ± 1.9 Ma
(MSWD = 0.013; Figure 4a), which we interpret to be the crystallization age of the horn-
blende gabbro. Zircons with older 206Pb/238U ages are interpreted to be xenocrysts incorpo-
rated from the wall rocks. In addition, as the hornblende gabbro and lherzolite are spatially
associated, and show a gradual transitional relationship without obvious boundary, we
hence infer that the they formed nearly simultaneously at ca. 306 Ma.
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Figure 4. (a) Laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) zircon
U-Pb Concordia diagrams for the Mozbaysay hornblende gabbro and (b) Th/U versus age diagram
of zircons for the hornblende gabbro. MSWD—mean square of weighted deviates.

4.2. Whole-Rock Major and Trace Elements

A total of twenty samples, including ten lherzolite samples and ten hornblende gabbro
samples from the Mozbaysay complex were prepared for whole-rock major and trace
element analysis, and the results are listed in Table S2.

The lherzolites from Mozbaysay with SiO2 contents of 40.34–44.02 wt.% and MgO contents
of 24.89–30.33 wt.% (Table S2). Their Na2O and K2O contents ranged from 0.20 wt.% to 0.61 wt.%
and from 0.38 wt.% to 0.88 wt.%, respectively. They have relatively constant contents of Al2O3
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(6.23–10.58 wt.%), Fe2O3
T (13.84–16.92 wt.%), CaO (3.33–5.90 wt.%), TiO2 (0.51–0.61 wt.%), and

MgO (24.89–30.33 wt.%; Mg# = 75.78–76.92). These samples possess high Cr (1394–2493 ppm)
and Ni (722–1041 ppm) but low total rare earth element (REE) (28.34–38.18 ppm) concentra-
tions. The hornblende gabbros from Mozbaysay are with relatively high contents of SiO2
(44.11–47.70 wt.%), Na2O (1.96–3.65 wt.%), and K2O (0.23–1.98 wt.%) but low contents of MgO
(7.68–10.98 wt.%, Mg# = 59.82–72.54). These samples possess relatively low Cr (165–408 ppm)
and Ni (66.60–247.00 ppm) and high total REE (33.76–80.12 ppm) concentrations.

In the chondrite-normalized REE diagram (Figure 5a), all Mozbaysay mafic–ultramafic
rocks exhibit slight light rare earth element (LREE) enrichment with (La/Yb)N = 2.13–4.87.
The hornblende gabbros have slightly positive Eu anomalies (Eu/Eu* = 1.09–1.94), while
the lherzolites have slightly negative Eu anomalies (Eu/Eu* = 0.71–0.97). In the primitive
mantle-normalized trace element spidergram (Figure 5b), they are characterized by enrich-
ment of large-ion lithophile elements (LILE, e.g., Rb, Ba, and K) but depletion of Th, U, Nb,
and Ta.
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Xie et al. [35]; normalizing values from Sun and McDonough [39].

4.3. Whole-Rock Sr-Nd Isotopes

Whole-rock Sr-Nd isotopic compositions are listed in Table S3 and shown in Figure 6.
For all the mafic–ultramafic rocks in this study, their initial 87Sr/86Sr ratios and εNd(t)
values were calculated based on their magma crystallization age at t = 306 Ma.

All the analyzed samples are characterized by depleted isotope compositions, which
reflect a depleted mantle source (Figure 6). The Mozbaysay hornblende gabbros and
lherzolites have relatively uniform Sr-Nd isotopic compositions, with initial 87Sr/86Sr and
143Nd/144Nd values ranging from 0.702989281 to 0.703900955 and 0.512561 to 0.512706,
respectively, and their εNd(t) values range from +6.8 to +8.0 and +6.2 to +9.0, respectively
(Table S3; Figure 6).
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5. Discussion
5.1. Assessment of Alteration Effects, Crustal Contamination, and Fractional Crystallization
5.1.1. Alteration Effects and Crustal Contamination

The Mozbaysay mafic–ultramafic rocks have variable high LOI values (2.79–6.45 wt.%)
and ubiquitous presence of secondary minerals (i.e., chlorite, epidote, iddingsite, and ser-
pentine) replacing the primary igneous minerals, indicating that they underwent alteration,
and the abundance of major oxides, and some mobile trace elements could have been
modified. Zr is considered one of the least mobile elements during low-grade alteration
and metamorphism, making it a preferred alteration-independent index for assessing the
mobility of other trace elements [42–44]. For the Mozbaysay hornblende gabbros, the
alkaline earth metals (i.e., Ca and Sr) and alkali metals (i.e., Rb and K) show relatively large
content variations and no visible correlation with Zr abundances, indicating they suffered
variable degrees of mobility during post-magmatic alteration (Figure 7; [42–45]. On the
contrary, the REE, Y, U, and Hf are well correlated with Zr, suggesting that these elements
should be immobile during the post-magmatic process. In addition, the transition metal
elements (i.e., Cr, Co, and Ni) show consistent trends with Zr, indicating they are relatively
immobile (Figure 7; [45]). The alkaline and alkali earth metals, REEs, and transition metal
elements of the Mozbaysay lherzolites do not show a correlation with their Zr contents,
and variations in concentrations of these elements are small (Figure 7; Table S2), indicating
a weak post-magmatic alteration.

In the chondrite-normalized REE and primitive mantle-normalized trace element
diagrams, Mozbaysay lherzolites and hornblende gabbros exhibit relatively consistent
and smooth patterns with slightly positive to negative Ce and Eu anomalies, which also
support the limited mobility of REEs (Figure 5a,b). U and Th of Mozbaysay lherzolites
and hornblende gabbros show a clear linear relationship, whereas Pb and Th do not show
a clear relationship, indicating some degree of secondary mobility of Pb (Figure 7i–k).
Therefore, Mozbaysay lherzolites and hornblende gabbros probably have suffered a post-
magmatic alteration to a certain extent, and the following discussion hence mainly focuses
on the abundances and ratios of immobile elements.

Generally, crustal contamination is the main mechanism to incorporate the crustal
component into mantle-derived magmas during their ascent enroute through the conti-
nental crust in accretionary orogens. The crust is depleted in high-frequency elements
(e.g., Nb and Ta), and magmas experiencing severe crustal contamination would result in
Nb and Ta depletion rather than enrichment [40,46]. However, the Mozbaysay lherzolites
and hornblende gabbros are slightly depleted in Nb but rich in Ta (Figure 5b). In addition,
the Nb and La contents of the bulk crust (12.00 ppm and 30.00 ppm, respectively [47]) far
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outweigh those of the mantle (0.71 ppm and 0.69 ppm, respectively [39]). Hence, even a
small amount of crustal contamination can significantly reduce the Nb/La ratio of mantle-
derived magmas and induce a positive correlation between MgO and Nb/La ratios [40].
However, the MgO contents and Nb/La ratios of the Mozbaysay mafic–ultramafic rocks
lack linear correlations (Figure 8a). Furthermore, the lack of correlation between Th/Nb and
La/Sm (Figure 8b) is consistent with no or insignificant crustal contamination as well [48].
Hence, these lines of evidence mentioned above suggest insignificant crustal contamina-
tion during the formation of the Mozbaysay lherzolites and hornblende gabbros, and it
should be noted that minor crustal contamination cannot be excluded, as suggested by the
existence of xenolithic zircons. However, minor assimilation of sedimentary rocks could
contribute a disproportionately large number of zircons, but the effect on the bulk-rock
element compositions may be negligible [49].
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5.1.2. Fractional Crystallization

The Mozbaysay mafic–ultramafic rocks have relatively low (87Sr/86Sr)i and high posi-
tive εNd (t) values (Figure 6), Mg# values (59.82–76.92) together with their Cr
(165–2493 ppm), Ni (66.6–1041 ppm) contents, indicating that these complexes have a
mantle source. The initial melts were generated from the mantle with Cr > 1000 ppm,
Ni > 400 ppm, and Mg# ranging from 73 to 81 [44]. During the melt ascent to the surface,
the fractionation of olivine and spinel during the magma evolution may cause decreases
in Cr and Ni contents, and Mg# values [39]. The lherzolites have narrow range of Mg#

values (74.66–76.92) but variable Ni (722–1041 ppm) and Cr (1332–2493 ppm) contents,
which may indicate significant fractionation of olivine and spinel during magma evolution
of the lherzolite (Figure 9). Although the hornblende gabbros have variable Mg# values
(59.82–72.54), their content ranges of Ni (66.6–247 ppm) and Cr (10.1–24.2 ppm) are relatively
lower and narrower compared to those of lherzolites, indicating insignificant fractionation
of olivine and spinel during magma evolution (Figure 9). The lherzolites and hornblende
gabbros show constant Fe2O3, CaO, and TiO2 contents (Figure 9c–e), indicating that the
Fe-Ti oxide was not a major crystallization phase. The negative correlations of SiO2, CaO,
Al2O3, and Eu/Eu* ratios with Mg# and negative Eu anomalies (Eu/Eu* = 0.71–0.98) of
lherzolites reflect significant plagioclase fractionation (Figure 9d–h). Amphibole is another
possible crystallization phase, but the weak correlation of Mg# and Dy/Yb for lherzolites is
inconsistent with the fractionation of amphibole (Figure 9i). For the hornblende gabbros,
the correlations of Mg# with SiO2, Fe2O3, TiO2, and CaO reflect fractionation of clinopy-
roxene. Their Al2O3 contents and Eu/Eu* ratios show slightly positive correlations with Mg#

(Figure 9g,h), which, together with significant positive Eu anomalies (Eu/Eu* = 1.09–1.95), implies
limited removal of plagioclase. In addition, the Dy/Yb ratios of hornblende gabbros show
a slightly negative correlation with Mg# (Figure 9i), inconsistent with the fractionation of
amphibole as well.

Experimental and crystallization modeling results illustrate that the pressure, tem-
perature, and water fugacity of parental magmas control the crystallization sequences
and derivative mineral assemblages [50,51]. The high pressure and high H2O of parental
magmas leads to the crystallization of hydrous minerals first (i.e., amphibole and mica) but
suppresses plagioclase [51]. The presence of abundant hornblende and some phlogopite in
the hornblende gabbros thus implies high water content in their parental magmas (>3 wt.%;
Figure 3e,f; [52]). This is the case for the hornblende gabbros that have high contents of
Al2O3 (15.80–18.87 wt.%) and absence of Eu anomalies (Figure 5a; Table S2). Petrographic
observation also reveals a hornblende–plagioclase sequence of fractional crystallization for
the hornblende gabbros (Figure 3e,f). However, the absence of abundant hydrous minerals
(i.e., hornblende and phlogopite) (Figure 3g,h), low content of Al2O3 (6.23–10.58; Table S2),
and negative Eu anomalies (Figure 5a) of the lherzolites suggest fractional crystallization
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of plagioclase during magma evolution, which is also confirmed by petrographic observa-
tion (Figure 3g). Therefore, the primary magmas for the Mozbaysay hornblende gabbros
and lherzolites would have different water contents, which in turn indicate that water is
enriched in the residual melt during differentiation.
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5.2. Mantle Metasomatism Induced by Slab–Mantle Interaction

Mantle metasomatism is one of the important pathways leading to the mineralogical and
chemical transformation of the mantle [53,54]. Some trace element pairs with close distribution
coefficients and resistance to fractionation during the igneous process can be used as tracers for
parental magma of igneous rocks [55]. For example, Nb/La (ca. 1.18), Ta/U (ca. 2.7), Nb/U
(ca. 47), and Ce/Pb (=25) ratios are relatively consistent in MORB and OIB [39]. The large
deviation of these values would indicate the non-magma evolution processes have fractionated
these elements from their magma sources, such as a subduction-related process before the partial
melting of the mantle sources [55]. The Mozbaysay mafic–ultramafic rocks have varied ratios
of Nb/La (0.36–0.87), Ta/U (2.11–5.47), Nb/U (17.04–22.42), and Ce/Pb (0.39–13.98) (Table S2).
In the Th/Yb-Nb/Yb diagram, these mafic–ultramafic rocks are plotted above the MORB-OIB
mantle array (Figure 10a), indicating the involvement of subduction-modified components within
the mantle source.

Trace element compositions of magmas generated from slab–mantle interaction meta-
somatized mantle mainly include contributions from two components, i.e., hydrous fluids
from the subducted slab and melts from subducted sediments [56,57]. The aqueous fluids
from dehydration of the subducted slab are relatively enriched in fluid mobile elements
(e.g., Rb, Ba, U, and Th [56,58]), while melts from subducted sediments generally en-
rich LILEs and LREEs with small fractionations [55]. The Mozbaysay mafic–ultramafic
rocks show large fractionation of fluid mobile elements with relatively high Ba/Nb ratios
(Table S2) and consistently follow a trend of fluid-related enrichment, revealing a significant
contribution from hydrous fluids rather than sediment melts (Figure 10b).



Minerals 2023, 13, 1293 11 of 18

Minerals 2023, 13, x FOR PEER REVIEW 12 of 19 
 

 

(17.04–22.42), and Ce/Pb (0.39–13.98) (Table S2). In the Th/Yb-Nb/Yb diagram, these 
mafic–ultramafic rocks are plotted above the MORB-OIB mantle array (Figure 10a), indi-
cating the involvement of subduction-modified components within the mantle source. 

Trace element compositions of magmas generated from slab–mantle interaction met-
asomatized mantle mainly include contributions from two components, i.e., hydrous flu-
ids from the subducted slab and melts from subducted sediments [56,57]. The aqueous 
fluids from dehydration of the subducted slab are relatively enriched in fluid mobile ele-
ments (e.g., Rb, Ba, U, and Th [56,58]), while melts from subducted sediments generally 
enrich LILEs and LREEs with small fractionations [55]. The Mozbaysay mafic–ultramafic 
rocks show large fractionation of fluid mobile elements with relatively high Ba/Nb ratios 
(Table S2) and consistently follow a trend of fluid-related enrichment, revealing a signifi-
cant contribution from hydrous fluids rather than sediment melts (Figures 10b). 

 

 
Figure 10. Elements ratios discriminating between slab-derived fluid components versus melt com-
ponents. (a) Th/Yb versus Nb/Yb diagram (after [59]), data of slab fluid-enriched basaltic rocks are 
from [60]; (b) Ba/Nb versus Th/Nb diagram (after [57]), upper mantle (UM)-derived melts are from 
Gale et al. [9]. 

5.3. Heterogeneous Mantle Sources for Mozbaysay Lherzolites and Hornblende Gabbros 
As discussed in the preceding section, post-magmatic alteration and crustal contam-

ination can be excluded as possible causes for distinctive geochemical characteristics be-
tween Mozbaysay lherzolites and hornblende gabbros. Their specific compositional fea-
tures, therefore, were probably inherited from their mantle sources. They have La/Yb 
(2.98–6.79) and Ti/V (22.63–39.10) ratios close to MORB (La/Yb=1.39 [39,61]) but distinct 
from OIB (La/Yb=0.82; Figure 11a; [39,61]). In addition, the OIB source component gener-
ally has diagnostic high Nb and Ta contents [39,62] in contrast to the Mozbaysay lher-
zolites and hornblende gabbros that have Nb depletions and slight Ta enrichment (Figure 
5b). Additionally, the εNd(t) values of the Mozbaysay lherzolites and hornblende gabbros 
are broadly higher than even those of the most depleted end member of the mantle plume 
(Figure 6). Furthermore, these mafic–ultramafic rocks exhibit slightly LREE-enriched and 
flat HREE patterns with minor (slightly positive to negative) Eu anomalies, comparable 
to typical E-MORB (Figure 5a). Therefore, the above lines of evidence suggest that the 
mantle source of the Mozbaysay lherzolites and hornblende gabbros shows affinities of E-
MORB rather than OIB; hence, they should not be related to a mantle plume. The narrow 
range and radiogenic Nd isotopic compositions of the Mozbaysay lherzolites (εNd(t) = + 
6.2 to + 9.0) and hornblende gabbros (εNd(t) = + 6.3 to + 8.0) suggest their mantle magma 
source is relatively homogeneous and depleted, which is most likely a mixture of melts of 
the asthenospheric and lithospheric mantle sources (Figure 11b). 
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are from [60]; (b) Ba/Nb versus Th/Nb diagram (after [57]), upper mantle (UM)-derived melts are
from Gale et al. [9].

5.3. Heterogeneous Mantle Sources for Mozbaysay Lherzolites and Hornblende Gabbros

As discussed in the preceding section, post-magmatic alteration and crustal con-
tamination can be excluded as possible causes for distinctive geochemical characteristics
between Mozbaysay lherzolites and hornblende gabbros. Their specific compositional
features, therefore, were probably inherited from their mantle sources. They have La/Yb
(2.98–6.79) and Ti/V (22.63–39.10) ratios close to MORB (La/Yb = 1.39 [39,61]) but distinct
from OIB (La/Yb = 0.82; Figure 11a; [39,61]). In addition, the OIB source component gener-
ally has diagnostic high Nb and Ta contents [39,62] in contrast to the Mozbaysay lherzolites
and hornblende gabbros that have Nb depletions and slight Ta enrichment (Figure 5b).
Additionally, the εNd(t) values of the Mozbaysay lherzolites and hornblende gabbros are
broadly higher than even those of the most depleted end member of the mantle plume
(Figure 6). Furthermore, these mafic–ultramafic rocks exhibit slightly LREE-enriched and
flat HREE patterns with minor (slightly positive to negative) Eu anomalies, comparable to
typical E-MORB (Figure 5a). Therefore, the above lines of evidence suggest that the mantle
source of the Mozbaysay lherzolites and hornblende gabbros shows affinities of E-MORB
rather than OIB; hence, they should not be related to a mantle plume. The narrow range
and radiogenic Nd isotopic compositions of the Mozbaysay lherzolites (εNd(t) = +6.2 to
+9.0) and hornblende gabbros (εNd(t) = +6.3 to +8.0) suggest their mantle magma source
is relatively homogeneous and depleted, which is most likely a mixture of melts of the
asthenospheric and lithospheric mantle sources (Figure 11b).
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5.4. Slab Breakoff Triggered Shallow Depth Lithosphere–Asthenosphere Interaction for Generating
the Mozbaysay Mafic–Ultramafic Rocks

The REE fraction patterns of igneous rocks can reveal the partial melting degree
of a magma source and the thickness of the lithosphere [64–66]. The Mozbaysay horn-
blende gabbros and lherzolites have minor fractionation with the (La/Yb)N values from
2.56 to 3.27 and from 3.30 to 4.87, respectively. These values are distinct from the parti-
tion coefficients of garnet (KdGrt/L

Yb / KdGrt/L
La ≈ 7000) but comparable to that of spinel

(KdSp/L
Yb / KdSp/L

La ≈ 1) [67], suggesting a shallow spinel peridotite mantle source ([68];
Figure 12a). In addition, there is consensus that garnet has a high partition coefficient for
Yb relative to Gd and Dy, and partial melting of a garnet peridotite mantle therefore causes
strong fractionation of Dy/Yb and Gd/Yb [69]. On the contrary, spinel has similar partition
coefficients for Yb, Gd, and Dy, and Dy/Yb and Gd/Yb are slightly fractionated during
melting in the spinel stability field [66]. The Mozbaysay hornblende gabbros and lherzolites
possess low Dy/Yb and Gd/Yb ratios, which plot along the melting curve of spinel peri-
dotite (Figure 12b), indicating that partial melting took place at a relatively shallow depth,
dominantly within the spinel stability field. As the transition from garnet to spinel occurs
in the mantle at a depth of ca. 70–80 km [70], the decompression melting probably took
place at a shallower depth (<ca. 80 km). Therefore, it seems quite likely that the lithosphere
was locally thinned to allow for decompression melting of the asthenosphere.
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Therefore, we suggest that the Mozbaysay hornblende gabbros and lherzolites were
likely derived from a depleted spinel–facies mantle source at shallow depths of <ca. 80 km
induced by an upwelling asthenosphere in an extensional geodynamic setting.

Three mechanisms have been proposed to explain the asthenospheric thinning during
orogenesis, including convective thinning of the lithospheric root [73], gravity-induced
delamination of orogenic root [74], and slab breakoff [75]. The former two mechanisms
would generate widespread and intensive asthenosphere-derived mafic magmas and
granitoids, respectively [73,74]. However, the Late Carboniferous magmatism in the NTB
is sporadically distributed linearly along terrane boundaries in small volume (Figure 1b).
Therefore, we suggest that decompression-induced influx of asthenospheric heat and melts
through slab window, as well as the partial melting of the lithospheric mantle at a shallow
depth in an extensional geodynamic setting during slab breakoff, should be the most likely
mechanism producing the Mozbaysay hornblende gabbros and lherzolites.

5.5. Implications for the Tectonic Transitional Mechanism from Subduction to Post-Collision in NTB

Late Carboniferous to Early Permian is a crucial tectonic period for the NTB during
which various tectonic blocks were finally consolidated following the closure of branches



Minerals 2023, 13, 1293 13 of 18

of the Paleo-Asian Ocean (i.e., the North Tianshan Ocean in the south and Kalamaili ocean
in the north), thus constituting the tectonic transition from subduction to post-collisional
extension (Figure 1b; [4–7]). Unfortunately, the geological records, i.e., synorogenic defor-
mation, sedimentation, and even magmatism during this tectonic transition, were generally
destroyed or obscured by later geological events, making it hard to reveal such tectonic
transitions, and the nature and timing of this tectonic transition remain controversial [4,7].

The Late Carboniferous arc-related pillow basalts indicate that the subduction of the
oceanic lithosphere beneath the NTB lasted at least until ca. 311 Ma and exhibit significant
negative Nb, Ta, Nd, and Ti anomalies compared with Mozbaysay hornblende gabbros and
lherzolites (Figure 5c,d; [35]). While the Early Permian (ca. 297–285 Ma) magmatism in this
belt is characterized by A-type and I-type granites, mafic dykes, mafic–ultramafic complexes,
and bimodal volcanic rocks, the generation of this phase magmatism requires a lithosphere
extension and the upwelling of the asthenosphere. It is widely accepted that this magmatism
was formed in a post-collision tectonic setting [16,17,24,25,28,41,76–79]. This hypothesis
is further supported by the Permian post-collisional features, e.g., continental molasse
formation, ancient flora, paleomagnetism, regional unconformity, regional transcurrent
tectonics [80], and graben or pull apart-related underwater rockslide avalanche accumula-
tion [81]. Therefore, the tectonic transition from subduction to post-collision in NTB likely
occurred during the ca. 311–297 Ma period (Figure 13a).
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and/or unidirectional subduction of the Kalamaili Ocean; (b) Late Carboniferous (306–300 Ma)
breakoff of oceanic lithosphere soon after the closure of the Kalamaili Ocean, leading to partial
melting of upwelling asthenospheric mantle and overlying lithospheric mantle.

Slab breakoff usually occurs at the initial stages of continental collision, due to the
contrasting strength and buoyancy between the subducting oceanic lithosphere and the
dragging continental lithosphere. Slab breakoff is triggered by the attempted subduc-
tion of the continental lithosphere following the continental collision and the opposing
buoyancy forces between the dense oceanic lithosphere and the buoyant continental litho-
sphere [75]. With the lateral propagation of slab detachment, the hot asthenospheric mantle
rises through the linear lithospheric gap and causes a thermal anomaly in the mantle
wedge and partial melting of the overriding lithospheric mantle [82]. Hence, the iden-
tification of magmatism related to slab breakoff is an effective tool for determining the
tectonic transition from subduction to post-collision in an ancient orogenic belt [41,83,84].
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The petrogenetic links of the Mozbaysay hornblende gabbros and lherzolites (ca. 306 Ma;
this study), Hongshankou Nb-enriched dolerites (305–302 Ma [41]), and Shiquanzi post-
collisional gabbro (ca. 301 ± 6 Ma [16]) in the NTB with slab breakoff suggest that the
tectonic transition in the NTB most likely initiated in situ at ca. 306 Ma and lasted until ca.
300 Ma (Figure 13b).

6. Conclusions

The Mozbaysay mafic–ultramafic complex in the Qijiaojing–Balikun area, eastern
North Tianshan, was emplaced in the Late Carboniferous period at ca. 306 Ma. Analysis of
petrological, elemental, and isotopic data indicates that the Mozbaysay hornblende gabbro
and lherzolite were crystallized from a mixture of melts of lithospheric and asthenospheric
mantle sources, which were metasomatized by aqueous fluids coming from the dehydration
of the subducted slab during slab–mantle interaction. The interaction between the astheno-
spheric heat and melts with the overlying lithospheric mantle corresponds to a lithosphere
extension and stress relaxation scenario. Therefore, the slab break-off seems to be the most
plausible mechanism to explain the geochemical characteristics. The petrogenetic links of
the Late Carboniferous mafic–ultramafic rocks in eastern North Tianshan with slab breakoff
suggest that the tectonic transition most likely initiated in situ at ca. 306–305 Ma and lasted
until ca. 300 Ma.
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Mozbaysay lherzolites and hornblende gabbros in this study. References [85–87] are cited in the
supplementary materials.
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