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Abstract

:

In order to assess the geochemical effects of retrograde metamorphic rehydration, fluid metasomatism, and the fluid-mobile elements (FMEs) budget in the case of oceanic and continental subduction, we report the petrography, bulk, and in situ LA-ICP-MS trace-element data for the two poorly studied ophiolites in the northern (Khara-Nur, Eastern Sayan, Russia) and central (Alag-Khadny accretionary wedge, SW Mongolia) parts of the peri-Siberian orogenic framing. Both complexes are relics of the ancient oceanic mantle, which was subjected to processes of partial melting, metasomatism, and retrograde metamorphism. Typical mineral assemblages include olivine + orthopyroxene + chlorite + tremolite ± secondary olivine (640–800 °C), olivine + antigorite ± secondary clinopyroxene (<640 °C), and olivine + chrysotile ± secondary clinopyroxene (<250 °C) and are stable at pressures up to 2 GPa. Hydration and partial serpentinization of mantle peridotites lead to tremolite formation after orthopyroxene, followed by olivine replacement by antigorite. Serpentine-group minerals (antigorite and chrysotile) were distinguished by Raman spectroscopy, and the contents of incompatible elements (mobile and immobile in fluids) in metamorphic minerals (tremolite, antigorite, and chrysotile) were examined in situ by LA-ICP-MS. The behavior of conservative HFSE (Zr, Nb, Ta, and Ti) and—in part—HREE does not distinguish between the two types (oceanic and continental) of subduction environments. Different patterns of FMEs (Cs, Rb, Ba, U, Sb, Pb, Sr, and LREE) enrichment in metaperidotites reflect variations in the slab fluid composition, which was primarily governed by the contrasting nature of subducted lithologies. The affinity of Alag-Khadny to the subduction of a continental margin is recorded by increased FME contents and selective enrichment by some moderately mobile elements, such as U, Th, and LREE, with respect to the oceanic-type subduction environment of Khara-Nur. Distinct patterns of FME enrichment in tremolite and antigorite from two complexes indicate different sequences of fluid-induced replacement, which was controlled by Opx composition. We demonstrate that evaluation of the initial composition of precursor minerals affected by multi-stage melting and melt metasomatism should be considered with care to estimate the differential fluid overprint and associated elemental uptake from subduction fluids.
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1. Introduction


Subduction zones are major sites of crustal recycling and mantle–crust interaction. The onset of subduction disrupts the thermal and geochemical equilibrium of rocks in the upper mantle and leads to low-temperature–high-pressure (LT–HP) metamorphism, fluid and melt metasomatism, and magmatism at crust–mantle boundaries. The recycling of crustal rocks and sediments is now accepted as the primary reason for the geochemical heterogeneity of the mantle [1,2,3,4], whereas fluid transfer between the subducted lithosphere and the suprasubduction mantle governs most of the subduction-zone cycling of volatiles and fluid-mobile elements (FMEs). Thus, studies on fluid–rock interaction processes at slab–mantle interfaces and within the mantle wedge provide vital information for understanding the compositional evolution of the upper mantle [4,5,6,7].



Recent studies have emphasized the major role of hydrous minerals in recording the fluid–peridotite interaction, as they may act as in situ reservoirs of volatiles and FMEs [4,8,9,10,11,12,13]. The generation of secondary hydrous minerals in mantle-wedge peridotites is a hydrothermal process, whereby there is an interaction between primary peridotite silicates (olivine and pyroxenes) and hydrous fluids [10]. Hydrous minerals (mainly amphibole, chlorite, and serpentine) may incorporate up to 20 wt.% H2O and are stable to depths of ~150 km, making them an excellent reservoir for FMEs in supra-subduction environments [9,11,14,15,16]. Normally, FME (re-)distribution depends on a number of parameters, including the mineralogical composition of the protolith [17]; the depth (and hence, pressure) of the serpentinization process [18]; the lithology of subducted rocks, the subduction regime, and the type of subduction [4,11,19]. In particular, chrysotile and lizardite form at low-temperature conditions below 300 °C, whereas antigorite and tremolite are formed and may be stable at a wide temperature range of 300–650 °C and 600–800 °C, respectively [20,21,22,23,24,25], that affects both their FME capacity and the composition of released fluids from serpentine-group mineral dehydration breakdown. The in situ studies of hydrous minerals thus make it possible to estimate the budget of FME introduction into the slab–mantle interface relative to the recorded former processes of melting and melt metasomatism and deepen our understanding of FME migration within the mantle wedge and subduction-zone factory.



Three domains of variably hydrated peridotites co-exist in subduction zone sections, including (1) abyssal peridotites variably hydrated by seawater along deep faults ([8,9,26] and refs therein), (2) serpentinites of the subduction channel at the contact between a slab and mantle wedge ([10,18,27,28] and refs therein), and (3) mantle-wedge metaperidotites located on top of the abovementioned domains [29,30,31,32,33,34]. Metaperidotites of the subducted slab are characterized by prograde replacement of low-temperature hydrous assemblages by higher-T and anhydrous metamorphic phases due to a gradual increase in temperature and pressure. Mantle-wedge metaperidotites exhibit a reversed (retrograde) path of metamorphic transformation, with the replacement of primary anhydrous minerals by high-T and, further, by lower-T hydrous assemblages. Most studies have focused on the first two, while studies on mantle-wedge metaperidotites have yet been limited to fragmentary data on the whole-rock composition and major elements in mineral phases [29,30,31,32,33,34]. Among the latter, the behavior of FMEs in metamorphic minerals in serpentinites and metaperidotites was investigated mainly in abundant oceanic-type subduction ophiolites [18,35]. The subduction of continental rocks (i.e., granitoids and acid volcanics, sediments, and carbonate rocks), which are geochemically distinct and may be significantly drier with respect to the oceanic lithosphere, may lead to different dehydration conditions and volumes of fluid generation, and produce distinct patterns of fluid enrichment, as, for instance, reported by [9,11]. Here, we report the petrography, bulk, and in situ LA-ICP-MS trace-element data for the two poorly studied ophiolites in the northern (Khara-Nur, Eastern Sayan, Russia) and central (Alag-Khadny accretionary wedge, SW Mongolia) parts of the peri-Siberian orogenic framing to assess and compare the potential geochemical effects of metamorphic rehydration, fluid metasomatism, and the FME budget in the case of oceanic and continental subduction.




2. Geological Setting and Sample Petrography


The Central Asian Orogenic Belt (CAOB) is one of the world’s largest accretionary orogens that formed due to the closure of the Paleo-Asian Ocean in the Neoproterozoic–Paleozoic and the subsequent collision of the Siberian, Tarim, and North China cratons [36,37]. The formation of the CAOB began with the Neoproterozoic accretion of intraoceanic island arcs to the southern and southwestern margins of the Siberian craton (Figure 1A,B) [37,38]. Further, during the rest of the Paleozoic, many island-arc (continental and oceanic types) terranes and microcontinents continued to accrete to the southern and western margins of the Siberian craton [37,39,40,41]. As a result, suprasubduction ophiolites of Mesoproterozoic to Paleozoic ages are juxtaposed in the present CAOB collage.



2.1. Khara-Nur Metaperidotites


The Khara-Nur (KN) ultramafic massif is located within the Tuva-Mongolian microcontinent in the southeastern part of the Eastern Sayan mountain range. The area has a thrust-sheet structure [42], in which the autochthonous rocks of the Early Precambrian crystalline basement (Gargan Block) are covered by Proterozoic rocks of the Irkut and Ilchir Formations. The Irkut Formation is composed predominantly of limestones and dolomites, and the Ilchir Formation is composed of black shales and mafic metavolcanics, while both are overlain by an ophiolitic cover. The latter contains fragments of residual mantle peridotites (Ilchir Complex), ultramafic-mafic cumulates (Bokson and Zhokhoy Complexes), and a complex of parallel dykes and volcanics (Ospin and Dunzhugur Formations) [42]. The lava and dyke complex chemically resemble the rocks of boninite and island-arc tholeiite series [43]. The presence of boninites is attributed to the Eastern Sayan ophiolites to suprasubduction ophiolites associated with Mariana-type subduction [44,45] and also indicates their proximity to forearc ophiolites, which are quite widespread within CAOB [37,46,47]. The regional metamorphism of the Irkut, Ilchir and Ospin formations corresponds to the conditions of greenschist facies [42].



The KN massif extends for ~25 km from the Urik River in the northeastern direction with a width of 1–7 km (Figure 1B). It overlies the rocks of the Gargan Block at its northwestern boundary. Ultramafics of the massif are part of the ophiolitic cover, which tectonically combines intrusive rocks (gabbroids and pyroxenites of the Bokson Complex) and volcanics (Ospin Formation) [42]. The ophiolite cover is underlain by sediments of the Irkut and Ilchir Formations. In the northwest, it has a tectonic contact with phosphate-bearing carbonate strata of the Bokson Series (Figure 1B). The massif is mainly composed of serpentinized dunites and harzburgites; serpentinites and talc-carbonate rocks are located in the western part of the massif and along its southern and northern margins (Figure 1B) [48]. Olivine-antigorite-diopside (Ol-Atg-Di), olivine-tremolite (Ol-Tr), and olivine-orthopyroxene-tremolite (Ol-Opx-Tr) metaperidotites are developed alternately on the northwestern slope of the Ulan-Khoda mountain, and harzburgites are found closer to the top (Figure 1C). Transitions between all varieties of rocks are not sharp but gradual. According to recent studies [46,47], primary harzburgites and dunites of Khara-Nur represent relics of the ancient subcontinental lithospheric mantle involved in a subduction zone within the Paleoasian Ocean.
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Figure 1. Simplified geological scheme of the Khara-Nur massif and its structural position in the Central Asian Orogenic Belt (CAOB). (A) General structure of the CAOB and surrounding cratons [49,50] with TMM contour. (B) Detailed geologic map of the Khara-Nur massif and adjacent areas with additions [42,51]. (C) Geological scheme of the detailed area study with the location of primary harzburgites and metaperidotites and their metamorphic counterparts sampled [47]. 
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Metaperidotites are found in most parts of the Khara-Nur massif. Ol-Atg-Di and Ol-Tr metaperidotites are dark green and black rocks with massive structures and porphyroblastic textures and are composed predominantly of serpentine, which is represented by thin radiating cross-bedded fibers, with relics of primary olivine (Figure 2C). Secondary Di and Tr are also present, which replace primary Opx (Figure 2E–I). Ol-Opx-Tr metaperidotites are fine-grained rocks of dark green and black color with granoblastic-lepidoblastic massive structures. Spinel is present as large (up to 1 mm) irregular-shaped grains, often with magnetite rims of variable thickness from the first μm to ~100 μm (Figure 2A,B). The amount of primary Ol varies from 40 to 70 vol.% at a size from first tens to first hundreds of microns (Figure 2A–D). Olivine relics often form intergrowths with a fibrous mixture of two serpentines (Atg and Ctl) (Figure 2A), antigorite alone (Figure 2B,C), or chrysotile alone (Figure 2D). Opx is present as large elongated porphyroclasts up to 2 mm. (Figure 2E–G) and is replaced by Tr along margins and fractures (Figure 2E–G). Opx is often completely replaced by a mixture of tremolite and secondary Ol together with Atg ± Ctl (Figure 2H,I). Primary Cpx is almost absent in metaperidotites and was presumably replaced by tremolite, whereas the first vol.% of Cpx is present in unaltered harzburgites [44].



Secondary minerals, including serpentine (antigorite and chrysotile), Tr, secondary Ol, and Di, are developed after primary parageneses of KN peridotites. Serpentine is presented in two generations, including high-temperature (250–550 °C) Atg and low-temperature (<250 °C) chrysotile. Atg forms thin flakes, which are mainly located along the margins and fractures of primary Ol (Figure 2B,C) and near Opx (Figure 2F). Atg is often found mixed with Ctl and developed on both Ol (Figure 2A) and orthopyroxene (Figure 2E,H). Ctl forms shapeless tangled fibrous aggregates, which develop after both primary Ol along margins and fractures (Figure 2D; Figure S1A,B in Supplementary File S1) and may partially replace Atg (Figure 2E,H). There is also petrographic evidence of Ctl growth on Atg, which supports the later-stage formation of Ctl (Figure S1C in Supplementary File S1). Serpentinization of primary Ol may produce magnetite (Figure 2C). Tr replaces only Opx along its margins and fractures (Figure 2E–G) and is sometimes observed together with secondary Ol (Figure 2I). It forms clusters of small-sized elongated needle-like crystals. Secondary Ol occurs only in association with Tr (Figure 2H,I), where it is further replaced by secondary Di (Figure 2F,G).




2.2. Alag-Khadny Metaperidotites


The Alag-Khadny (AK) accretionary complex (or accretionary wedge) is located in the western part of the Gobi-Altay zone near the intersection of the Main Mongolian Lineament and the suture zone between the Dzabkhan-Baidrag microcontinent [52] and the Lake Zone. The latter includes a number of the Early Paleozoic ophiolites and subduction-accretionary complexes ([53,54] and refs therein]). Within the AK, basement granite-gneiss rocks of the Zamtyn-Nuru crystalline complex (~950 Ma; [54,55]) are associated with metasedimentary rocks, including metapelites found at the southern margin of AK, which might represent a sedimentary cover of an Early Neoproterozoic rifted continental margin [55]. The whole AK structure is tectonically overlain by volcanogenic-sedimentary and carbonate rocks of the Tsakhir-Uul Formation with Early Cambrian fauna [56]. Eclogites were reported in AK as individual boudins (up to several hundred meters) in metasedimentary rocks and carbonates and are spatially associated with the spread of orthogneisses and metapelites [39,40]. Based on geochemical characteristics similar to the T-MORB basalts, high-pressure rocks were originally attributed to an accretionary complex of Early Cambrian subduction [57]. More recent models suggest the formation of sedimentary and igneous rock protoliths in a continental-margin setting that evolved from Early Neoproterozoic rifting [40] or supra-subduction back-arc magmatism [54] to the Early Caledonian subduction-accretionary stage (540–530 Ma). The eclogite-facies metamorphism (600–620 °C, 1.9–2.1 GPa) is interpreted as the result of subduction of the continental margin [37,52], when predominantly felsic (metagranitoid and metasedimentary) rock with a subordinate amount of mafic crust was buried beneath the oceanic crust [55]. From the south, the high-pressure AK rocks are in tectonic contact with pre-Early Cambrian carbonates of the Maikhan-Tsakhir Formation, which hosts bodies of low- to medium-pressure mafic amphibolites. The latter were formed in an environment of intracontinental stretching within a continental margin [58].



The AK metaperidotites are located southward from the high-pressure and low-pressure accretionary domains and also exhibit tectonic contact with the abovementioned units (Figure 3). Ultramafic rocks were interpreted to represent a structural extension of the Khantayshir ophiolites [59,60], but were later reported as an independent structural domain of the AK complex along with eclogites, amphibolites, and metasediments [54,61,62].



Mineral assemblages and geochemical features of metaperidotites indicate the formation of source rocks in a spreading environment with later supra-subduction refertilization by melts and/or fluids and further metamorphism at P–T parameters similar to those for eclogites (640–720 °C, 1.6–2 GPa) [62]. The AK metaperidotites are represented by porphyroblastic Ol-Atg and Ol-Opx-Tr rocks with rare relics of primary silicates (Ol and Opx, and rare Cpx) (Figure 4A). Large irregularly shaped Cr-spinel grains are usually located in intergranular space (Figure 4B–D) and have metamorphic rims of variable thickness from thin ~20–100 μm (Figure 4B,C) to almost complete inward replacement of the primary Cr-spinel (Figure 4D). Smaller Cr-spinels are more rapidly replaced by Cr-magnetite rims than larger ones (Figure 4A,B). Ol is present as relics of different sizes (up to 4 mm) and isometric to irregular in shape, with the size depending on the degree of replacement by serpentine (Atg mixed with Ctl) (Figure 4A) and by Ctl alone (Figure S1D in Supplementary File S1). Ol is often broken by serpentine aggregates into separate fragments (Figure 4A–D). Opx is present as large porphyroclasts (up to 2 mm, Figure 4F), which are almost completely replaced by pseudomorphs of metamorphic Tr, secondary Ol, and Di (Figure 4B). Atg and Ctl may also develop after these pseudomorphs (Figure S1E,F in Supplementary File S1). The Opx relics preserved in the Tr suite contain Cpx lamellae, which indicate its primary origin. Small rounded and isometric grains of metasomatic (refertilization-related) Cpx (Figure 4A) are present in almost all rocks, and their amount does not exceed the first vol.%.



Hydrous serpentine (including high-temperature Atg and low-temperature Ctl) and amphibole, and H2O-free secondary Ol and Di, are formed as secondary phases after primary assemblages of peridotites in both AK and KN complexes. However, the rocks exhibit distinct abundances of high- and low-temperature hydrous phases; in the KN, Atg-varieties predominate, whereas in the AK, Ctl-bearing rocks are more widespread. Atg develops along Ol margins and fractures (Figure 4E), and forms bastite after Opx; Ctl can also develop after both Ol and Opx (Figure 4A–D,F and Figure S1E,F in Supplementary File S1). Both serpentines are commonly associated with small agglomerations of magnetite. Amphibole is mainly Tr, which is closely associated with secondary Ol and secondary diopside and develops along orthopyroxene; Tr flaky aggregates are primarily oriented parallel to cleavage planes of the replaced orthopyroxene (Figure 4F). The identification of serpentine was confirmed by Raman spectroscopy (see Section 3). Serpentine from Khara-Nur and Alag-Khadny peridotites is represented by both antigorite and chrysotile (Figure S2 in Supplementary File S1).





3. Methods


Petrographic features and major-element composition of mineral phases in the Khara-Nur and Alag-Khadny metaperidotites were studied using a Tescan MIRA 3 LMH (Tescan, Brno, Czech Republic) scanning electron microscope (SEM) equipped with an Oxford Instruments Ultim MAX 40 energy-dispersive (EDX) spectrometer (Oxford Instruments, Buckinghamshire, High Wycombe, UK). To reveal textural and structural features, microphotographs of polished thin sections were taken in back-scattered electron (BSE) micrographs. Mineral analyses were performed at an accelerating voltage of 20 kV, a beam current of 10 nA, and a beam diameter of ~1 μm. The time of background acquisition was 5 s at an analytical signal acquisition of 10 s. Pure Ni was used as the calibration standard. For quantitative analyses, some samples were examined by electron-probe X-ray microanalysis (EPMA) using a JEOL Superprobe JXA8200 microanalyzer (JEOL, Tokyo, Japan) at a beam size of 2 μm, a current of 15 nA, and an accelerating voltage of 20 kV. A set of standard samples including albite for Na, pyrope garnet for Al, potassium feldspar for K, diopside for Ca, forsterite for Mg, Mn-garnet for Mn, Ti-ilmenite for Ti, and Cr-spinel for Cr were used for calibration. Sample preparation, SEM, and EPMA studies were carried out at the Center of Isotope and Geochemical Research of Vinogradov Institute of Geochemistry SB RAS [63].



The major oxide contents in the key samples were obtained using the X-ray fluorescence (XRF) method. For the analysis, rock powders (~110 mg weight) were fused with a mixture of lithium metaborate and triborate with the addition of LiBr solution. The determination of elemental contents was carried out using the Bruker S4 Pioneer XRF spectrometer (Bruker Corporation, Billerica, MA, USA). A detailed methodology was reported by [64]. The content of rare and trace elements was analyzed by ICP-MS on a Perkin-Elmer NexION 300D (Perkin-Elmer Corporation, Norwalk, CT, USA) quadrupole mass-spectrometer with preliminary sample preparation via acid decomposition. Powdered sample suspensions (0.05 g) were decomposed in a mixture of concentrated nitric and hydrofluoric acids (1:2) for 7 days at 110 °C. A set of standard samples (SDU, BHVO-1, and JP-1) were used for controlling the accuracy and reproducibility of measurements. XRF and solution ICP-MS measurements involved equipment from the Center of Isotope and Geochemical Research IGC SB RAS as well.



The identification of serpentine varieties was performed by Raman spectroscopy using the WITec Alpha 300R confocal Raman spectrometer (Oxford Instruments, Buckinghamshire, High Wycombe, UK) equipped with a 532 nm laser and three gratings (300, 600, and 1800 grooves/mm). The laser was focused through a 100× Zeiss objective. The laser power was set to 10 mW. To estimate instrument drift, the silicon wafer was measured at least twice a day. The identification of serpentine polymorphs was performed via comparison with reference Raman spectra of serpentines from [65].



Laser-ablation-based mass-spectrometry with inductively coupled plasma (LA-ICP-MS) was applied to obtain the contents of trace elements in major silicate minerals (olivine, orthopyroxene, amphibole, and serpentine). LA-ICP-MS measurements were carried out using the Agilent 7900 (Agilent company, Santa Clara, CA, USA) quadrupole mass-spectrometer coupled to the Analyte Excite laser ablation unit (Teledyne Photon Machines, Thousand Oaks, CA, USA) with the HelEx II cell and an ArF excimer 193 nm laser. The flow values of the cooling, plasma, and Ar addition gas were 16.0, 1.0, and 1.0 L/min, respectively. Helium with a purity of 6.0 and a flow rate of 1.0 L/min was used as the carrier gas. The plasma power was 1550 W. Polished thin sections previously examined by SEM-EDX and EPMA methods were selected for analyses. All samples and standards were analyzed under the same measurement conditions, including background measurement of 20 s, sample analysis of 40 s, laser beam diameter of 60–110 μm (as determined by the size of the analyzed phases), laser energy of 3.51 J/cm2, and pulse frequency of 10 Hz. SRM NIST-612 silicate glass (National Institute of Standards and Technology, Gaithersburg, MD, USA) was used for the internal calibration, and BCR-2G and BHVO-2G basaltic glass standards (United States Geological Survey, Denver, CO, USA) were used for accuracy and reproducibility control of the unknowns. Elemental contents were calculated using “Iolite 4.88” software. Silicon (29Si) measured by SEM-EDX and EPMA was used as an internal standard as an element included in both the analyzed unknowns and RMs in significant amounts. In situ trace-element measurements and Raman spectroscopic identification of serpentine-group minerals were carried out at the Center of Geodynamics and Geochronology of the Institute of the Earth’s Crust SB RAS.




4. Results


4.1. The Whole-Rock Composition


Major- and trace-element compositions of metaperidotites from both KN and AK are provided in Supplementary File S2. The studied metaperidotites contain a rather large amount of volatile components, which is expressed in high LOI within 4.42–19.1 wt.% (KN) and 5.52–11.3 wt.% (AK) (Supplementary File S2). The contents of all major oxides were normalized to the anhydrous residue to avoid overlapping artifacts due to different volatile component contents. The samples of both complexes are characterized by similar ranges of SiO2 (40.2–45.8 wt.%), FeO (5.4–9.1 wt.%), TiO2 (<0.1 wt.%), and Cr2O3 (0.24–0.84 wt.%), but distinct contents of MgO (44.5–49.2 wt.% for KN; 42.8–46.1 wt.% for AK), Al2O3 (0.25–0.72 wt.% for KN, with one outlier of 1.7 wt.%; 0.9–1.62 wt.% for AK), and CaO (0.12–0.99 wt.% for KN; 0.18–1.86 wt.% for AK) (Supplementary File S2). In terms of CaO-Al2O3 and MgO/SiO2-Al2O3/SiO2 systematics, the composition of metaperidotites from both complexes is consistent with the same trend of progressive partial melting (Figure 5), with all samples resembling the composition of relatively depleted harzburgites (Figure 5A). Nonetheless, AK metaperidotites are characterized by higher CaO and Al2O3 at lower MgO contents and thus are closer to the composition of the primitive mantle (PM).



A similar split is typical for rare-earth element (REE) and trace-element patterns of KN and AH metaperidotites (Figure 6). Metaperidotites from both complexes exhibit U-shaped REE patterns (Figure 6A), which are characteristic of abyssal serpentinites as, for instance, in the Mid-Atlantic Ridge East Pacific Rise at Hess Deep [66]. However, AK metaperidotites are characterized by higher chondrite-normalized REE values (0.1–2 chondrite levels) relative to KN metaperidotites (0.01–0.4 chondrite levels). According to the contents of the most conservative HREE, AK metaperidotites may represent residues from 10%–20% partial melting, whereas higher melting degrees (20%–30%) are reconstructed from KN metaperidotites. High melting degrees of peridotites from both massifs are also confirmed by comparable contents of HFSE (Ti, Zr) and Cr# Spl values [47,62].
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Figure 5. Major oxide compositions of metaperidotites from the Khara-Nur (blue circles) and Alag-Khadny (red circles) massifs, recalculated to anhydrous residues. (A) CaO-Al2O3 systematics; (B) MgO/SiO2-Al2O3/SiO2 ratios. The outlined fields mark compositions of relatively depleted harzburgites, undepleted lherzolites (both—after ([18] and refs therein)), and primitive mantle (PM) [67]. 
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The extended trace-element spectra for metaperidotites (Figure 6B) are characterized by similar shapes and differential enrichment in FMEs relative to abyssal serpentinites [68] and—in part—with respect to PM composition. The highest enrichment degrees, i.e., from 0.2–0.8 (Sr) to 1.5–30 (Sb) PM levels, are typical for the AK samples; in the KN samples, similar patterns are observed with, for instance, ~0.01–0.1 PM level contents for Sr to 1–12 PM levels for Sb. Along with that, the elemental contents and distribution patterns for slightly incompatible and relatively compatible (Yb-Ni) elements are similar in samples of both complexes and correspond to those in abyssal serpentinites (Yb-Ni) and PM (Co-Ni) (Figure 6B).




4.2. In Situ Trace-Element Composition of Mineral Phases


The LA-ICP-MS in situ trace-element composition of primary Ol and Opx, serpentine-group minerals, and amphibole in the representative samples are provided in Supplementary File S2. As noted above, serpentine-group minerals (Atg and Ctl) develop after both primary Ol and Opx, and Ctl has also been detected in large serpentine clusters as replacing Atg. To distinguish between hydrous phases, which replaced distinct primary silicates, we further label Atg and Ctl in relation to their relic phases, for example, Atg(Ol) for Atg after olivine and Ctl(Opx) for Ctl after Opx.



Trace-element patterns of Ol from AK and KN metaperidotites, as well as those from KN harzburgites and dunites, correspond to those of the New Caledonia mantle-wedge peridotites [30] and are located between Korab Kansi and Abu Dahr forearc highly depleted peridotites (25%–40% of partial melting) [70] and retrograde metaperidotites of Happo O’ne [31,71]. They are characterized by similar contents of relatively fluid-immobile HFSE and some REE (Yb, Y, Zr, and Ce) and variably mobile LILE (Sr, Pb, and Ba) elements; some Ol analyses exhibit contents below the limit of determination (LOD) (Figure 7A,B). For primary Ol from AK metaperidotites, the contents of some FMEs, such as U, W, and Sb, were determined, but for a part of the olivine analyses, most FMEs such as Cs, Rb, Ba, W, U, Pb, and Sb were still below LOD. Although KN olivines were analyzed in both metaperidotites (Ol-Opx-Tr, Ol-Tr, and Ol-Atg-Di rocks) and harzburgites and dunites, which were not affected by metamorphism, their composition is similar (Supplementary File S2).



The analyses of Atg(Ol) in samples from both complexes show typical inheritance from relic Ol composition in all HFSE and—in part—in FMEs, such as Rb (0.02–0.1 PM), Pb (0.01–1 PM), and Sr (0.0006–0.01 PM), but with a tendency of enrichment relative to Ol (Figure 7C,D). Atg(Ol) from KN samples shows a slight enrichment in Cs, Ba, W, and Sb (Figure 7C), while Atg(Ol) in AK samples also adds more U (Figure 7D). The only analysis of Ctl(Ol) from KN is characterized by the presence of maximum Ba (0.1 PM), Pb (3 PM), Sb (50 PM), and Sr (0.015 PM) as compared to Atg(Ol). In Ctl(Ol) from AK metaperidotites, wide compositional variations from values close to Atg(Ol) to 10 times higher Cs (10 PM), Rb (2 PM), Ba (1 PM), Sr (0.1 PM), and Ga (0.1–0.2 PM) than Ol contents are observed (Figure 7D).



Primary Opx has a trace-element composition indistinguishable from that of Ol from the New Caledonia mantle-wedge peridotites, but has lower Y (0.002–0.02 PM for KN, 0.02–0.08 PM for AK) and Yb (0.01–0.1 PM for KN. 0.04–0.1 PM for AK) contents (Figure 8A,B). Opx in both KN and AK metaperidodites have intermediate contents of the least incompatible HFSE and HREE (Zr-Yb) between Korab Kansi and Abu Dahr forearc highly depleted peridotites [70] and retrograde metaperidotites of Happo O’ne [31,71]. FMEs in Opx KN have values similar to that of Opx in the Korab Kansi and Abu Dahr metaperidodites, whereas, in AK samples, they are much higher (Figure 8A,B). Opx in AK samples is also characterized by significantly higher FME, especially that of Ba (0.6–0.9 PM), Pb (0.6–10 PM), and Sr (0.1–0.8 PM) relative to Opx of the New Caledonia peridotites (Figure 8B). Other FMEs, U and W, were also detected in Opx from AK samples but were below LOD for Opx from KN metaperidotites.



Atg(Opx) mimics the composition of primary Opx in both massifs by the distribution of moderately incompatible and HFS elements (Figure 8C,D). In KN samples, Atg(Opx) is characterized by the enrichment of FMEs (Cs, Rb, Ba, and Sr) up to 10 times and close Pb contents relative to the composition of relic Opx (Figure 8C). In contrast, Atg(Opx) has the same or lower contents of Cs, Rb, Ba, and Pb with respect to the composition of Opx (Figure 8D).



Ctl(Opx) in KN and AK rocks also inherits the composition of the relic Opx in terms of the fluid-immobile elements (Figure 8E,F), but exhibits increased contents of some FMEs (e.g., W and Sb) in KN samples, while W was not detected in Opx in KN metaperidotites. In AK metaperidotites, Ctl(Opx) demonstrates all FME contents close to that of Opx, except Pb (0.007–0.6 PM), which is lower than in Opx (Figure 8F). Trace-element patterns of Ctl(Atg) in the KN metaperidotites completely follow those of Atg but have the highest contents of Sb (>10 PM, Figure 8E). In AK samples, Ctl(Atg) also mimics the composition of Atg, except U, W, and Sb, which show the highest values (above 10 PM) (Figure 8F).



Tr in samples from both complexes replaces Opx and inherits the composition of the latter, with a tendency to increase the content of LILE (Cs, Rb, and Ba; Figure 8G,H). In KN, Tr has high Sr contents (0.08–1 PM; Figure 8G), which are ~8–10 times higher than in relic Opx and distinguish it from Tr from AK (Figure 8H).





5. Discussion


5.1. The Origin and Retrograde Hydration Conditions for AK and KN Peridotites


Residual peridotites of the Khara-Nur massif are strongly depleted (20%–30%) spinel harzburgites and dunites [47], which were interpreted to originate from the subcontinental lithospheric mantle, followed by the involvement of mantle portions into the forearc environment during initiation of the oceanic Dunzhugur paleo-arc system [72]. Within the forearc, they were subjected to metasomatism via interaction with hydrous subduction melts, which is recorded in the elevated contents of strongly incompatible elements [47]. In contrast, the AK peridotites are less depleted (10%–20%) spinel harzburgites; their formation is likely related to an extensional (mid-ocean ridge or back-arc basin) oceanic setting in the Early Neoproterozoic oceanic lithosphere. Based on trace-element modeling, AK peridotites might undergo a stage of re-melting and concurrent refertilization by percolating melts in the mantle wedge above the continental-type subduction zone [62]. In both cases, however, mantle peridotites were affected by consequent metamorphic hydration of mantle-wedge refertilization.



The primary mineral assemblage Ol-Opx-Spl is present in the metaperidotites of both massifs. In Ol-Tr ± Opx rocks, it is represented by olivine porphyroclasts (Ol1, Figure 4A), orthopyroxene relics with Cpx exsolution lamellae in large orthopyroxene pseudomorphs (Figure 2F,G and Figure 4E), and Cr-spinel relic grain cores (Figure 2A,B and Figure 4B–D). In Ol-Atg-Di rocks, it is represented only by Ol1 porphyroclasts and relic cores of Cr-spinels. The compositions of these minerals are the same as in suprasubduction peridotites of residual genesis (Figure 9A–D).



Metamorphic assemblages include chlorite around Sp1 (Figure 4B), metamorphic ferri-chromite either as independent grains or as rims around relic core Sp1, tremolite in association with fine metamorphic olivine (Ol2) in pseudomorphs after orthopyroxene (Figure 2G–I and Figure 4E,F), and antigorite after Ol1 and in pseudomorphs after Opx (Figure 2B,H). Ol-Atg-Di rocks of the Khara-Nur massif also contain secondary olivine (Ol2) and diopside in pseudomorphs after Opx and antigorite after Ol1 (Figure 2C). Metamorphic olivines are characterized by lower Mg# and varying NiO content (0.1–0.48 wt.%, Figure 9A) compared to primary olivine from the same samples. Metamorphic spinels have varying compositions and correspond to the compositions of ferri-chromite and magnetite of metaperidotites formed after primary Cr-spinel in the temperature range of amphibolite- to greenschist facies (Figure 9B). Notably, tremolites from the studied metaperidotites, as well as tremolites from the rehydrated Happo-O’ne rocks [31,71], have higher contents of Al2O3 (0.2–4.5 wt.%) and Cr2O3 (0.25–1.1 wt.%), as compared to prograde tremolites (Figure 9E), which did not accumulate significant amounts of Al and Cr [28,66].



The presence of primary mineral associations along with metamorphic minerals In the KN and AK metaperidotites indicates the retrograde nature of metamorphism during the addition of aqueous fluids to anhydrous peridotites with the formation of Ol-Tr ± Opx and Ol-Atg-Di rocks. The composition of tremolite is consistent with this conclusion in terms of both major (Figure 9E) and trace elements (Figure 8G,H), for which direct compositional inheritance from the precursor orthopyroxene is observed. The composition of Ol2 formed after orthopyroxene is also consistent with the retrograde transformation model and is highlighted, for instance, by low NiO contents, as there is almost no NiO in the primary Opx (see Supplementary File S2). If Ol2 formed through prograde serpentine dehydration breakdown, one would expect high-Mg# compositions of the resulting olivines (Mg# > 0.95), as was, for example, shown for prograde Ol2 of the talc zone of the Happo O’ne massif [71]. Overall, the observed mineral assemblages could be formed by H2O addition to anhydrous harzburgites and a temperature decrease (Figure S3 in Supplementary File S1; calculated for the MgO-CaO-Al2O3-SiO2-H2O system by [79] on the basis of data [80,81]) as follows:


Ol + En + Sp + H2O → Chl










En + Di + H2O → Tr + Fo










En + Fo + H2O → Atg










Tr + Fo + H2O → Di + Atg











The assemblage of olivine + orthopyroxene + chlorite + tremolite is stable in a wide range of temperatures of 640–800 °C and pressures up to 2 GPa. The formation of talc by reaction (9) and anthophyllite by reaction (13) was not observed in the rocks of the KN and AK, but the formation of antigorite and diopside by reactions (4) and (7) was recorded (see all reactions in Figure S3 in Supplementary File S1 and in [31]). The latter is favored only in the narrow pressure range of ~1.6–2.0 GPa at ~640–720° C. Such metamorphic conditions are commonly reproduced in mantle-wedge peridotites subjected to infiltration by hydrous fluids from the subducting plate [82]. Similar conditions (~1.6–2.0 GPa and 650–750 °C) were reported, for instance, for tremolites-bearing metaperidotites from the Happo O’ne massif [31]. For the KN metaperidotites, we identified an apparent and stepwise change in the primary mineral assemblages of the harzburgites to Ol-Tr-Opx, Ol-Tr, and Ol-Atg-Di rocks (Figure 1C), which might document a gradual approach to a former fluid-modified subduction interface. This sampled section along a ~1.5–2 km S-N traverse is located at a great distance (>2 km) from intrusive contacts (Figure 1A), which precludes thermal fluid effects from granitic or other intrusions, and thus allows us to consider the sampled metamorphic aureoles as related to different extents of subduction fluid availability.




5.2. Behavior of Incompatible Elements during Metamorphic Hydration


Despite numerous trace-element studies of subduction metamorphism of mantle peridotites [11,12,13,18,27], most research was focused on slab peridotites and subduction-channel rocks at the slab-mantle interface. Mantle peridotites in direct contact with fluid-rich crustal rocks of the slab surface are actively hydrated by subduction fluids and therefore completely serpentinized. In this case, it becomes rather difficult to estimate the effects of subduction fluids on the chemical evolution of the resulting hydrated assemblages. Upward from the plate interface, mantle-wedge peridotites experience less interaction with subduction fluids at lower fluid/rocks ratios and can preserve frozen mineral assemblages of separate hydration stages along with relics of primary silicates [32,35]. To date, there have only been a few studies that report in situ trace-element data for metamorphic minerals in mantle wedge metaperidotites, e.g., [26,30,31].



The retrograde nature of Tr, Atg, and Ctl after primary peridotitic silicates (Ol, Opx ± Cpx) [21] in both KN and AK peridotite fluid modification is favored by (1) the absence of sharp boundaries between blocks with different metamorphic assemblages and/or a consistent zonation from harzburgites to Ol-Atg-Di rocks; (2) the preservation of geochemical signatures formed by partial melting of peridotites (Figure 5 and Figure 6); (3) the absence of textural evidence of hydrous mineral breakdown or deserpentinization (such as relics of serpentine, magnetite, and sulfides in Ol, spinifex textures, and spherulite forms) [76,78]; and (4) the presence of incomplete (“frozen”) metamorphic reactions (Figure 2 and Figure 4) [82]. Therefore, KN and AK metaperidotites record a succession of retrograde metamorphic reactions from Opx→Tr to Ol/Opx→Atg and Ctl→Ol/Opx/Atg, with the continuous and selective inheritance of trace-element signatures from the relic phases but the gradual addition of FMEs during fluid–rock interaction. As a direct consequence of the latter, Ctl often has greater variations and higher FME contents (Figure 7 and Figure 8) relative to the former Atg and Tr.



When comparing the composition of serpentine-group minerals in the KN and AK samples with those from metaperidotites of the Motugua and Sluna mantle wedge [30] and the Andes [26], a few apparent similarities in FME behavior are observed (Figure 10A), including the maxima of Sb contents over adjacent Pb and Sr and an increase in normalized contents in a Ba–Rb–Cs row (Figure 10A–F). However, the absolute contents of almost all elements, including HFSE–HREE (Zr, Dy, Y, and Yb) and LILE (Cs, Rb, Ba, Pb, and Sr) (Figure 10A,B) have lower levels in Atg(Ol) and Ctl(Ol) from both complexes. Atg(Opx) from KN samples is characterized by lower HFSE contents, but comparable Cs, Rb, and Ba (Figure 10C), whereas in Atg(Opx) from AK, the whole set of elements has close values to the Motugua, Sluna, and Andean Atg, but without a maximum in Sb (Figure 10D). Ctl(Opx) and Ctl(Atg) repeat the same trends as Atg(Opx) from the corresponding massifs, but with profound Sb maxima (Figure 10E,F). Atg after Opx and Ol from progressively altered serpentinites of the Sulu terrane (subduction-channel peridotites) [11] has a similar distribution pattern of incompatible elements, but with maxima of U and Pb (Figure 10A–G), which were not observed in serpentines of KN and AK, as well as for peridotites from the Motagua, Sluna, and Andean mantle wedges.



KN and AK tremolites differ quite significantly in trace-element signatures from the Happo O’ne [31] and Korab Kansi [70] tremolites (Figure 10G,H). The tremolites of both KN and AK have lower contents of all REE and HFSE as well as Sr. The KN tremolite has comparable content of Cs, Rb, and Ba, but lower Pb (Figure 10G); in contrast, the AK tremolite has higher Cs, Rb, and Ba, and the same Pb content as the Hapo O’ne tremolite (Figure 10H). A similar mechanism of metamorphic reactions was assumed for metaperidotites of the Happo O’ne massif, in which the primary mineral assemblage of peridotites was replaced by metamorphic hydration (Tr + Di2 + Atg + Lz) [31]. The associated changes in trace-element contents were attributed to changes in the fluid composition, and the effect of fluid addition was significant at least for LILE, REE, and—partially—some HFSE (Th, Hf).



5.2.1. Fluid-Immobile HFSE


HFSE, which are slightly mobile in specific fluid environments, do not show significant variations in Atg and Ctl relative to the relic Ol and Opx, as well as to recalculated compositions of anhydrous residues (Figure 7 and Figure 8); this is valid for both KN and AK rocks. However, the composition of primary silicates might vary before fluid impingement due to (1) different degrees of partial melting and (2) different extents of melt metasomatism and corresponding trace-element uptake (see Figure 7A,B and Figure 6A,B). To assess the relative accumulation/loss of incompatible elements, the acquired and PM-normalized data were additionally normalized to the composition of the corresponding Ol (Figure 10) and Opx (Figure 11) relics. More specifically, uniform compositions of Ol and Opx in metaperidotites from both AK and KN allow for calculating and using their average (“within-array”) compositions. This approach makes it possible to estimate the impact of trace-element uptake from a fluid on the budget of incompatible elements in secondary minerals.



HFSE (Nb, Ta, Zr, Hf, Ti), HREE + Y (Dy, Ga, Yb), and Sn in Atg(Ol) in KN samples have lower contents relative to relic olivine or could not be quantified (Figure 11A). For Atg(Ol) in AK samples, the normalized HFSE contents are notably higher than in KN (Figure 11B), but are most likely overestimated due to the corresponding Ol values being near or below the LOD. For Ctl(Ol), the trends are similar for both complexes (Figure 11C,D). For LREE (e.g., La and Ce), the same trends as those for HFSE are preserved with no enrichment in both KN serpentine-group minerals (Figure 11A,C) and with significant enrichment in AK samples (Figure 11B,D) up to 70 times (La in Atg(Ol) and 60–70 in Ctl(Ol). This is due to possible fractionation of LREE and HFSE in fluids, which favor the effective transport of LREE but immobile HFSE behavior [11,83]. The significant increases in La and Ce concentrations in Atg and Ctl(Ol) over those in primary Ol indicate the enrichment of subduction fluids in AK compared to KN.



In Atg(Opx) of both complexes, the trends of HFSE and LREE behavior are preserved as in the case of Atg(Ol). In KN, all values for HFSE and LREE are close to those in relic Opx (Figure 12A), except Dy, which exceeds the Opx LOD by a factor of ~10. In Opx from AK samples, almost all HFSE (except Ta) have been detected, resulting in Atg(Opx) showing no enrichment in HFSE, except for Zr (up to ~10 times) (Figure 12B). Nearly ten-fold enrichment in La and Ce for Atg(Opx) is preserved in AK samples, which confirms the above suggestion of conservative HFSE behavior in fluids in both cases and, in contrast, of differential LREE mobility in cases of continental-subduction fluids of AK.



Ctl(Opx) and Ctl(Atg) follow the behavior of all HFSE for KN and AK, and, for some elements, the recalculated contents are even lower than in the precursor Atg(Opx) (Ti, Y; Figure 12C; La, Ce, Hf; Figure 12D). In AK samples, only Zr exhibits the maximum (up to ~20 times relative to Opx; Figure 12D) and corresponds to such contents in Atg(Opx). According to recent experimental studies, the HFSE group (Zr, Nb, Ta, and Hf) can be partially remobilized in supercritical fluids [84], which should not be the case for relatively low-temperature (~600–720 °C) high-pressure AK rocks. Although Zr was reported to have the highest fluid mobility because of its highest fluid/melt partitioning coefficient among HFSE (0.3 ± 0.1) [85], the fact and reasons behind Zr enrichment should be investigated further and in more detail.



The tremolite after Opx in KN and AK rocks does not show significant variations of HFSE contents relative to the relic Opx; the only observation of the increase in La and Ce is observed in KN (Figure 12E,F). Overall, Tr HSE patterns almost completely follow the composition of the precursor Opx.




5.2.2. Fluid-Mobile Elements in Retrograde Hydration Processes


FME (Cs, Rb, Ba, U, W, Pb, Sb, Sr ± La, and Ce) enrichment/depletion in metaperidotites may be governed by both pre-metamorphic processes, such as partial melting (and accompanying FME loss) and melt–peridotite interactions and the extent of FME uptake from the available metamorphic fluids. However, both high degrees (>10%) (Figure 6) of partial melting and low residual FME contents of primary silicates do not favor the inheritance of FME signatures from Ol and Opx. Thus, the FME budget in the AK and KN metaperidotites will be mainly controlled by metamorphic fluid addition and its chemistry.



Atg(Ol) is characterized by different levels of FME abundance relative to relic olivine (Figure 11A,B). In KN samples, W shows the highest levels of accumulation (up to ~20 times relative to LOD in Ol), whereas Sr shows high variability (0.1–10 times), and the remaining FMEs exhibit limited mobility (Figure 11A). In contrast, almost all FMEs in AK samples have higher contents relative to relic Ol, but Cs–Ba (up to a 10 times), LREE (up to 80 times), and Sr (up to 40 times) show the highest enrichment (Figure 11B). One analysis of Ctl(Ol) in KN rocks shows only an increase in Ba (up to ~8 times) relative to the relic Opx and Atg(Ol) compositions, while the rest of the FMEs are within the Atg(Ol) field (Figure 11C). In AK metaperidotites, Ctl(Ol) has either similar or slightly higher FME (Cs, Rb, Ba, U, Pb, and Sr) contents relative to Atg(Ol) (Figure 11D).



Atg(Opx) in KN metaperidotites is enriched in Cs, Rb, Ba, and Sr by 10–30 times and depleted in Pb (by 30–40 times) relative to Opx (Figure 12A). In contrast, Atg(Opx) in AK shows Cs, Rb, Ba, and Sr depletion (5–50 times, and up to 1000 times for Rb; Figure 12B). Ctl(Opx) and Ctl(Atg) in both KN and AK basically reproduce the same FME variations as the corresponding Atg(Opx) does, with differences only in elevated contents of W (up to ~200 times the LOD in Opx from KN samples; Figure 12C) and U (up to ~150 times the LOD in Opx from AK samples; Figure 12D). Tr in KN is strongly enriched in Cs, Rb, Ba, and Sr (10 to 200 times relative to the composition of relic Opx, Figure 12E) and, in general, has similar distribution patterns of incompatible elements to that of Atg(Opx). Tr in AK rocks does not show large variations in FME contents relative to Opx, as they vary upward and downward by a factor of no more than 8 (Figure 12F).



An obvious inconsistency in the distribution patterns of all incompatible elements and, to a greater extent, FMEs between metamorphic phases is the evidence of higher relative contents in phases formed through Ol→Atg/Ctl in AK metaperidotites (Figure 11B,D) than those in Opx replacement reactions (Figure 12B,D,F). Importantly, KN metaperidotites exhibit the opposite pattern (Figure 12A,C,E), where relative FME contents are higher in secondary hydrous phases formed through Opx breakdown (Figure 11A,C). According to experimental data on the serpentinization of peridotitic minerals, e.g., [86], the intensity of fluid-induced replacement reversely correlates with the amount of Al. At low Al contents, the process of Opx replacement is enhanced several times, while the opposite trend is typical of Ol. As KN metaperidotites bear relatively Al-poor Opx (0.2–2.5 wt.% in KN vs. 2–3 wt.% in AK [47,62], the enhanced Opx replacement by hydrous minerals could be several times higher in KN rocks than in AK and might account for increased contents of some FMEs in Atg(Opx) of KN.



During subduction, mantle-wedge peridotites undergo hydration by slab-derived fluids from the subducted oceanic or continental lithosphere. From natural observations, at relatively high pressures and depths (60–90 km, 1.5–3.0 GPa), subducted crustal rocks release large amounts of FMEs (Cs, Rb, Ba, U, Pb, Sr, and LREE) into hydrous fluids [6,87]. Correspondingly, on the course of fluid migration en route upwards, this FME cargo may be variably incorporated by high-temperature Tr + Atg assemblages. This is consistent with observations in this study (see Figure 7 and Figure 8), with the important evidence of (1) more prominent FME enrichment in AK metaperidotites and (2) preferential enrichment by some apparent markers (e.g., Th and U) of continental-crust dehydration recorded by Tr and Atg from AK rocks (Figure 7D and Figure 8D,F,H). At lower pressures and depths, the solubility of Sb increases [11,88], causing its more active incorporation into Ctl with respect to Atg/Tr (Figure 11 and Figure 12). Although the mobility of different FMEs may depend on particular P–T conditions of slab dehydration, the resulting enrichment of subduction fluids and hydrous minerals produced depend more on their source lithologies. As it was shown, for instance, for serpentinites from Northern Tibet [88], the introduction of continental lithosphere into a subduction zone leads to higher FME extraction to associated fluids and the relative FME (e.g., Rb, Ba, Sr) enrichment of hydrous assemblages with respect to oceanic subduction settings [11,19,88]. Thus, the obtained data from the Khara-Nur and Alag-Khadny metaperidotites clearly demonstrate that the patterns of FME enrichment, including the mobility of relatively fluid-immobile elements (e.g., Th and LREE), in suprasubduction metaperidotites may be governed by the composition of subducted and dehydrated lithologies (either oceanic or continental).






6. Conclusions


We have carried out a comparative analysis of the in situ trace-element composition of silicate minerals in primary dry assemblages (olivine and orthopyroxene) and metamorphic hydrous phases (tremolite, antigorite, and chrysotile) in mantle-wedge metaperidotites, which were formed in subduction regimes—oceanic for metaperidotites of Khara-Nur (Eastern Sayan) and continental for Alag Khadny (southwestern Mongolia). Hydrous metamorphic minerals were considered to have formed through replacement reactions after olivine (Atg(Ol) and Ctl(Ol)) and orthopyroxene (Tr, Atg(Opx), Ctl(Opx)).



During metamorphic hydration in similar P–T conditions, the behavior of conservative HFSE and—in part—HREE (Zr, Nb, Ta, Ti, Y, and Yb) does not distinguish between the two types of subduction environments. Primary serpentinization of mantle peridotites leads to orthopyroxene replacement with the formation of tremolite, followed by olivine replacement and the formation of antigorite (250–600 °C). Further chrysotile formation (<250 °C) can occur both due to serpentinization of the remaining pyroxenes [89] and due to partial phase transformation of antigorite into chrysotile [31]. Selective enrichment of some fluid-immobile elements (e.g., Zr) may occur in response to the latter, but should be further investigated in more detail.



Distinct patterns of FME enrichment in tremolite and antigorite from Khara-Nur and Alag Khadny relative to their primary minerals indicate different sequences of fluid-induced replacement, which started from olivine breakdown in the Alag Khadny metaperidotites and from Opx replacement in Khara-Nur, being controlled by Opx composition.



Different patterns and degrees of FME enrichment in metaperidotites reflect variations in metamorphic fluid composition in the two complexes, which was primarily governed by the contrasting nature of subducted lithologies. The affinity of Alag-Khadny to subduction of a continental margin is recorded by generally increased FME contents and selective enrichment by some moderately mobile elements, such as U, Th, and LREE, with respect to the oceanic-type subduction environment of Khara-Nur. The evaluation of the initial composition of the protolith and precursor minerals affected by multi-stage melting and melt metasomatism may be critical and should be considered in the estimates of the differential fluid overprint and associated elemental uptake from subduction fluids.
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Figure 2. Petrographic features of metaperidotites of the Khara-Nur massif (BSE photomicrographs). (A) Development of thin magnetite (Mt) rim around Cr-spinel (Spl) and the beginning of serpentinization process of olivine (Ol) after antigorite (Atg) and chrysotile (Ctl), S21-86. (B) Replacement of Cr-spinel by magnetite and development of antigorite after olivine, S21-102. (C) Replacement of olivine by antigorite with formation of magnetite, S18-121. (D) Replacement of primary olivine by chrysotile, S18-12. (E) Relic of orthopyroxene (Opx) and development of tremolite (Tr) after Opx, tangled fibrous aggregates of antigorite and chrysotile of the rock matrix, S18-15. (F) Relics of a large orthopyroxene porphyroclast and a smaller olivine grain, with tremolite (after Opx) and antigorite (after Ol) in between, as well as secondary diopside (Di2) after tremolite, S21-92. (G) A relic of orthopyroxene with tremolite and secondary diopside after Opx; note an aggregate of fibrous chrysotile, S21-86. (H) The occurrence of bastite after orthopyroxene, which consists of equilibrium mixture of antigorite, chrysotile, and tremolite with secondary olivine (Ol2), S21-85. (I) An enlarged area of orthopyroxene replacement by tremolite and secondary olivine, S18-128. 
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Figure 3. Simplified geological scheme of the Alag-Khadny accretionary complex in SW Mongolia [54,61,62] with the marked sampling locations. 
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Figure 4. Petrographic features of metaperidotites from the Alag-Khadny accretionary complex (BSE photomicrographs). (A) An overview photo of the representative metaperidotite, M16-45, with orthopyroxene porphyroclasts completely replaced by tremolite + secondary olivine + diopside assemblage. (B) Cr-magnetite rim around a Cr-spinel grain, M16-12 metaperidotite. (C) Formation of a Cr-magnetite rim on a Cr-spinel grain, and a fine-grained aggregate of magnetite in a chrysotile matrix, M16-08 metaperidotite. (D) Replacement of primary Cr-spinel by Cr-magnetite, M16-20 metaperidotite. (E) Replacement of a large orthopyroxene porphyroclast by a tremolite + secondary olivine and diopside assemblage, with a relic of orthopyroxene in the center, M16-45 metaperidotite. (F) An enlarged fragment of the orthopyroxene replacement area, with the inset showing multiple oriented magnetite grains formed at the final stage of serpentinization, M16-29 metaperidotite. 
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Figure 6. Chondrite-normalized [67] REE distribution patterns (A) and PM-normalized [67] multi-element diagrams (B) for metaperidotites of the Alag-Khadny and Khara-Nur complexes. The gray field shows the compositions of abyssal serpentinites of Hess Deep and Mid-Atlantic Ridges [68]. Dashed lines in A section mark the results of modeling of non-modal dynamic PM melting (melting equations, mineral modes, and distribution coefficients are from [69]). 
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Figure 7. PM-normalized trace-element distribution patterns for olivine from metaperidotites (A,B) and serpentine-group minerals after Ol (C,D) [67]. MW (mantle-wedge) olivine is a field of primary olivine compositions from peridotites of the New Caledonia [29]; Happo O’ne is a field of primary olivine from Happo O’ne peridotite massif [71]; Korab Kansi and Abu Dahr—olivine compositions from of forearc highly depleted peridotite of these complexes [70]. The gray field delineates limits of determination for olivine (Olivine LOD). 
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Figure 8. PM-normalized [67] trace-element distribution in orthopyroxene from metaperidotites (A,B), antigorite (C,D), chrysotile (E,F), and tremolite (G,H) after orthopyroxene. MW (mantle-wedge) o-pyroxene is a field of compositions of primary orthopyroxene from peridotites of the New Caledonia [29]; Korab Kansi and Abu Dahr are for orthopyroxene compositions from these highly depleted forearc peridotite massifs [70]. The gray field delineates limits of determination for orthopyroxene (Orthopyroxene LOD). 
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Figure 9. Composition of primary and secondary minerals of KN and AK metaperidotites (see also Supplementary File S2). (A) NiO content vs. Fo of olivine, Ol1—primary olivine, Ol2—secondary olivine after primary orthopyroxene. The olivine mantle array is from [73], and the field of Ol of forearc peridotites (same field as in Figure 9B) is from [74]; (B) Cr-Spinel composition in trivalent Al-Cr-Fe3+ coordinates showing primary Cr-spinel and its alteration products. Thick grey line indicates a compositional trend of Cr-spinel metaperidotites during retrograde transition from upper- to lower-amphibolite and greenschist-facies conditions ([75] and references therein); (C,D) Major-element composition of orthopyroxene expressed as Cr2O3 and CaO vs. Al2O3 systematics. Fields of primary [74] and metamorphic Opx from regional [76,77] and contact [78] metamorphism settings are shown for comparison; (E) Cr2O3 vs. Al2O3 systematics of tremolite relative to compositions from the Happo O’ne retrograde tremolites [31,32] and prograde tremolite from Cerro del Almirez and Malenco massifs [28,66]. 
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Figure 10. PM-normalized [67] trace-element distribution in Atg(Ol) and Ctl(Ol) (A,B), Atg(Opx) (C,D), Ctl(Opx) (E,F), and Tr (G,H) in metaperidotites from KN and AK. For comparison, the composition fields of serpentine group minerals from metaperidotites of the mantle wedge—Motagua and Sluna melanges (antigorite with small amounts of chrysotile/lizardite) [30] and ultramafic complexes of the Andean orogen (antigorite) [34], the field of antigorite growing on olivine and orthopyroxene from the Sulu terrane (subduction channel rocks) [11] is highlighted by dots; Korab Kansi field marks compositions of secondary tremolites from forearc highly depleted serpentinized harzburgites [70]; the compositions of tremolite from mantle-wedge metaperidotites of the tremolite zone of the Happo O’ne massif are shown [31,32,71]. 






Figure 10. PM-normalized [67] trace-element distribution in Atg(Ol) and Ctl(Ol) (A,B), Atg(Opx) (C,D), Ctl(Opx) (E,F), and Tr (G,H) in metaperidotites from KN and AK. For comparison, the composition fields of serpentine group minerals from metaperidotites of the mantle wedge—Motagua and Sluna melanges (antigorite with small amounts of chrysotile/lizardite) [30] and ultramafic complexes of the Andean orogen (antigorite) [34], the field of antigorite growing on olivine and orthopyroxene from the Sulu terrane (subduction channel rocks) [11] is highlighted by dots; Korab Kansi field marks compositions of secondary tremolites from forearc highly depleted serpentinized harzburgites [70]; the compositions of tremolite from mantle-wedge metaperidotites of the tremolite zone of the Happo O’ne massif are shown [31,32,71].



[image: Minerals 14 00457 g010]







[image: Minerals 14 00457 g011] 





Figure 11. Normalized contents of trace elements in antigorite (A,B) and chrysotile (C,D) for the average composition of olivine from KN (A,C) and AK (B,D). The red color marks those elements that were not determined in the composition of Ol; in this case, the maximum LOD values calculated for Ol were used. 
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Figure 12. Normalized contents of trace elements in antigorite (A,B), chrysotile (C,D), and tremolite (E,F) for the average composition of orthopyroxene from KN (A,C,E) and AK (B,D,F). The red color indicates those elements that were not determined in the composition of Opx; in this case, the maximum LOD values calculated for Opx were used. 
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