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Abstract 

Ophiolites are fragments of ancient oceanic lithosphere, serving as geological indicators 
for reconstructing ocean-continent transitions, plate convergence and paleo-ocean evolu-
tion in orogenic belts. The Kekedieba ophiolite was recently identified during a 1:50,000 
regional geological survey. To constrain its formation age, material source and tectonic 
seĴing, this study conducted systematic petrological observations, geochemical testing 
and zircon U-Pb geochronological analyses on the ophiolite. This ophiolite consists of typ-
ical end-members, such as cumulate gabbro and diabase dykes. Trace element analyses 
and geochemical discrimination diagrams reveal that the basalts exhibit geochemical 
characteristics typical of mid-ocean ridge basalt (MORB), and the ophiolite suite as a 
whole belongs to the low-K tholeiite series. Differences in the degree of partial melting in 
the source region among various end-member rocks further indicate the complexity of its 
tectonic seĴing. LA-ICP-MS zircon U-Pb dating shows that the formation age of the gab-
bro is 321.4 ± 2.7 Ma, indicating that the Kekedieba ophiolite formed in the late Early Car-
boniferous. Combined with its tectonic slice-association relationship with Early Carbonif-
erous island-arc volcanic rocks, it is identified as fragments of a SSZ-type supra-subduc-
tion zone ophiolite, which provides direct evidence for the subduction evolution of re-
gional paleo-plates. Although some extrusive units retain MORB-like geochemical signa-
tures inherited from early seafloor spreading, the island-arc affinities of the full lithologi-
cal suite and subduction imprints in cumulates confirm a dominant SSZ origin. 

Keywords: ophiolite; cumulate gabbro; tectonic environment; zircon U-Pb age;  
Early Carboniferous 
 

1. Introduction 
Ophiolitic (melange) rocks constitute typical mafic–ultramafic rock assemblages that 

are pervasively exposed within orogenic belts. Serving as fundamental geological proxies, 
they offer irreplaceable constraints for reconstructing the complete evolutionary trajec-
tory of ancient ocean basins, encompassing their rifting, expansion, maturation, closure, 
and subsequent tectonic demise. Moreover, these rock assemblages act as critical litholog-
ical markers for delineating the boundaries of discrete tectonic terranes and pinpointing 
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the spatial extent of paleo-suture zones [1–4]. For decades, ophiolitic (melange) rocks have 
remained a research focus in the field of orogenic belt evolution, given their significant 
implications for deciphering the dynamic processes of continental tectonics [5–8]. The 
West Kunlun region hosts multiple ophiolite belts (Figure 1a), which renders this area a 
pivotal research zone for investigating the tectonic evolution of both the Alpine–Himala-
yan Tethyan domain and the Paleo-Tethyan domain [9,10]. However, due to intense tec-
tonic fragmentation, rugged topographic conditions, harsh natural environments, and 
poor accessibility, geological research on this region has remained relatively insufficient 
to date. 

 

Figure 1. Tectonic seĴing and geological map of the Taxkorgan area; (a) Division map of tectonic 
units in the West Kunlun area; (b) geological map of study area. 1—Quaternary; 2—Upper Triassic 
Sailiyakedaban Group; 3—Upper Carboniferous-Lower Permian Teginaiqikedaban Formation; 4—
Lower Carboniferous; 5—Lower Silurian Wenquangou Formation; 6—Lower Ordovician; 7—Sin-
ian-Cambrian Terreneuvian Mayang Litho-Formation, Member 3; 8—Mayang Litho-Formation, 
Member 2; 9—Mayang Litho-Formation, Member 1; 10—Paleoproterozoic Waqia Litho-Formation; 
11—Paleoproterozoic Wuguliyate Litho-Formation, Upper Member; 12—Wuguliyate Litho-For-
mation, Lower Member; 13—Oligocene Granodiorite; 14—Late Triassic Monzogranite; 15—Early 
Carboniferous Gabbro; 16—Early Carboniferous Tonalite; 17—Late Ordovician Quarĵ Monzonite; 
18—Middle Ordovician Quarĵ Monzodiorite; 19—Early Ordovician Monzodiorite; 20—Early Or-
dovician Gabbro; 21—Cambrian Furongian Gabbro; 22—Cambrian Series 2 Granodiorite; 23—Mag-
netite-bearing Feldspar-Quarĵ Rock; 24—Magnetite-bearing Plagioclase-Amphibole Schist; 25—
Tonalite; 26—Diorite; 27—Geological Boundary; 28—Lithofacies Boundary; 29—Fault; 30—Study 
Area. 
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Regional surveys conducted in recent years have indicated that the distribution of 
ophiolites in the West Kunlun orogenic belt is far more extensive and complex than pre-
viously delineated [11–13]. The Kekediuba ophiolitic melange, discovered during a 
1:50,000 regional geological survey completed by Henan Institute of Geological Survey in 
2018 [14], is located in the western segment of the West Kunlun orogenic belt, at the junc-
tion of the Paleo-Asian tectonic domain and the Tethyan tectonic domain, making it a key 
area for studying the tectonic evolution of the West Kunlun. Owing to its special tectonic 
location, the material composition and structural styles in this area are extremely complex, 
exhibiting multi-level, multi-style, multi-mechanism, and multi-stage tectonic evolution 
and deformation characteristics. In recent years, significant progress and consensus have 
been achieved regarding the pre-Mesozoic tectonic evolution of the West Kunlun terranes, 
such as the accretion process [9,15–17]. However, research on the Paleozoic tectonic frame-
work and evolutionary characteristics remains scarce, and the processes and features of 
its tectonic evolution remain unclear. 

In this study, petrological, geochemical, and zircon U-Pb geochronological investiga-
tions were carried out on the Kekediuba ophiolitic melange to discuss the type and mag-
matic source area of the ophiolite, reveal its formation age and tectonic seĴing, and pro-
vide new geological constraints for the tectonic evolution of the West Kunlun orogenic 
belt and the Qinghai–Tibet Plateau. 

2. Geological SeĴing 
The West Kunlun orogenic belt is situated at the northwestern margin of the Qing-

hai–Tibet Plateau and the westernmost segment of the central orogenic belt (COB). It 
serves as a crucial component of the continental-margin system on the southern side of 
the Cathaysian paleocontinental chain within the Paleo-Asian tectonic domain [12,13]. 
The orogenic belt is bounded by the Subashi–Kangxiwa–Wacha Suture Zone to the south 
and the Kuerliang–Kegang Fault to the north. Based on the location of the Kudi-
Qimanyute Suture Zone, the West Kunlun orogenic belt can be further divided into two 
micro-blocks, namely the North West Kunlun micro-block and the South West Kunlun 
micro-block. 

The study area is situated at the northwestern margin of the Qinghai–Tibet Plateau, 
adjacent to the Pamir Syntaxis to the west, and is located at the tectonic junction zone 
between the Kunlun orogenic belt and the Karakoram orogenic belt. Stratigraphic se-
quences exposed in this area mainly include those of the Paleoproterozoic, Neoprotero-
zoic, Paleozoic, and Meso-Cenozoic eras. Specifically, the Paleoproterozoic, Neoprotero-
zoic, Carboniferous, Permian, and Quaternary age are relatively well-developed, there are 
minor outcrops of Ordovician, Silurian, and Triassic age. 

The overall structural lines within the study area strike northwest (NW), with super-
ficial fault structures of northeast (NE)-trending and nearly north–south (NS)-trending 
orientations superimposed in partial sections on the northwestern margin. Under the in-
fluence of multi-stage composite orogenesis, the strata pre-dating the Late Paleozoic are 
characterized by multi-stage superimposed folding and ductile fault reworking, whereas 
the tectonic deformation since the Late Paleozoic is predominantly manifested as the in-
termingling of large-scale tectonic slices (blocks). 

Magmatic activity was notably intense, and its spatial distribution was significantly 
constrained by plate tectonic processes, presenting a NW-SE trending zonal distribution 
paĴern. Intrusive rocks dominate the magmatic assemblage, predominantly intermediate-
acid rocks with subordinate amounts of basic–ultrabasic rocks. Volcanic rocks are domi-
nated by basic rocks, followed by bimodal volcanic rocks. Magmatic activity can be sub-
divided into four evolutionary stages, i.e., Sinian–Cambrian, Ordovician, Carboniferous–
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Triassic, and Paleogene, among which the Ordovician and Carboniferous–Triassic mag-
matic events were particularly intense and extensively distributed (Figure 1b). 

3. Geological Characteristics 
The Kekedieba ophiolitic occurs as tectonic blocks within the Kangxiwa tectonic 

zone, separated from the Bashikeke Early Carboniferous island-arc basalt slices and the 
Paleoproterozoic Bulunkuole Group by ductile shear faults. It is predominantly composed 
of end-members, including cumulate gabbro, diabase dikes, plagiogranite, and oceanic 
basalt (Figure 2). The cumulate complex is mainly constituted by layered dark gray altered 
medium-coarse-grained pyroxenite and gabbro, grading upward into light-colored gab-
bro, generally exhibiting a gradual decrease in pyroxene content and a progressive in-
crease in plagioclase content, with distinct cumulate textures (Figure 2a–d). Diabase in-
trudes into the overlying basalt as dikes, with a width of 10–15 m, sub-vertical aĴitude, 
and northwest–southeast strike. Basalt occurs in two morphologies: one consists of tec-
tonic blocks with distinct rock textures and structures, mostly undergoing cataclasis, with 
late-stage quarĵ veins developed along fractures; the other is epidote–chlorite–albite 
schist, characterized by intense schistosity, microfolds developed on schistosity planes, 
and the light-colored granite veins within it displaying intense mylonitization. The leuco-
cratic veins hosted within the gabbroic mass correspond to granitic veinlets that were em-
placed as irregular vein structures with thicknesses ranging from 3 to 10 cm (Figure 2d). 
The propagation orientations of these veinlets obliquely truncate the cumulate layering of 
the cumulate gabbro. Sharp or gradational contact boundaries can be developed between 
the granitic veins and mafic host rocks, with branching and coalescence structures locally 
identified. Such field occurrence evidences that the emplacement timing of granitic veins 
markedly postdates the consolidation stage of gabbroic cumulus magma. 

 

Figure 2. Field characteristics of the Kekedieba ophiolitic mélange. (a) Overall occurrence of the 
ophiolitic mélange; (b) cumulate texture of gabbro, showing upward decreasing grain size; (c) my-
lonitized basaltic matrix; (d) coarse-grained pyroxenite in the lower part, cut by late-stage granite 
veins. Px—pyroxenite; Gb—gabbro; β—basalt; γ—granite vein. 
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Medium-coarse-grained pyroxenite: Dark green, displaying a residual medium-
coarse-grained gabbroic texture (Figure 3a) and a massive structure. Pyroxene constitutes 
90%–95% of the rock, occurring as euhedral–subhedral prismatic crystals with grain sizes 
predominantly ranging from 2 to 4 mm, and most grains have undergone extensive ural-
itization and actinolite alteration. Plagioclase occurs as euhedral–subhedral tabular crys-
tals with grain sizes of 2–4.5 mm, accompanied by intense epidotization of microcrystal-
line grains. Magnetite is present as subhedral–xenomorphic granular grains with grain 
sizes of 0.3–0.5 mm, and its modal content does not exceed 5%. 

Gabbro: Dark green, with relict gabbroic texture and massive structure. Pyroxene has 
predominantly undergone uralitization, typically occurring as euhedral–subhedral long 
prismatic crystals, with local occurrences of short prismatic morphologies. The grain size 
generally ranges from 1 to 5 mm, and the volume fraction is approximately 45–85 vol%. 
Plagioclase is present as euhedral–subhedral tabular prismatic crystals, with a grain size 
of 2–6 mm, and it has undergone intense saussuritization alteration, which is manifested 
by the transformation of plagioclase into a saussurite assemblage composed of zoisite, 
albite, and sericite. Magnetite occurs as subhedral–anhedral granular crystals, with a grain 
size of 0.3–0.5 mm and a volume fraction of about 1–3 vol%, which is a common accessory 
mineral in gabbroic rocks. 

Diabase: Dark green, with relict diabasic texture (Figure 3b), gabbroic texture and 
massive structure. Pyroxene and plagioclase occur in roughly equal proportions. Pyrox-
ene has undergone uralitization and is dominantly hypidiomorphic long-prismatic, with 
minor short-prismatic grains locally; grain sizes are mostly 1–5 mm. Plagioclase occurs as 
euhedral–hypidiomorphic tabular-prismatic crystals with a grain size of 2 to 6 mm, and 
intense saussuritization is observed. Magnetite is hypidiomorphic–xenomorphic granu-
lar, with a grain size of 0.3 to 0.5 mm and an abundance of approximately 1% to 3%. 

 

Figure 3. Microscopic characteristics of rock fragments from the Kekedieba ophiolite remnant; (a) 
Residual gabbroic texture in gabbro (plane-polarized light). (b) Residual doleritic texture in diabase 
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(plane-polarized light). (c) Mylonitic texture of plagiogranite (cross-polarized light). (d) Porphyritic 
texture of basalt (plane-polarized light). 

The plagiogranite is grayish-white in fresh hand specimens and dominated by a well-
developed mylonitic microfabric, typical of tectonically deformed rocks in ductile shear 
zones (Figure 3c). Under regional ductile shear stress, feldspar and quarĵ grains under-
went marginal granulation, forming porphyroclasts and a fine-grained mylonitic matrix. 
The porphyroclasts, with long axes of 0.4–3.6 mm, are elongated lenticular, have under-
gone significant ductile plastic deformation, and show a distinct shape-preferred orienta-
tion with a banded distribution. Amphibole, a ferromagnesian mineral component, 
mostly occurs as augen porphyroclasts with grain sizes of 0.6–2.4 mm. These augen por-
phyroclasts are oriented parallel to the tectonic foliation, consistent with the shape-pre-
ferred orientation of feldspar and quarĵ porphyroclasts, indicating that the rock has un-
dergone a uniform ductile shear deformation event. 

The basalt is dark gray, with a porphyritic texture (Figure 3d) and massive structure. 
The rock is mainly composed of plagioclase (45%–55%), pyroxene (45%–50%), and a small 
amount of magnetite (<5%). Phenocrysts are dominated by pyroxene, followed by plagi-
oclase, which are euhedral–subhedral tabular with sizes of 0.5 × 1.2 mm. The matrix has a 
cryptocrystalline texture, where the contents of plagioclase and pyroxene are nearly equal, 
presenting subhedral–xenomorphic granular shapes with grain sizes of 0.1–0.3 mm. The 
rock has undergone extensive late-stage alteration, dominated by actinolite alteration, 
with a small amount of epidotization of fine-grained minerals. 

4. Materials and Methods 
A total of 9 samples collected from the measured section were subjected to petroge-

ochemical analysis, including 1 pyroxenite sample, 3 gabbro samples, 2 diabase samples, 
2 plagiogranite samples, and 1 basalt sample. 

The petrogeochemical analysis and testing were completed by ALS Analysis and 
Testing (Guangzhou) Co., Ltd., Guangzhou, China. The rock samples were crushed and 
ground to 200 mesh to prepare analytical samples. The major element analysis was per-
formed by X-ray fluorescence spectroscopy (XRF) with an analytical error of 1%–3%. The 
trace element (including rare-earth element) analysis was conducted by inductively cou-
pled plasma mass spectrometry (ICP-MS) with an analytical accuracy beĴer than 5%. 

A single gabbro sample was collected from the gabbroic cumulate complex to con-
duct in situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
zircon U-Pb geochronological analysis. Zircon separation was undertaken by Langfang 
Yantuo Geological Service Co., Ltd., Langfang, China. Prior to manual picking, the sample 
underwent sequential crushing, magnetic separation, and heavy-liquid separation treat-
ments. Well-crystallized euhedral-to-subhedral zircon grains, free of visible cracks and 
inclusions, were carefully selected under a binocular petrographic microscope to ensure 
the reliability of subsequent geochronological testing. The selected zircon grains, together 
with the TEM zircon reference standard, were embedded in epoxy resin blocks. Polishing 
was subsequently performed until the central cross-sections of the zircon grains were fully 
exposed, thereby fabricating high-quality zircon mounts that meet the requirements of 
LA-ICP-MS analysis. Zircon mount preparation, cathodoluminescence (CL) imaging, and 
LA-ICP-MS U-Pb isotopic dating were all implemented at Wuhan Shangpu Analytical 
Technology Co., Ltd., Wuhan, China, following standardized laboratory protocols. The 
analytical system was composed of a GeoLasPro laser ablation system (Coherent, Santa 
Clara, CA, USA) coupled with an Agilent 7900 inductively coupled plasma mass spec-
trometer (ICP-MS; Agilent Technologies, Santa Clara, CA, USA). During laser ablation, 
high-purity helium (He) was utilized as the carrier gas for transporting ablated aerosols, 
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while argon (Ar) was introduced as the make-up gas to enhance signal stability and opti-
mize instrumental sensitivity. The laser ablation parameters were precisely set as follows: 
a spot diameter of 32 µm and a repetition rate of 5 Hz, which were determined based on 
the grain size and integrity of the selected zircon grains. The 91500 zircon standard was 
adopted as the external reference material for calibrating U-Pb isotopic ratios and calcu-
lating isotopic ages. The construction of zircon U-Pb concordia diagrams and the compu-
tation of weighted-mean ages were accomplished using Isoplot 3 software [18]. The de-
tailed analytical procedures and data processing protocols were consistent with the meth-
odologies reported in previous peer-reviewed studies [19,20], ensuring the comparability 
and reliability of the analytical results. 

5. Results 
5.1. Major Element Characteristics 

The petrochemical compositions and related parameter characteristics of the ophio-
lite are listed in Table 1. The gabbro exhibits relatively low SiO2 contents (41.74%–47.56%), 
whereas the diabases have generally high SiO2 contents (51.24%–51.28%). The TiO2 
(1.28%–1.50%), total iron as FeO (TFeO, 15.62%–16.48%) and Na2O (1.28%–3.24%) contents 
of the gabbros are higher than those of the diabases, while their CaO and MgO contents 
are slightly lower. Both rock types show moderately high overall Al2O3 contents (15.64%–
16.54%). They have low total alkali contents (1.15%–3.09%) and are strongly sodium-rich 
(Na2O/K2O = 9.38–23.07), with RiĴmann index values ranging from 0 to 2.99, belonging to 
the subalkaline rock series. 

The basalt is characterized by sodium-rich (Na2O = 3.19%) and potassium-poor (K2O 
= 0.42%) features, with a RiĴmann index of 2.31, also belonging to the subalkaline rock 
series. Compared with mid-ocean ridge granites [21], the plagiogranites exhibit high CaO 
(3.27%–3.42%) and low Na2O (3.27%–3.42%) contents, with major element compositions 
similar to those of volcanic-arc plagiogranites. These rocks are strongly sodium-rich and 
potassium-poor (Na2O/K2O = 6.90–7.14), with RiĴmann indices of 0.76–0.88, belonging to 
the calcic series. 

Table 1. Petrochemical compositions, CIPW normative minerals and characteristic parameters of 
the Kekedieba ophiolite. 

No. Lithology 
Sample 

No. 
Major Element (%) 

SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 H2O+ LOI Total 
1 Pyroxenite Dh1/3 41.74 1.50 15.92 6.20 10.90 0.29 6.05 11.70 1.28 0.13 0.06 3.45 2.74 98.51 
2 Gabbro Dh1/1 46.82 1.28 16.54 5.91 10.30 0.41 3.70 8.60 3.20 0.18 0.41 2.08 1.41 98.76 
3 Gabbro Dh1/2 47.18 1.28 16.54 5.38 10.95 0.40 3.70 8.26 3.24 0.15 0.41 2.09 1.29 98.78 
4 Gabbro Dh1/2-2 47.56 1.27 16.26 5.75 10.90 0.40 3.82 8.28 3.23 0.14 0.40 1.92 0.88 98.89 
5 Diabase Dh2/2-1 51.24 0.62 15.64 2.32 6.65 0.16 7.83 10.35 1.50 0.16 0.04 3.44 2.73 99.24 
6 Diabase Dh2/2-2 51.28 0.61 15.84 2.43 6.60 0.16 7.84 10.40 1.58 0.12 0.05 3.55 2.70 99.61 
7 Plagiogranite Dh1/5-1 71.18 0.31 13.37 1.22 3.39 0.11 0.58 3.42 4.07 0.57 0.08 1.12 0.84 99.14 
8 Plagiogranite Dh1/5-2 70.27 0.32 13.80 1.08 3.71 0.11 0.58 3.27 4.28 0.62 0.08 1.26 1.30 99.42 
9 Basalt Dh2/1 48.65 2.06 14.73 2.88 8.60 0.21 5.91 10.15 3.19 0.42 0.23 2.38 1.56 98.59 

Sample 
No. 

CIPW Characteristic Parameters 
q or ab an di hy ol en Mg# σ DI Alk MF M/F 

Dh1/3 0 0.96 13.47 43.92 17.43 8.03 10.65 3.95 39.56  −1.58 12.13 1.15  73.87 0.64 
Dh1/1  1.27 32.28 34.07 8.27 16.53 0.45 6.83 29.69  2.99 28.93 3.02  81.42 0.41 
Dh1/2  1.07 32.63 33.93 6.89 18.77  7.73 29.47  2.75 29.17 3.09  81.52 0.41 

Dh1/2-2  0.99 32.47 33.03 7.62 18.91  7.83 29.76  2.49 29.17 3.09  81.34 0.41 
Dh2/2-1  1.13 14.92 39.46 12.53 21.07  14.88 61.51  0.33 21.43 1.34  53.38 1.58 
Dh2/2-2  0.84 15.69 39.60 12.414 21.07  14.86 61.40  0.35 21.39 1.46  53.33 1.57 
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Dh1/5-1 36.85 3.63 36.63 16.67  4.80   18.72  0.76 74.14 3.50  88.83 0.22 
Dh1/5-2 34.53 3.97 38.67 15.98  5.31   18.09  0.88 74.02 3.66  89.20 0.21 
Dh2/1  3.01 31.73 27.44 19.60 10.53 2.22 6.65 48.49  2.31 30.35 2.77  66.01 0.92 

5.2. Characteristics of Rare-Earth Elements 

The rare-earth element (REE) contents and related parameters of the ophiolite are 
listed in Table 2, and the chondrite-normalized REE distribution paĴerns are shown in 
Figure 4. The gabbros have relatively low total rare-earth element abundances (ΣREE = 
14.69 × 10−6–52.53 × 10−6), with ΣLREE = 7.16 × 10−6–30.30 × 10−6, ΣHREE = 7.34 × 10−6–21.78 
× 10−6, ΣLREE/ΣHREE = 0.98–1.39, and (La/Yb)ₙ = 0.33–0.59. The gabbros exhibit signifi-
cant fractionation between light rare-earth elements (LREEs) and heavy rare-earth ele-
ments (HREEs), showing a left-inclined distribution paĴern with LREE depletion and no 
negative Eu anomaly (δEu = 1.011.48). The diabases also display relatively low ΣREE val-
ues (18.24 × 10−6–18.38 × 10−6), with ΣLREE = 10.70 × 10−6–10.77 × 10−6, ΣHREE = 7.27 × 10−6–
7.47 × 10−6, ΣLREE/ΣHREE = 1.43–1.48, and (La/Yb)ₙ = 0.86–0.87. Moderate LREE-HREE 
fractionation is observed in the diabases, characterized by a slightly LREE-depleted left-
inclined paĴern without negative Eu anomaly (δEu = 1.01–1.11). 

The basalt is relatively enriched in total rare-earth elements (ΣREE = 85.16 × 10−6), 
with ΣLREE = 58.39 × 10−6, ΣHREE = 26.14 × 10−6 and ΣLREE/ΣHREE = 2.23, showing rel-
ative enrichment of light rare-earth elements. The basalt has a (La/Yb)ₙ value of 0.94, dis-
playing a nearly flat REE distribution paĴern with a weak negative Eu anomaly (δEu = 
0.91). The plagiogranites have relatively low total REE abundances (ΣREE = 45.88 × 10−6–
52.78 × 10−6), with ΣLREE = 26.89 × 10−6–32.42 × 10−6, ΣHREE = 18.45 × 10−6–19.77 × 10−6 and 
ΣLREE/ΣHREE = 1.46–1.64. Fractionation between LREE and HREE is indistinct, with 
(La/Yb)ₙ = 0.82–0.98. The plagiogranites exhibit a nearly flat REE distribution paĴern with 
a weak negative Eu anomaly (δEu = 0.78–0.83). 

Table 2. Trace element contents (×10−6) and characteristic parameters of the Kekedieba ophiolite. 

No. 
Sam-
ple 
No. 

Rare-Earth Element Contents (×10−6) Characteristic Parameters 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y ∑REE 
(La/Yb)

N 
δEu δCe 

1 Dh1/3 0.6 1.9 0.39 2.5 1.09 0.68 1.78 0.29 2.10 0.46 1.29 0.20 1.22 0.19 11.1 14.69 0.33 1.48 0.92 
2 Dh1/1 2.3 7.9 1.52 10.1 3.92 1.60 6.04 0.94 5.91 1.22 3.34 0.44 2.51 0.37 29.3 48.11 0.62 1.00 0.98 
3 Dh1/2 2.4 8.1 1.57 10.5 3.90 1.70 5.72 0.96 6.26 1.25 3.31 0.44 2.53 0.37 29.2 49.01 0.64 1.10 0.97 

4 
Dh1/2-

2 
2.6 9.0 1.69 11.0 4.33 1.68 6.01 1.01 6.49 1.31 3.50 0.48 2.98 0.45 32.2 52.53 0.59 1.01 1.00 

5 
Dh2/2-

1 
1.5 3.9 0.63 3.1 1.09 0.48 1.59 0.31 2.14 0.45 1.36 0.20 1.42 0.21 11.9 18.38 0.71 1.11 0.97 

6 
Dh2/2-

2 
1.5 3.9 0.59 3.2 1.10 0.48 1.64 0.29 2.05 0.44 1.31 0.20 1.34 0.20 11.5 18.24 0.75 1.09 1.00 

7 
Dh1/5-

1 
3.5 10.0 1.60 8.2 2.69 0.90 4.09 0.74 5.00 1.13 3.51 0.54 3.44 0.54 31.9 45.88 0.69 0.83 1.01 

8 
Dh1/5-

2 
4.7 12.5 1.92 9.4 2.99 0.91 4.26 0.79 5.52 1.22 3.70 0.56 3.72 0.59 33.5 52.78 0.85 0.78 1.00 

9 Dh2/1 8.0 22.2 3.53 17.5 5.38 1.78 6.70 1.19 7.48 1.56 4.51 0.64 4.06 0.63 42.1 85.16 1.33 0.91 1.00 

No. 
Sam-
ple 
No. 

Trace Element Contents (×10−6) 

Rb Sr Ba Th U Nb Ta Zr Hf Cr V Cs Ga W Mo 

1 Dh1/3 1.7 147.5 12.4 0.05 0.07 0.2 0.1 8 0.3 30 607 Cs Ga W Sn 
2 Dh1/1 3.0 191.5 40.9 0.10 0.05 0.2 0.1 10 0.3 10 188 0.12 19.1 3 <1 
3 Dh1/2 2.2 179.0 29.4 0.12 0.08 0.2 0.1 12 0.4 30 180 0.22 18.7 1 <1 
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4 
Dh1/2-

2 
1.9 179.0 28.7 0.12 0.07 0.3 0.1 14 0.4 30 188 0.44 20.5 1 <1 

5 
Dh2/2-

1 
2.3 109.5 28.1 0.53 0.19 0.2 0.1 28 0.8 400 297 0.29 21.3 2 <1 

6 
Dh2/2-

2 
1.7 111.5 19.9 0.43 0.19 0.2 0.1 26 0.9 390 296 0.05 14.0 2 <1 

7 
Dh1/5-

1 
9.3 93.9 97.7 0.82 0.38 1.0 0.1 90 2.7 20 12 0.07 13.7 1 <1 

8 
Dh1/5-

2 
8.6 94.7 115.5 0.89 0.33 1.1 0.1 91 2.7 40 11 0.44 13.5 1 1 

9 Dh2/1 6.0 178.0 72.2 0.86 0.30 3.9 0.3 164 4.0 150 319 0.33 13.9 1 1 

 

Figure 4. Chondrite-normalized REE distribution paĴerns of the Kekedieba ophiolite (chondrite-
normalized values after Reference [22]). 

5.3. Trace Element Characteristics 

The contents of trace elements are presented in Table 2. As illustrated in the primitive 
mantle-normalized spider diagram (Figure 5), the gabbro samples exhibit pronounced de-
pletion in high-field-strength elements (HFSEs) such as Nb, Zr, and Hf. Large-ion litho-
phile elements (LILEs), including K, Rb, Ba, U, and Th, show a nearly flat distribution 
paĴern without any obvious enrichment, while elements such as Sr, P, and Sm undergo 
selective enrichment. In contrast, the diabase samples are characterized by the depletion 
of all elements ranging from Ta to Yb, with Nb depletion being particularly intense. No-
tably, the Zr-Hf elements do not exhibit depletion compared to their adjacent elements, 
which is consistent with the geochemical characteristics of island-arc tholeiite (IAT). The 
basalt sample displays a nearly flat chondrite-normalized distribution paĴern, which is 
basically consistent with the geochemical features of average normal mid-ocean ridge bas-
alt (N-MORB). The plagiogranite samples show distinct depletion in Nb, Ta, and Ti, with 
no significant enrichment of other elements. Their trace element contents and variation 
trends are basically consistent with those of average island-arc basalt (IAB), exhibiting the 
geochemical affinity of mantle-derived granites. 
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Figure 5. Primitive mantle-normalized trace element spider diagrams of the Kekedieba ophiolite 
(primitive mantle-normalized values after Reference [23]). 

5.4. Zircon U-Pb Ages 

Cumulate gabbros constitute a crucial constituent of ophiolitic sequences, and their 
formation age serves as an effective constraint on the crystallization timing of ophiolitic 
bodies, while also providing critical geochronological evidence for reconstructing the tec-
tonic environment in which the ophiolites were emplaced. In the present study, a single 
gabbro sample was collected from the gabbroic cumulate complex, and LA-ICP-MS zircon 
U-Pb geochronological analyses were carried out to determine its formation age. Zircon 
cathodoluminescence (CL) images (Figure 6) reveal that the zircons are predominantly 
subhedral-to-anhedral prismatic in shape, with relatively well-preserved crystal morphol-
ogies. The grain sizes of the zircons are concentrated in the range of 80–120 µm, with 
length–width ratios varying from 2:1 to 4:1. Internally, the zircons universally develop 
irregular fan-shaped growth zoning, and corrosion pits are locally observed on their sur-
faces. 

 

Figure 6. Cathodoluminescence images of zircons from the cumulate gabbro in the Kekedieba oph-
iolite. 

A total of 26 zircon U-Pb analytical runs were performed in this study. After exclud-
ing 2 zircons that deviated significantly from the concordia curve, the remaining 24 valid 
analytical points were corrected for common lead. The sample test results (Table 3, Figure 
7) show that the Th/U ratios of the rocks range from 0.3 to 0.5, indicating magmatic zir-
cons. The weighted mean (206Pb/238U) age of the zircons is 321.4 ± 2.7 Ma, which can repre-
sent the crystallization age of the gabbro formed in this period. 
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Table 3. LA-ICP-MS zircon U-Pb isotopic analytical results of the gabbro from the Kekedieba ophi-
olite. 

No. 

Content 
(×10−6) 

Th/U 
Isotopic Ratio Age (Ma) 

U Th 
207Pb/206

Pb 
2σ 

207Pb/235

U 
2σ 206Pb/238U 2σ 

207Pb/206P
b 

2σ 
207Pb/235

U 
2σ 

206Pb/238

U 
2σ 

1 24.3 53.7 0.45 0.0553 0.0128 0.3656 0.0712 0.0512 0.0026 433 598 316 53.0 322 48.6 
2 27.3 61.9 0.44 0.0593 0.0094 0.4077 0.0598 0.0506 0.0022 589 344 347 43.2 318 54.6 
3 40.3 79.9 0.50 0.0532 0.0102 0.3767 0.0670 0.0519 0.0022 339 436 325 49.4 326 80.6 
4 15.1 51.1 0.30 0.0547 0.0100 0.3857 0.0560 0.0526 0.0024 398 406 331 41.2 330 30.2 
5 34.3 77.3 0.44 0.0550 0.0078 0.3809 0.0536 0.0509 0.0020 409 322 328 39.4 320 68.6 
6 20.6 59.4 0.35 0.0529 0.0100 0.3660 0.0640 0.0505 0.0020 324 430 317 47.6 317 41.2 
7 29.5 70.7 0.42 0.0534 0.0098 0.3655 0.0612 0.0510 0.0024 346 468 316 45.4 321 59.0 
8 39.7 82.7 0.48 0.0521 0.0080 0.3604 0.0504 0.0502 0.0018 300 348 313 37.6 316 79.4 
9 22.4 62.0 0.36 0.0552 0.0096 0.3740 0.0594 0.0512 0.0026 420 398 323 43.8 322 44.8 
10 33.3 80.9 0.41 0.0532 0.0080 0.3639 0.0484 0.0506 0.0018 339 332 315 36.0 318 66.6 
11 49.2 114 0.43 0.0545 0.0086 0.3870 0.0600 0.0517 0.0018 391 356 332 44.0 325 98.4 
12 28.3 74.2 0.38 0.0528 0.0100 0.3738 0.0694 0.0515 0.0020 317 420 322 51.2 324 56.6 
13 30.7 75.9 0.40 0.0560 0.0100 0.3862 0.0628 0.0517 0.0022 450 400 332 46.0 325 61.4 
16 11.5 25.0 0.46 0.0556 0.0130 0.3681 0.0676 0.0508 0.0032 435 522 318 50.2 319 21.0 
17 11.8 27.8 0.42 0.0559 0.0150 0.3650 0.0748 0.0506 0.0036 450 608 316 55.6 318 23.6 
18 33.1 78.3 0.42 0.0551 0.096 0.3801 0.0586 0.0514 0.0020 417 388 327 43.2 323 66.2 
19 17.8 52.3 0.34 0.0543 0.0100 0.3817 0.0576 0.0514 0.0026 387 428 328 42.4 323 35.6 
20 28.8 68.6 0.42 0.0542 0.0084 0.3671 0.0510 0.0504 0.0022 389 352 318 37.8 317 57.6 
21 21.6 60.5 0.36 0.0551 0.0106 0.3729 0.0602 0.0512 0.0022 417 434 322 44.6 322 43.2 
22 22.0 59.5 0.37 0.0569 0.0104 0.3850 0.0297 0.0515 0.0024 487 404 331 43.6 324 44.0 
23 38.1 79.8 0.48 0.0561 0.0084 0.3784 0.0514 0.0504 0.0020 454 334 326 38.6 317 76.2 
24 19.8 55.7 0.36 0.0533 0.0100 0.3579 0.0604 0.0497 0.0024 339 416 311 45.2 312 39.6 
25 39.8 84.8 0.47 0.0548 0.0074 0.3986 0.0598 0.0529 0.0020 406 294 341 37.6 332 79.6 
26 25.5 60.8 0.42 0.0538 0.0104 0.3624 0.0536 0.0507 0.0022 365 440 314 40.0 319 51.0 

 

Figure 7. LA-ICP-MS zircon U-Pb concordia diagrams and weighted average age plots of the cumu-
late gabbro in the Kekedieba ophiolite. 

6. Discussion 
6.1. Emplacement Age 

Accurately constraining the formation age of ophiolitic constitutes an essential foun-
dation for clarifying regional tectonic evolutionary sequences and reconstructing the evo-
lutionary processes of paleo-ocean basins. Isotopic geochronology serves as an effective 
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approach to determine the formation ages of magmatic rocks. Multi-lithological geochro-
nology can deliver stringent chronological constraints on shear zone-bounded ophiolitic 
mélanges. However, plagiogranites and diabases from the mélange suffer intrinsic petro-
chronological drawbacks: intense mylonitic overprinting coupled with fluid percolation 
disturbs primary zircon isotopic signatures in plagiogranites, whereas diabases bear neg-
ligible zircon modal abundances and fail to support statistically valid dating results. As 
primitive cumulates formed during oceanic lithosphere accretion, gabbros retain well-
preserved primary zircon isotopic archives and can reliably bracket the formation and 
obduction ages of ophiolites. Considering the diagnostic limitations of the former two li-
thologies, gabbro samples are selected for systematic geochronological analyses herein. 

LA–ICP–MS zircon U–Pb dating of gabbroic lithologies from the Kekedieba ophio-
litic mélange (West Kunlun orogenic belt) yields a weighted mean age of 321.4 ± 2.7 Ma, 
which tightly constrains the primary emplacement age of the mélange and assigns its gen-
esis to the late Early Carboniferous per the international chronostratigraphic scale. The 
temporal overlap between this zircon crystallization age and regional Early Carboniferous 
island-arc magmatic suites further substantiates the tectonic validity of the geochronolog-
ical constraint proposed in this contribution. 

The West Kunlun orogen exposes multiple well-constrained ophiolitic belts and coe-
val-arc magmatic suites, which provide pivotal chronological constraints on the Late 
Paleozoic tectonic evolution of the Paleo-Tethys Ocean. Existing geochronological da-
tasets have delineated the temporal framework of regional oceanic accretion and subduc-
tion-associated magmatism. Gabbroic rocks from the southern Subashi ophiolite belt yield 
LA-ICP-MS zircon U-Pb ages of 352.7 ± 3.0 Ma and 261.9 ± 2.2 Ma, bracketing ophiolite 
formation between the Early Carboniferous and Middle Permian [24]. SHRIMP zircon U-
Pb analyses of plagiogranites within the Oytag ophiolite yield ages of 337.5 ± 4.1 Ma and 
327.7 ± 4.9 Ma, recording episodic magmatic pulses during the Early Carboniferous [25]. 
Furthermore, island-arc affinity hornblende quarĵ diorites from the Maza tectonic mé-
lange yield a SHRIMP U-Pb age of 338 ± 10 Ma [26]. Synthesizing these published data 
substantiates pervasive oceanic crust generation and synchronous arc magmatism across 
the West Kunlun region during the Late Paleozoic. 

Complementary to the established regional tectono-magmatic framework, newly ac-
quired LA-ICP-MS zircon U-Pb data constrain the crystallization age of cumulate gabbros 
within the Kekedieba ophiolitic mélange to 321.4 ± 2.7 Ma. This age is temporally con-
sistent with late Early Carboniferous tectono-magmatic events in the West Kunlun oro-
gen, and is further verified by coeval island-arc tonalite (336.5 ± 3.3 Ma) exposed in the 
Waqia domain. These new results provide a precise temporal calibration for the formation 
of the Kekedieba ophiolitic mélange. Critically, the robust temporal correspondence be-
tween the Kekedieba ophiolite and regional arc magmatic records—encompassing the 
Maza arc igneous rocks (338 ± 10 Ma) and Oytag plagiogranites (337.5 ± 4.1 Ma, 327.7 ± 4.9 
Ma)—highlights a coherent spatio-temporal linkage between oceanic crust accretion and 
subduction-triggered magmatism. This comprehensive chronological synthesis strongly 
favors an active subduction regime of the Kangxiwa Ocean, a subordinate branch of the 
Paleo-Tethys Ocean, throughout the Early Carboniferous. 

6.2. Rock Types 

Rare-earth elements (REEs), high-field-strength elements (HFSEs) and transition 
metal elements (e.g., Sc, V, Cr, Ni) are relatively immobile. Accordingly, these elements 
are widely applicable to discriminate primary rock types [27–29]. 

The gabbros are characterized by pronounced depletion of HFSE including Nb, Zr 
and Hf, nearly flat distribution without enrichment of large-ion lithophile elements such 
as K, Rb, Ba, U and Th, and selective enrichment of Sr, P and Sm. The diabases exhibit 
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depletion of all elements from Ta to Yb with notably strong Nb depletion. Zr and Hf show 
no obvious depletion relative to adjacent elements, consistent with the geochemical sig-
natures of island-arc tholeiite (IAT). The basalts display nearly flat trace element paĴerns, 
which are basically identical to those of average normal mid-ocean ridge basalt (N-
MORB). The plagiogranites are marked by distinct depletion of Nb, Ta and Ti with no 
significant enrichment of other elements, showing consistent elemental contents and var-
iation trends with average island-arc basalt (IAB), and exhibit typical features of mantle-
derived granite. In general, the gabbros, diabases and plagiogranites all record depleted 
mantle source signatures, whereas the basalt possesses typical geochemical characteristics 
analogous to mid-ocean ridge basalt. The total rare-earth element contents vary in a trend 
of initial decrease followed by increase from gabbro through diabase to basalt, with neg-
ligible negative Eu anomalies. Its REE paĴerns gradually evolve from left-inclined to 
nearly flat, further indicating a depleted mantle origin. The plagiogranites have low total 
REE abundances and flat chondrite-normalized REE paĴerns with weak negative Eu 
anomalies, which is in good agreement with their trace element geochemical features. 

In the R1-R2 petrological classification diagram (Figure 8), all gabbro samples are 
projected within the gabbro field, with the exception of Sample 1 that falls into the olivine 
gabbro domain. Diabase samples plot proximal to the boundary between the gabbronorite 
and gabbro fields, the basalt sample plots in the olivine gabbro field, and the plagiogranite 
samples are confined to the granodiorite field. The gabbros exhibit relatively low Mg# 
values, suggesting that their parental magmas have experienced intensive magmatic dif-
ferentiation and evolutionary processes. By contrast, the diabases yield elevated Mg# val-
ues, indicative of a low degree of magmatic differentiation. In the SiO2-K2O discriminant 
diagram (Figure 9), all rock samples are classified into the low-K tholeiite series field. 
Moreover, the FeO*/MgO ratios show an increasing trend with rising SiO2 content. Inte-
gratively, the studied ophiolite suite belongs to the typical low-K tholeiitic basalt series. 

 

Figure 8. R1-R2 petrological classification diagram of the Kekedieba ophiolite (base map reproduced 
from [30]). A—Essexite; B—Alkali gabbro; C—Olivine gabbro; D—Gabbro-norite; E—Syenogabbro; 
F—Monzogabbro; G—Gabbro; H—Syenodiorite; I—Monzonite; J—Monzodiorite; K—Diorite; L—
Nepheline syenite; M—Syenite; N—Quarĵ syenite; O—Quarĵ monzonite; P—Tonalite; Q—Alkali 
granite; R—Syenogranite; S—Monzogranite; T—Granodiorite. 



Minerals 2026, 16, 677 14 of 20 
 

https://doi.org/10.3390/min16070677 

 

Figure 9. K2O-SiO2 diagram of the Kekedieba ophiolite (base map reproduced from [31]). 

As a predominant felsic end-member of ophiolitic assemblages, plagiogranite petro-
genesis carries pivotal implications for constraining the tectonic aĴribution and evolution-
ary history of ophiolite sequences. The studied plagiogranites are geochemically defined 
by elevated Na contents, depleted K abundances, low Rb concentrations, and consistently 
low Rb/Sr ratios (<0.1), which match the diagnostic geochemical fingerprints of supra-
subduction zone (SSZ)-type plagiogranites worldwide, thereby substantiating an intrinsic 
SSZ tectonic affinity for the investigated rocks. The Sr and Yb elemental compositions of 
the studied samples are broadly consistent with those of SSZ-type plagiogranites from the 
Guogan Jianian ophiolite in northern Qiangtang, northern Tibet [32]. Additionally, these 
samples display low total rare-earth element (ΣREE) abundances, fractionated light REE 
(LREE)-depleted paĴerns, and distinct negative Nb, Ta, and Ti anomalies. Such elemental 
fractionation characteristics are highly analogous to those of SSZ-type plagiogranites from 
the Gaize ophiolite, Tibet [33], and typical oceanic plagiogranites from the Nagaland–Ma-
nipur ophiolite, India [34], collectively verifying a subduction-linked tectonic origin for 
the studied intrusions. 

Regional geochronological datasets provide robust supplementary constraints on the 
above tectonic inference. An extensive oceanic plagiogranite belt crops out along the 
northwestern margin of the West Kunlun orogen, as exemplified by the Oytag pluton 
(322.8 ± 2.2 Ma). This pluton is genetically interpreted as the product of partial melting of 
mafic oceanic crust triggered by back-arc basin extensional disassociation and lithospheric 
thinning. The emplacement age of this plagiogranite belt is temporally coupled with the 
crystallization age of the Kekedieba ophiolite (321.4 ± 2.7 Ma), indicating coeval Late Car-
boniferous magmatism and tectonism within the study domain. Synthesizing the con-
sistent geochemical affinities and synchronized regional chronological records, the stud-
ied plagiogranites are categorized as integral components of SSZ-type ophiolitic suites, 
with their parental magmas originating from partial melting of subduction-modified 
mafic oceanic crust. This multi-evidence synthesis conclusively constrains the formation 
of the Kekedieba ophiolite within an intra-oceanic arc tectonic framework above an active 
subduction zone. 
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6.3. Tectonic SeĴing 

Dilek & Furnes [35] classified ophiolites into subduction-related and non-subduc-
tion-related types. The subduction-related types encompass supra-subduction zone (SSZ) 
and volcanic arc ophiolites, while the non-subduction-related types include continental 
margin, mid-ocean ridge (MOR) and mantle plume ophiolites. Pearce et al. [21] divided 
ophiolites into the MOR type formed at mid-ocean ridges and the SSZ type generated 
above subduction zones based on their formation seĴings. 

The ophiolites in the study area have generally undergone variable superposition 
and modification by late-stage metamorphism and hydrothermal alteration. Previous ge-
ochemical studies have demonstrated that HFSEs (e.g., Ti, V, Th, Nb, Yb) and REEs exhibit 
strong geochemical inertness during metamorphism and alteration. These elements pos-
sess high compositional stability and are barely affected by secondary overprinting, 
thereby faithfully preserving primary magmatic signatures. Accordingly, they serve as 
reliable geochemical tracers for constraining mantle source properties, reconstructing 
magmatic evolutionary processes, and discriminating tectonic seĴings. Samples of differ-
ent lithologies show distinct projection characteristics in various tectonic discrimination 
diagrams. In the T-V tectonic discrimination diagram (Figure 10), the cumulate gabbro 
samples predominantly plot in the island-arc tholeiite (IAT) field, whereas the diabase 
and basalt samples fall within the mid-ocean ridge basalt (MORB) field. In the Th/Yb-
Ta/Yb diagram (Figure 11), the cumulate gabbros are projected near the boundary be-
tween the MORB and IAT fields, while the diabase and basalt samples are entirely con-
fined to the oceanic island-arc domain. All ophiolite samples in the study area stably plot 
in the IAT field in the Hf/3-Th-Nb/16 tectonic discrimination diagram (Figure 12). The 
La/Sm-Sm/Yb source discrimination diagram (Figure 13) further reveals significant dis-
crepancies in mantle source aĴributes among the different lithologies. The cumulate gab-
bros are characterized by high-degree partial melting of the depleted mantle (DM), re-
cording intensive magmatic melting of deep depleted mantle material. By contrast, the 
diabase and basalt samples exhibit signatures of low-degree partial melting of the primi-
tive mantle (PM), indicating their derivation from low-extent melting of primitive mantle 
sources. 

 

Figure 10. Ti-V tectonic discrimination diagram of the Kekedieba ophiolite (base map reproduced 
from [36]). 



Minerals 2026, 16, 677 16 of 20 
 

https://doi.org/10.3390/min16070677 

 

Figure 11. Th/Yb-Ta/Yb diagram of the Kekedieba ophiolite (base map reproduced from [37]). 

 

Figure 12. Hf/3-Th-Nb/16 diagram of the Kekedieba ophiolite (base map reproduced from [38]). 

 

Figure 13. La/Sm-Sm/Yb diagram of the Kekedieba ophiolite (base map reproduced from [39]). 

The La/Yb–Dy/Yb diagram [40] is widely used to constrain the partial melting degree 
and source depth of mantle-derived rocks, based on systematic differences in rare-earth 
element partitioning. Dy and Yb are compatible in garnet, with Yb exhibiting higher com-
patibility than Dy, whereas La is strongly incompatible. Partial melting of garnet lher-
zolite accordingly produces steep compositional trends with elevated Dy/Yb ratios, 
whereas melting of spinel lherzolite yields flat trends with lower Dy/Yb values. As such, 
the Dy/Yb ratio serves as a reliable proxy for mantle source mineralogy and melting depth. 
Mafic rocks from the Kekedieba ophiolite exhibit systematic variations in La/Yb ratios. 
Pyroxenites and gabbros possess lower La/Yb values (0.49–0.95) than diabases and basalts 
(1.05–1.97), indicative of high-degree partial melting (>15%) and slightly higher melt frac-
tions for pyroxenites and gabbros. Nevertheless, this interpretation is inconsistent with 
the melting constraints derived from the La/Sm–Sm/Yb diagram. This discrepancy arises 
from variable elemental compatibility: Sm displays compatibility behavior similar to La, 
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while Yb is significantly more compatible. Relative to La/Sm, the La/Yb ratio is less sensi-
tive to melting variations and is strongly overprinted by residual garnet, which obscures 
primary melting signals. Consequently, the La/Sm ratio provides a more robust indicator 
of partial melting intensity. Variations in Dy/Yb ratios further refine the mantle melting 
depth constraints. Pyroxenites and gabbros yield higher Dy/Yb ratios (1.72–2.47) than di-
abases and basalts (1.51–1.84). Consistent with the aforementioned REE partitioning sys-
tematics, elevated Dy/Yb values record melting within the deep garnet stability field, 
whereas lower values reflect shallower melting conditions. Therefore, the parental mag-
mas of pyroxenites and gabbros originated from the garnet–facies mantle, while diabase 
and basalt magmas were generated within the shallower garnet–spinel transition zone 
(Figure 14). 

 

Figure 14. La/Yb vs. Dy/Yb for the basic rocks from Kekedieba ophiolites (base map reproduced 
from [40]). 

Ophiolitic melanges within orogenic belts are characterized by heterogeneous and 
multi-stage tectonic origins. The cumulate complexes and intruded plagiogranites pre-
served in ophiolitic fragments display depleted mantle source signatures, with geochem-
ical affinities typical of island-arc igneous suites. In comparison, diabase dykes and oce-
anic basalts retain primitive mantle geochemical characteristics, consistent with the pet-
rological features of mid-ocean ridge magmatism. The pronounced geochemical hetero-
geneity observed herein implies a dynamic tectonic evolution history for the investigated 
ophiolites. The variable petrogenetic aĴributes are interpreted to result from either pro-
gressive tectonic transition from mid-ocean ridge to island-arc environments during mag-
matic activity, or the post-tectonic superimposition and amalgamation of discrete ophio-
litic units generated at distinct tectonic stages and geodynamic seĴings. Collectively, these 
observations corroborate that the studied ophiolitic complex experienced multi-phase and 
multi-environment superimposed evolution, sharing highly consistent evolutionary 
mechanisms with the classic Oman ophiolite [41,42]. 

The investigated ophiolite, together with Early Carboniferous island-arc intermedi-
ate-mafic volcanic rocks, occurs as tectonic slices embedded within the Kangxiwar tec-
tonic belt. Their temporally consistent formation ages constrain the studied ophiolite as 
residual fragments of supra-subduction zone (SSZ)-type ophiolites, which formed via 
subduction-related magmatism in an arc-affiliated geodynamic framework. Although 
field investigations fail to identify outcrops of the basal mantle peridotite unit in the study 
area, comprehensive geological observations robustly suggest that the Kangxiwar tectonic 
belt represents a complete ophiolitic belt. 
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7. Conclusions 
(1) The Kekedieba ophiolite consists predominantly of cumulate gabbros, diabase 

dykes, plagiogranites and oceanic basalts. LA-ICP-MS zircon U-Pb isotopic dating con-
strains the gabbro emplacement age at 321.4 ± 2.7 Ma, corresponding to the late Early 
Carboniferous. 

(2) Projection onto the R1-R2 petrogenetic classification diagram places samples 
within domains of olivine gabbro, gabbro, gabbronorite and granodiorite. All analyzed 
samples plot in the low-potassium tholeiitic series field on the SiO2-K2O diagram, mani-
festing intrinsic tholeiitic geochemical affinity. 

(3) Tectonic discrimination diagrams demonstrate that cumulate gabbro bears island-
arc tholeiitic basalt affinity, whereas diabase and basalt are aĴributed to mid-ocean ridge 
basalt. Geochemical evidence suggests that the cumulate gabbros generated by a high-
degree partial melting of depleted mantle, and diabase as well as basalt originated from 
low-degree partial melting of primitive mantle. 

(4) The Kangxiwa ophiolite suite shows prominent petrological and geochemical het-
erogeneity, recording multi-stage oceanic lithosphere evolution. Cumulate gabbro and 
plagiogranite yield depleted mantle and island-arc signatures, while diabase and basalt 
display primitive mantle and typical MORB features. This heterogeneity indicates tectonic 
transition and multi-phase ophiolitic superimposition. The MORB-like signatures repre-
sent pre-subduction or incipient back-arc-spreading oceanic crust relics. Combined with 
island-arc fingerprints and coeval-arc volcanic assemblages, this suite is confirmed as an 
SSZ-type island-arc ophiolite. 
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