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SUPPLEMENTARY 1
ULTRAMAFIC–MAFIC COMPLEXES OF THE OPHIOLITIC ZONES IN THE WESTERN SEGMENT OF THE CENTRAL ASIAN OROGENIC BELT (CAOB)
Fragments of ultramafic–gabbroic sections of ophiolites in the western part of the CAOB occur only within certain zones, forming relatively limited tectonic slices and blocks enclosed in serpentine mélanges. The largest of such fragments are known from the Bayanaul and Maikain-Kyzyltas zones (Boshchekul-Chingiz region), the Dzhalair-Naiman zone (Kokchetav–North Tien Shan region), as well as the Tekturmas, North Balkhash, and Tangbale zones (Junggar–Balkhash region).
In the complete ophiolite section exposed at the Karaulcheku locality in the southwestern part of the Bayanaul zone (northeastern Central Kazakhstan), ultramafic-mafic complexes form the core of a large anticline, the limbs of which expose dolerites of the sheeted “sill-in-sill” complex, plagiogranite bodies, and mafic to intermediate volcanic rocks (Yakubchuk et al., 1988, 1989; Stepanets, 2016). The lowermost part of the section is composed of deformed serpentinized harzburgites with rare chromitite lenses, reaching a total thickness of up to 1000 m. Up-section, the degree of serpentinization and schistosity decreases, and alternating layers of harzburgites and dunites are observed, which are overlain by cumulative wehrlites, dunites, harzburgites, and lherzolites with a thickness of up to 700 m. This part of the sequence is capped by a horizon of olivine pyroxenites and predominantly orthopyroxenites up to 120 m thick, which gradually pass upward into a gabbro-norite complex up to 230 m thick and further into dolerites of the sheeted “sill-in-sill” complex intruded by concordant plagiogranite bodies dated at 480 ± 3 Ma (Degtyarev and Tretyakov, 2020). Compositional features of rocks and minerals from the ultramafic and gabbroic complexes suggest their formation in forearc settings (Stepanets, 2016). 
In the Maikain-Kyzyltas zone (northeastern Central Kazakhstan), fragments of the lower parts of ophiolitic sections are best preserved in its southwestern segment, north and east of Mt. Tolpak (Kuznetsov et al., 1990; Stepanets, 2016). Here, ultramafic–mafic complexes with a total thickness of about 370 m form a relatively small tectonic sliver. Its basal part consists of schistose serpentinites overlain by serpentinized harzburgites and dunites enriched in chromite. The layered complex, approximately 250 m thick, includes serpentinized dunites followed upward by alternating wehrlites, dunites, clinopyroxenites, olivine clinopyroxenites, gabbro-norites, and gabbros. Early Ordovician formation ages (480–477 Ma) were obtained for kaersutite-bearing gabbros of the gabbroic complex (Stepanets, 1992). The uppermost levels of the gabbroic sequence contain quartz diorites, trondhjemites, and microdiorites forming bodies up to several meters thick. The ultramafic and mafic rocks are tectonically overlain by slices composed of siliceous-tuffaceous and volcanogenic strata of Lower to Middle Ordovician age. Compositional characteristics of plutonic rocks from this ophiolitic section exposed on the northern slopes of Mt. Tolpak indicate their formation in suprasubduction zone settings.
In the Dzhalair–Naiman zone (southern Kazakhstan), fragments of the lower parts of ophiolitic sections are most completely represented in its central part (Andassai creek), where they form the South and North Andassai massifs (Mikhailov, 1971; Degtyarev et al., 2024). The structurally lowest position is occupied by a dunite–harzburgite complex forming an independent body about 14 km long and up to 3 km wide. This complex is dominated by serpentinized harzburgites interlayered with bands of serpentinized dunites ranging from a few centimeters to 1–2 m in thickness and intruded by numerous veins and bodies of pyroxenites and hornblendites. A dunite–wehrlite–pyroxenite–gabbro complex forms a separate tectonic sliver and is composed predominantly of gabbroids, among which serpentinized dunites and wehrlites, and more rarely olivine pyroxenites, are developed. Ultramafic rocks are interpreted as xenoliths within gabbro, as evidenced by veins and small dykes of pegmatitic gabbro cutting dunites and wehrlites. The upper age limit for formation of the ultramafic–gabbro complexes in the Dzhalair–Naiman zone is constrained by Early Cambrian (~520 Ma) ages of quartz diorites, tonalites, and plagiogranites intruding the gabbros. Compositional characteristics of the ultramafic and gabbroic rocks indicate their formation in suprasubduction zone settings (Degtyarev et al., 2024). 
In the northern part of the Tekturmas zone (Central Kazakhstan), a small fragment of the gabbroic section of an ophiolite sequence has been identified. It forms part of a tectonic sliver together with dolerites and rhyolites of the sheeted “sill-in-sill” complex, plagiogranites, and siliceous–basaltic strata. The gabbroids are represented by isotropic medium- to fine-grained mesocratic and leucocratic gabbros intruded by numerous dolerite and rhyolite dykes. The age of this part of the ophiolitic section is constrained by Middle–Late Ordovician (453 ± 4 Ma) ages of plagiogranites intruding dolerites of the sheeted “sill-in-sill” complex (Degtyarev et al., 2022).
In the Tangbale zone (western Junggar, northwestern China), the largest and best-preserved fragment is represented by the dunite–harzburgite complex forming an independent tectonic sliver approximately 7 km long and 1–3 km wide. This sliver occurs within Lower Paleozoic tuffaceous–terrigenous and volcanogenic–sedimentary sequences and is separated from them by schistose serpentinites of the mélange. Serpentinized harzburgites dominate the structure of the sliver, with subordinate dunites and rare lenses of lherzolites and chromitites. Studies of the compositional characteristics of ultramafic rocks and chromitites suggest that peridotites of the Tangbale zone were initially formed in mid-ocean ridge environments and were subsequently involved in suprasubduction zone settings, where they underwent metasomatic modification and partial melting, resulting in the formation of Cr-rich dunites and chromitites (Guo et al., 2020).
Fragments of the dunite–harzburgite, dunite–wehrlite–clinopyroxenite–gabbro, and gabbro–dolerite complexes are widely developed in the North Balkhash zone (see below), where they form separate tectonic blocks within serpentinite mélange (Mikhailov, 1971; Degtyarev et al., 2021; Milyukova et al., 2023).

ULTRAMAFIC–MAFIC COMPLEXES OF THE NORTH BALKHASH OPHIOLITE ZONE 
A characteristic feature of the North Balkhash zone is the presence of large fragments of ultramafic–mafic parts of ophiolitic sections forming separate massifs. In the western part of the zone, the dunite–harzburgite complex constitutes the Itmurundy Massif, those of the dunite–wehrlite–clinopyroxenite–gabbro complex form the Arkharsu Massif, and rocks of the gabbro–dolerite complex build the East Arkharsu Massif (Degtyarev et al., 2021).
The Itmurundy Massif extends for about 6 km with a width of 0.5–2 km and is composed of variably serpentinized spinel harzburgites with subordinate dunites. These rocks are interpreted as mantle residues formed during high degrees of partial melting (19–22%) in forearc spreading environments, with Re–Os model ages of formation ranging from 668 to 589 Ma (Milyukova et al., 2023).
The Arkharsu Massif (~4 × 3 km) consists of dunites, wehrlites, clinopyroxenites, gabbros, and gabbro-norites ranging from leucocratic to melanocratic varieties. Three main units are distinguished: (1) ultramafic rocks forming the lower part of the section and represented by alternating serpentinized dunites, wehrlites, and clinopyroxenites; (2) overlying gabbroids containing ultramafic bodies; and (3) gabbroids almost devoid of ultramafic rocks. The total thickness of the Arkharsu section is about 1800 m. Ultramafic bodies enclosed within gabbroids form intrusive bodies of variable size (0.3–1 km long and 30–150 m wide) and irregular morphology.
The East Arkharsu Massif forms a tectonic sliver measuring approximately 1.5 × 1.3 km and is composed of alternating medium- to fine-grained leucocratic, mesocratic, and melanocratic gabbros. Brecciated and mylonitized dolerites and gabbro-dolerites are widely developed in the central part of the massif and are intruded by small bodies of quartz diorites and plagiogranites. The total thickness of gabbros, gabbro-dolerites, and dolerites does not exceed 250–300 m. Early Cambrian formation ages (520 ± 2 Ma) have been obtained for the plagiogranites (Degtyarev et al., 2021).
The massifs considered above are located in close proximity to each other and most likely represent fragments of different levels of a single ophiolitic section that formed in forearc settings during the first half of the Early Cambrian.
In the central part of the North Balkhash zone, ultramafic rocks, gabbroids, and plagiogranites forming the Tesiktas Massif constitute a fragment of the basal part of an ophiolite sequence with a distinct internal structure. The massif extends southwestward for about 5 km, with a width ranging from 1.0 to 2.5 km. Ultramafic rocks are represented mainly by serpentinized dunites, whereas wehrlites occur less commonly. Pyroxenites are minor and form interlayered zones with gabbros up to 300 m thick. Gabbroids, which make up a substantial portion of the massif, are represented by variably amphibolized leuco-, meso-, and melanocratic gabbros displaying mottled textures. Up-section, mottled gabbros are replaced by fine-grained gabbros, gabbro-dolerites, and dolerites intruded by numerous veins and larger bodies of quartz diorites and plagiogranites. The total thickness of the Tesiktas section reaches approximately 1000 m. Plagiogranites from the massif yield formation ages of ca. 530 Ma, corresponding to the beginning of the Early Cambrian. Compositional characteristics of the rocks suggest that their formation also took place in a forearc setting (Degtyarev et al., 2021). 


SUPPLEMENTARY 2
U–PB ZIRCON GEOCHRONOLOGY OF GRANITOIDS OF THE TYULKULAM MASSIF
To constrain the age of granitoids from the Tyulkulam Massif, U–Pb (SIMS) isotopic dating of accessory zircon grains was carried out. The study was performed on sample B2110 (47°07′48.62″ N; 78°26′35.72″ E), collected from granodiorites exposed in the western part of the Tyulkulam Massif.
Accessory zircon from plagiogranites is mainly represented by euhedral crystals of prismatic to bipyramidal habit, typically 100–200 μm in size, with elongation ratios of 1.0–3.0. The zircons display well-developed magmatic zoning (Fig. S1a).  A concordant age calculated from U–Pb analyses of 18 zircon grains yields 299 ± 3 Ma (Fig. S1b; Table S9), corresponding to the uppermost Gzhelian Stage of the Late Carboniferous. The morphological characteristics of zircon from the plagiogranites indicate a magmatic origin. Therefore, the obtained age is interpreted to represent the timing of crystallization of the parental melt of the plagiogranites.
[image: ] 
Fig. S1. (a) Cathodoluminescence (CL) images of zircon crystals from plagiogranite of the Tyulkulam Massif (sample B2110), obtained using a Camscan MX 2500S scanning electron microscope. Spot numbers correspond to those listed in Table S9. Circles indicate analytical locations. (b) Concordia diagram for zircons from plagiogranites of the Tyulkulam Massif (sample B2110).
SUPPLEMENTARY 3
METHOD FOR CALCULATING THE COMPOSITION OF EQUILIBRIUM MELTS
The main assumptions of this approach are that all minerals in a given sample crystallized from the same parental melt at the same temperature and that no significant post-magmatic processes affected the rock. Application of the method requires the following data: whole-rock chemical composition, modal mineral composition of the rock, mineral–melt partition coefficients, and an estimate of the proportion of trapped melt (trapped melt fraction, tm).
The modal composition was determined using the compositions of primary minerals in each sample and the whole-rock composition, applying a least-squares minimization of the relative misfit between measured and calculated bulk compositions.
The principle of estimating the composition of trapped melt from whole-rock data is that the concentration of element i in the rock can be expressed as the sum of its concentrations in all constituent phases, including the fraction of trapped melt:
 (1),
where  is the modal proportion (mass fraction) of a given phase in the rock, and C denotes the concentration of element i in the whole rock and in the individual phases. If no analytical data are available for the concentration of element i in a mineral (e.g., for trace and rare earth elements), its content can be estimated using mineral–melt partition coefficients:
, where - mineral–melt partition coefficient
Thus, by substituting Eq. (1) into Eq. (2), a formula for calculating trace and rare earth element concentrations in the trapped melt is obtained:
(3)
Application of the method requires an appropriate set of partition coefficients. Mineral/melt partition coefficients (D) for this study were calculated using the parameterization for olivine (Bédard, 2005), for plagioclase (Bédard, 2023), for orthopyroxene (Bédard, 2025), for clinopyroxene (Bédard, 2014) and for amphibole (Shimizu et al., 2017; Tiepolo et al., 2007; Cung et al., 2023) (Table S10).
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