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Abstract

:

The origin of the Zhaoanzhuang serpentine-magnetite deposit in the southern North China Craton (NCC) is highly disputed, with some investigators having proposed an ultramafic origin, whereas others favor a chemical sedimentary origin. These discrepancies are largely due to the difficulty in determining the protolithic characteristics of the highly metamorphosed rocks. Sulfur, magnesium, and boron isotope geochemistry combined with detailed petrography was carried out in this study to constrain the original composition of the Zhaoanzhuang iron orebodies. Anhydrite is present as coarse crystals intergrown with magnetite, indicating that the anhydrite formed simultaneously with the magnetite during metamorphism rather than as a product of later hydrothermal alteration. The anhydrite has a narrow range of positive δ34S values from +19.8 to +22.5‰ with a mean value of +21.1‰. These values are significantly higher than that of typical magmatic sulfur (δ34S = 0 ± 5‰) and deviate away from primary igneous anhydrite towards mantle-sulfur isotopic values, but they are similar to those of marine evaporitic anhydrite and gypsum (~+21‰). The sulfur isotopic compositions of several samples show obvious signs of mass-independent sulfur fractionation (Δ33S = −0.47‰ to +0.90‰), suggesting that they were influenced by an external sulfur source through a photochemical reaction at low oxygen concentrations, which is consistent with the Neoarchean-Paleoproterozoic atmosphere. Coarse-grained tourmaline from the tourmaline-rich interlayers of the orebodies occurs closely with Mg-rich minerals such as phlogopite, talc, and diopside, indicating that it has a metamorphic origin. The δ11B values of the tourmaline range from −0.2‰ to +3.6‰ with a mean value of +2.0‰, which is much positive relative to that of magmatic tourmaline but is consistent with that of carbonate-derived tourmaline. The magnesium isotopic analyses of the serpentine–magnetite ores and the magnesium-rich wall rocks revealed a wide range of very negative δ26Mg values from −1.20‰ to −0.34‰ with an average value of −0.80‰. The value is higher than that of ultramafic rocks (δ26Mg = −0.25‰) and exhibits minor Mg isotopic fractionation. However, these values are consistent with those of marine carbonate rocks, which have lower δ26Mg values and larger Mg isotopic variations (δ26Mg = −0.45‰ to −4.5‰). Collectively, the S–Mg–B isotopic characteristics of the Zhaoanzhuang iron orebodies clearly indicate a chemical sedimentary origin. The protoliths of these orebodies most likely reflect a series of Fe–Si–Mg-rich marine carbonate rocks with a considerable evaporite component, indicating a carbonate-rich superior-type banded iron formation precipitated in an evaporitic shallow marine sedimentary environment.
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1. Introduction


The Zhaoanzhuang iron deposit in the southern North China Craton (Figure 1) consists of abundant uncommon serpentine–magnetite ores, with an ore reserve more than 130 Mt (≥40% Fe). The ore is composed of low-Ti magnetite (TiO2 ~0.1%), high-Mg serpentine (Mg# = 92.42−96.55), and minor amounts of dolomite, apatite, anhydrite, and gypsum [1]. The high-Mg serpentine in the ore is believed to be the retrograde metamorphic product of high-Mg olivine (Fo = 89−90) and orthopyroxene (En = 89−90) [1], which is supported by the presence of minor amounts of residual olivine and orthopyroxene. The magnetite-poor wall rocks adjacent to the ores characteristically contain various magnesium-rich silicate minerals, including olivine (Fo = 83−87), orthopyroxene (En = 82−86), hornblende (XMg = 0.87−0.96), and humite (Mg# = 82−84), which coexist with lesser amounts of anhydrite, dolomite, and apatite [1]. In addition, several layers of tourmaline-rich rock are interlayered with the iron ores and the magnetite-poor wall rocks.



Early researchers ascribed the formation of the serpentine–magnetite ores to magmatic processes, and regarded the magnetite, apatite, and magnesium-rich silicate minerals as ultramafic proxies [2,3,4,5,6,7,8,9,10,11,12,13,14,15]. However, the common occurrence of dolomite and anhydrite intergrown with serpentine and magnetite and the low-Ti nature of magnetite are inconsistent with a magmatic origin [1]. In addition, olivine could also be formed by metamorphism of Fe–Mg-rich carbonate rocks [16]. Thus, it could be a metamorphic mineral that occurs with the humite, tremolite, and spinel in highly metamorphosed siliceous carbonate rocks [17,18], or a metasomatic mineral in carbonate-related magnesian skarn rocks that produced by contact metasomatism [19,20]. Thus, the magnesium-rich silicate minerals (olivine, orthopyroxene, hornblende, and humite) in the iron ores and wall rocks of the Zhaoanzhuang iron deposit could also have a metamorphic or metasomatic origin and be derived from a carbonate-rich protolith.



Stable isotopes are important to understand the protolithic characteristics of high-grade metamorphic rocks, because isotopic fractionation is often limited in high-temperature metamorphic processes [21,22]. In iron orebodies, large abundances of anhydrite and gypsum that coexist with magnetite, magnesium-rich silicates in the ores and wall rocks, and locally enriched interlayered tourmaline-rich rocks can be used to investigate the sulfur (S), magnesium (Mg), and boron (B) isotopic compositions.



Previous studies have shown that the S isotopic composition of metamorphic rocks is closely related to that of their protoliths [29,30]. The isotopic behavior of sulfur in magmatic and sedimentary processes varies significantly. The isotopic fractionation of S during melting in the upper mantle is insensitive, and the magmatic sulfur isotopic composition (δ34S) approaches that of meteoritic sulfur (0 ± 3‰) [31,32,33]. Thus, ultramafic-mafic rocks from the upper mantle generally have meteoritic sulfur isotopic compositions [31,34,35]. Granitic magmas have high positive δ34S values when they are contaminated by marine sedimentary sulfur [30]. In terrestrial geological processes (near-surface non-biotic and biotic oxidation-reduction, weathering, and evaporation), sulfur is redox-sensitive and vulnerable to fractionation, resulting in thermodynamic nonequilibrium, kinetic isotopic effects, and a broad range of δ34S values that deviate significantly from zero [31,34].



Studies have also shown that the seawater throughout geologic time has had a very positive δ34S value, resulting in seawater-derived sulfate minerals that are strongly enriched in 34S [31,34,36]. In addition, as a traditional theoretical phenomenon, mass-dependent sulfur isotopic fractionation occurs in thermodynamic equilibrium reactions and kinetic non-equilibrium reactions [37,38,39]. However, in some cases, significant mass-independent sulfur isotopic fractionation occurs (Δ33S = δ33S − 1000 × [(1 + δ34S/1000)0.515 − 1] ≠ 0). This feature is thought to result from photochemical reactions of SO2 in an anoxic atmosphere and has been observed in older sulfide and sulfate minerals throughout the geologic record [39,40,41,42,43,44]. Samples that have inherited the effects of mass-independent sulfur isotopic fractionation that occurred in the geologic past have undergone an exogenic sulfur cycle [44,45,46]. Therefore, S isotopic fractionation can be used to discriminate magmatic, terrestrial, and marine depositional processes as well as the superposition of these processes.



For Mg isotopes, numerous rigorous isotopic geochemical studies have shown that Mg isotopes can be used as an effective indicator to distinguish magnesium sources for metamorphosed sedimentary and igneous rocks [47,48]. Mg isotopic fractionation is very sensitive to low-temperature processes, such as Mg–calcite, dolomite, and magnesite precipitation, continental and chemical silicate weathering, and biological processes [48,49,50,51,52,53,54,55,56,57,58]. However, it is limited during partial melting, crystal fractionation, and low- to high-temperature metamorphic processes [47,59,60,61,62,63,64,65,66]. Igneous rocks, ranging from peridotite to granite, and magmatic minerals (olivine, orthopyroxene, clinopyroxene, and hornblende) generally have identical chondritic Mg isotopic compositions (average δ26Mg = −0.25 ± 0.07‰) [47,59,60,61,62,67,68,69].



During chemical weathering, the lighter Mg isotopes in the silicate rocks are more likely to migrate into the hydrosphere, while the heavier Mg isotopes are left behind [54,65]. As a result, the clastic and saprolite sediments in the continental crust produced by various levels of low-temperature chemical weathering and sedimentation often have a wide range of δ26Mg values that tend towards heavier Mg isotopic compositions [54], while the Mg isotopes of rivers have variable values with average δ26Mg = −1.09% [51,65] and the Mg isotopic composition of seawater is homogeneously light (δ26Mg = −0.8±0.1‰) due to the relatively long residence time of Mg in the oceans [54]. Relative to seawater, marine sediments, and carbonates often have a wider range of lighter Mg isotope (δ26Mg) values (–5.57‰ to −1.09‰) [51,70,71] due to the weak Mg bond strength in carbonate minerals [72,73]. In addition, the effect of the Mg/(Mg + Ca) ratio on concentration during carbonate precipitation may also play an important role in controlling Mg isotopic fractionation [58], which is supported by the fact that dolomite has the highest 26Mg of all of the carbonate minerals [58].



Since boron is enriched in the continental crust, seawater, and arc volcanics [74], all of which display widely varying isotopic compositions, the B isotopic compositions of the major natural boron reservoirs, including volcanic rocks, marine and non-marine evaporates, clastic and pelitic sediments, and a variety of fluids, are relatively well characterized [74,75,76,77,78,79,80]. In general, magmatic sources typically have negative δ11B values, whereas positive δ11B values indicate a marine contribution [76,81].



Without changing electrovalence, B isotopes are insensitive to redox conditions. However, as a highly mobile element, B can be significantly fractionated during various geologic processes, such as precipitation of sediment from seawater and diagenesis, as well as various interactions between hydrothermal fluids, meteoric water, and B-bearing minerals [78,81,82]. During fluid–solid precipitation, diagenesis, and dehydration metamorphism, the heavier B isotopes are preferentially retained by the fluid while the lighter B isotopes are incorporated into B-bearing minerals, such as tourmaline [77,83,84]. As a result, tourmaline δ11B values generally represent minimum compositions for the source reservoirs [77]. In addition, as the most abundant boronsilicate mineral in natural rocks [85], tourmaline is a potential indicator of provenance due to its refractory nature and is highly resistant to post-ore hydrothermal alteration and metamorphism [77,86,87,88,89]. In magmatic rocks, the tourmaline δ11B values are likely to approximate the δ11B of the source rocks due to its highly incompatible nature, which results in it being easily partitioned into the melt phase and limits isotopic fractionation during magmatic differentiation and postmagmatic water–rock interaction [90]. However, tourmaline associated with marine evaporate- or carbonate-derived B sources has a wide range of positive δ11B values [77]. Therefore, B isotopic composition is a reliable indicator of tourmaline’s original sources.



In this study, we present results of a comprehensive study involving petrography and S–Mg–B isotope geochemistry to constrain the material provenance and formation environment of the serpentine–magnetite ores of the Zhaoanzhuang iron deposit. The results and conclusions also shed light on the effectiveness of using S–Mg–B isotopes as protolith indicators for high-grade metamorphic rocks.




2. Regional Setting


The North China Craton (NCC) is the oldest and largest craton in China [23], where various types of large-scale ore deposits were formed during the Early Precambrian, including Archean-Paleoproterozoic banded iron formations (BIFs), Paleoproterozoic Cu–Pb–Zn and strata-bound magnesite and boron deposits, and Mesoproterozoic REE–Fe–Pb–Zn deposits [91].



Tectonically, the NCC is believed to have formed by amalgamation of the Eastern and Western Blocks of the trans-North China Craton (TNCO, Figure 1a) at ~1.85 Ga [92,93]. In addition, two orogenic belts were formed in the Eastern and Western Blocks (Figure 1a). The Eastern Block underwent a Paleoproterozoic rifting event, which formed the Longgang and Langrim Blocks, followed by the collision of these two blocks at ~1.9 Ga, which formed the N-S striking Jiao-Liao-Ji Belt [94]. The Western Block was subdivided into the Yinshan Block in the north and the Ordos Block in the south. These blocks are now separated by the E-W trending Khondalite Belt, which formed at ~1.95 Ga due to the collision of the two blocks [94].



The Taihua Group outcrops in several terranes (the Huashan, Xiaoshan, Luoning, Lushan, and Wugang terranes) throughout the southern part of the TNCO (Figure 1a,b). Based on differences in lithology, structure, metamorphism, and age, the Taihua Group is subdivided into two distinct lithotectonic units [95], the Lower Taihua Group and the Upper Taihua Group. The Lower Taihua Group mainly consists of tonalitic–trondhjemitic–granodioritic (TTG) gneisses, which formed during the Neoarchean-Early Paleoproterozoic (ca. 2.8–2.4 Ga) [95,96,97,98,99,100], and also contains amphibolite and minor granitic plutons and mafic dikes. The Upper Taihua Group formed during the Paleoproterozoic (ca. 2.3–1.84 Ga) [95,98,99], which unconformably overlies the Lower Taihua Group and is composed of Khondalite-dominated supracrustal rocks, including metapelitic gneisses, marbles, quartzites, and banded iron formations (BIFs), as well as minor amounts of mafic granulites, amphibolites, and granitoids [95,101]. Several studies have revealed that the Taihua Group experienced high-grade upper amphibolite–granulite facies metamorphism [13,95,98,102] from 1.97 to 1.80 Ga ([103] and reference therein).



In the eastern terrane of the southern TNCO (Figure 1b), the Neoarchaean-Paleoproterozoic crystalline basement is unconformably overlain by the unmetamorphosed volcanic rocks of the Xiong’er Group (1.80–1.77 Ga) [104,105], Mesoproterozoic sandstones, Neoproterozoic limestone, tillite, and shale, Cambrian limestone, and Paleogene and Quaternary sediments (Figure 1c). The magmatic rocks (Mesozoic granite and syenite) are locally exposed in the study area (Figure 1c) [10]. The Taihua Group, as the oldest metamorphic basement exposed in this terrane, is traditionally subdivided into the Zhaoanzhuang, Tieshanmiao, and Yangshuwan formations from the bottom to the top. The Zhaoanzhuang Formation is mainly composed of amphibolites and marbles; the Tieshanmiao Formation is mainly composed of TTG gneisses, amphibolites, marbles, and banded iron formations; and the Yangshuwan Formation is predominantly composed of metapelitic gneisses. The Zhaoanzhuang serpentine–magnetite deposit is hosted in the Zhaoanzhuang Formation. The amphibolites and metapelites in this terrane recorded the 1.96 to 1.92 Ga tectonothermal event and its associated upper amphibolite–granulite facies metamorphism [13,102,106].




3. Geology of the Ore Deposit


The iron deposits in the Wugang region include the Jingshansi, Zhaoanzhuang, Xiaocaozhuang, Tieshan, and Gangmiaoliu mining areas (Figure 1c). The Jingshansi, Tieshan, and Gangmiaoliu iron deposits are Tieshanmiao-type deposits [28], while the Zhaoanzhuang and Xiaocaozhuang iron deposits are Zhaoanzhuang-type deposits. Extensive descriptions of the geology of the Zhaoanzhuang ore deposit have been made by previous studies [2,6,7,12,14,15,26,27,107].



3.1. Strata


The strata distributed in the Zhaoanzhuang area, which have been exposed by drilling, mainly include the Zhaoanzhuang formation and minor amounts of Mesoproterozoic sandstone as well as Eogene and Quaternary sediments (Figure 2). The lithologic units of the Zhaoanzhuang formation can be divided into six members from the bottom to the top: (1) A lower iron ore-bearing section mainly consisting of diopside–hornblende–oligoclase gneiss and oligoclase–hornblende gneiss, which are intercalated with two segments of serpentine–magnetite ores; (2) almandine–oligoclase–hornblende gneiss member; (3) an oligoclase–hornblende gneiss member; (4) the main orebody; (5) a diopside–oligoclase gneiss member; and (6) a banded granitic migmatite member (Figure 2) [10,108].



The lower iron ore-bearing member is not exposed in the drill hole No. ZK2702 (Figure 2). In the drill hole No. ZK2704, only the corresponding third hornblende–oligoclase gneiss and fourth iron ore-bearing lithologic sections occur. Thus, the iron mineralization is poorly developed in the drill hole No. ZK2704, but a tourmaline-rich rock layer is present. In addition, two layers of tourmaline-rich rock were discovered in the drill hole No. ZK2151 (not shown in Figure 2).



The iron orebodies occur as laminar to lenticular structures, parallel to the upper and lower lithologic sections, with a maximum length of 1840 m, width of 530 m, and depth of 82 m (after Wuyang Mining Limited Liability Company, Henan Ansteel Group) within the diopside–hornblende–oligoclase gneiss. The accumulative iron reserves of these orebodies are 89 Mt with an average Fe grade of 36.67 wt.%.




3.2. Mineralogy and Paragenesis


The Zhaoanzhuang iron deposit is characterized by distinct and complex mineral components, including magnetite, serpentine, olivine, orthopyroxene, hornblende, clinohumite, spinel, apatite, dolomite, anhydrite, gypsum, phlogopite, and tourmaline with trace amounts of Mg-rich ilmenite, talc, muscovite, monazite, thorite, and xenotime (after Wuyang Mining Limited Liability Company, Henan Ansteel Group). In this study, electron microscopy (EMS) and energy disperse spectroscopy (EDS) were used to make the petrographic observations.



3.2.1. Ore and Wallrock Types


Based on the components of gangue minerals, the iron ore types include serpentine–magnetite ores (Figure 3a–c), apatite–magnetite ores (Figure 3d), carbonate–magnetite ores (Figure 3g–i), and hornblende–magnetite ores with banded, disseminated, and dense disseminated textures (Figure 3). The serpentine is most likely a retrograde magnesium-rich silicate mineral, because minor relict olivine and orthopyroxene are observed in the iron ores (Figure 3a). Drilling surveys show that serpentine–magnetite ores are dominant, followed by apatite- and carbonate-magnetite ores, while hornblende-magnetite ores are the least common. Our observations reveal that transitional ore types are common, including apatite–serpentine–magnetite (Figure 3c), serpentine–carbonate–magnetite (Figure 3h,i), and apatite–carbonate–magnetite ores. In addition, a considerable amount of anhydrite is present in the various types of iron ores (Figure 3c,h), and anhydrite–magnetite ores are even present (Figure 3e,f). The anhydrite gradually grades to gypsum from the edge to the interior of the mineral (Figure 3f).



The wall rocks adjacent to the iron ores mainly include olivine–orthopyroxenite (Figure 4c,d,f), olivine–(orthopyroxene)–amphibolite (Figure 4e,g–i) and interlayered serpentinized olivine–marble (Figure 4a,b). In addition, there are various thinly layered tourmaline-rich rocks (Figure 5a–c); anhydrite–, calcite–, and phlogopite–(apatite)–serpentinite (Figure 5d,e,g); and anhydrite–phlogopite schist (Figure 5f,h,i) in the interlayers of the wall rocks.




3.2.2. Paragenetic Sequence of the Ore and Gangue Minerals


Magnetite is the dominant ore mineral. Based on mineral associations and textural relationships, the Zhaoanzhuang iron deposit appears to have experienced at least three stages of mineralization. Figure 6 shows the paragenetic relationships and sequence of the main mineral assemblages. The magnetite does not contain ilmenite exsolutions, but it does occur alongside minor amounts of granular magnesium-rich ilmenite or iron magnesia spinel, indicating co-genetic mineral phases. Based on its various occurrences and paragenetic minerals, the magnetite develops in three distinct stages. The first prograde metamorphic stage generated thin magnetite (Mag1) within anhydrite, apatite, dolomite, and orthopyroxene (Figure 3c,d,g,i; Figure 4d,f,g). The second-peak metamorphic stage generated coarse-grained magnetite (Mag2) as well as olivine, orthopyroxene, hornblende, serpentine, dolomite, apatite, and anhydrite. The third retrograde metamorphic stage generated dotted and fibrous magnetite (Mag3) within serpentine (Figure 4e,g,h).



The wall rocks contained minerals similar to the gangue minerals in the iron ores, but the minerals in the wall rocks were coarser than those in the ores (Figure 4). Subhedral to anhedral olivine and orthopyroxene were present in the dolomitic marble (Figure 4a,b) that is interlayered within the iron orebody. These minerals were most likely derived from a metamorphosed Mg-rich dolomite since the dolomite grain boundaries exhibit an embayed structure (Figure 4a,b). Mg-poor calcite is often observed within the Mg-rich olivine or interstitially between the curved Mg-rich dolomite and subhedral olivine (Figure 4a,b). These features are most likely to represent metamorphic reaction textures [2CaMg(CO3)2 + SiO2 = 2CaCO3 + Mg2SiO4 + 2CO2]. In addition, anhydrite coexisting with dolomite, olivine, and minor magnetite was also observed throughout the dolomitic marble. Similarly, dolomite and anhydrite with irregular forms and curved grain boundaries were commonly observed in the carbonate– and (serpentine)–apatite–magnetite ores (Figure 3d,g–i). In serpentine–magnetite ores, anhydrite and minor apatite coexists with serpentine and magnetite (Figure 3c,e,h). The dolomite, anhydrite, and minor amounts of magnetite, calcite, and apatite are, thus, earlier than the magnesium-rich silicates. However, the magnesium-rich silicates in the wall rocks and iron ores could be associated with the Mg-rich siliceous carbonates.



The wall rocks close to the ores mainly consist of Mg-rich olivine, orthopyroxene, hornblende (primarily tremolite), and several other Mg-rich minerals such as clinohumite, spinel, and ilmenite. In some of the wall rocks, fine-grained anhydrite coexisting with minor magnetite is disseminated within the coarse-grained tabular orthopyroxene (Figure 4d,f). The olivine formed later than the hornblende and orthopyroxene, because the olivine grains are located in the interstitial spaces between the hornblende and orthopyroxene grains (Figure 4c,e–h). In addition, the orthopyroxene is thought to have formed later than the hornblende because the fine-grained irregular orthopyroxene and iron magnesia spinel simultaneously grew along the boundaries of the hornblende grains (Figure 4g–i), suggesting that the coexisting orthopyroxene and spinel associations are the result of the decomposition of hornblende. Clinohumite is an F-rich magnesium-rich silicate with various grain sizes and textures. It occurs around the orthopyroxene and olivine grains or as individual minerals in the olivine–orthopyroxene or olivine–amphibolite rocks, indicating its late-stage formation.



In the iron orebodies, considerable hydrous minerals, such as tourmaline, serpentine, and phlogopite are developed (Figure 5). The tourmaline, which is coarser grained and enriched in some of the rocks (Figure 5a–c), coexists with phlogopite (Figure 5a), diopside, and talc and is cut by gypsum veins (Figure 5b). This suggests that the tourmaline is a metamorphic mineral of this ore-forming system, rather than a late stage exotic mineral. Serpentine occurs with abundant anhydrite, calcite, and phlogopite, and there are minor amounts of magnetite and apatite in the serpentinite (Figure 5d,e,g). The serpentine did not contain much leaching magnetite, suggesting that it has a low Fe content. In the phlogopite-rich rocks, phlogopite occurs along an orientation intergrown with minor parallel rains of anhydrite and magnetite (Figure 5f,h,i). Other minor minerals include biotite, muscovite, talc, and rare REE-rich monazite, thorite, and xenotime, which are hosted in the apatite. Sulfides are relatively rare. Only a few pyrite crystals were found surrounding the magnetite.






4. Sample Descriptions and Analytical Methods


4.1. Sample Descriptions


Thirty-five samples of anhydrite and gypsum intergrown with magnetite and serpentine were collected from the Zhaoanzhuang iron deposit. Gypsum is a late hydration product of anhydrite, so the analytical samples are actually a mixture of them. The mineralogic compositions of all of the samples were analyzed using X-ray diffraction (XRD) at the Institute of Mineral Resources, Chinese Academy of Geological Sciences (CAGS). The analytical results are shown in Table 1 and Table S1. Because the anhydrite is an earlier mineral that intergrown with dolomite, it should be approximately representative of the original materials. Owing to the scarce occurrence of the sulfides and other sulfur-bearing minerals, the S isotope compositions of anhydrite and gypsum could be used to assess the sulfur isotopic fractionation characteristics of the past geological environment.



Mg-rich iron ores and wall rock samples were collected from the drill hole ZK3211 and underground mining pits for Mg isotopic analyses. Two samples of serpentine–magnetite ores (ZAZ-11, ZAZ13-12), one sample of magnetite–serpentinite (ZK3211-29), and four wall rock samples, i.e., carbonate–magnetite–serpentinite (ZK3211-61), amphibolite (ZK3211-13), anhydrite–serpentinite (ZK3211-25), and serpentinized olivine–orthopyroxenite (ZAZ-25) were analyzed (Table 2 and Table S1). In these samples, the dominant Mg-bearing minerals are serpentine, olivine, orthopyroxene, hornblende, and minor carbonate minerals. The serpentine is thought to be derived from the olivine and orthopyroxene, and it has been reported that serpentinization does not affect the Mg isotopic composition [109]. Therefore, the whole-rock magnesium isotopes can be used to constrain the Mg isotopic compositions of these magnesium-rich silicate minerals.



Three tourmaline-rich rock samples (ZK2704-10, ZK2151-12, and ZK2151-23) with different lithologies, were collected from two drill holes (ZK2704 and ZK2151) for in situ B isotopic analysis using a laser ablation multi-collector inductively coupled mass spectrometer (LA-MC-ICPMS). One layer of tourmaline-rich rock (Figure 5c) containing minor diopside, which is located between the overlying olivine–amphibolite and the underlying olivine–orthopyroxenite, occurs as coarse-grained greenish euhedral crystals within quartzite in drill hole ZK2704 (Figure 2). Two finely laminated tourmaline-rich rocks occur in drill hole ZK2151. The medium-grained tourmaline-rich rock sample ZK2151-23, which is located at the bottom of the serpentine–magnetite ore, contains minor phlogopite and talc (Figure 5a). A tourmaline-rich rock from sample ZK2151-12 is cut by several gypsum veins (Figure 5b) and occurs as intercalation within the olivine–orthopyroxenite layer.




4.2. Analytical Methods


4.2.1. Sulfur Isotopes


Anhydrite and gypsum were separated from the Zhaoanzhuang iron ores and crushed into 200 mesh for sulfur isotopic analysis. In order to exclude impurity effects and to ensure the accuracy of the analytical results, the mineral compositions of these samples were also analyzed using XRD powder diffraction prior to S isotopic analysis. The S isotopic analysis was conducted using the high-accuracy SF6 method [110,111] and all of the experimental procedures were conducted at the Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing. All of the anhydrite and gypsum samples were converted into Ag2S using the chemical acid reduction method. Then, the sulfide minerals were collected, wrapped in aluminum foil, and placed in a nickel reaction tube connected to a vacuum system, in which the sulfide reacted with BrF5 at 300–350 °C for about 14 h to completely convert the sulfur to SF6. The SF6 was then separated from the excess BrF5 and other impurities by cooling the solution in a liquid nitrogen cold trap, and conducting cryogenic distillation and purification with dry ice-acetone slush at ca. −80 °C. After this, the sulfur was further purified using a gas chromatography column, which was 6 mm in diameter, 2.2 m long, and packed with 5 Å molecular sieve material, and a highly purified helium carrier gas with a flow rate of 30 mL/min. After the He was extracted by cooling it with liquid nitrogen, the SF6 was transferred to a sample tube for analysis.



The multiple-sulfur isotope ratios of the SF6 were measured using a Finnigan MAT 253 type mass spectrometer. The isotope ratios were measuring the mass/charge at 124, 128, 129, and 131 amu. After the SF6 gas underwent chromatographic separation and purification, the δ33S and δ34S values obtained were determined to be satisfactory. Based on repetitive measurements of standard samples (V-CDT: Vienna Canyon Diablo Troilite), the precision of the δ33S and δ34S data were determined to be ± 0.10‰.



The composition of the sulfur isotopes is represented using traditional delta notation:


δ34S = [(34S/32S)sample/(34S/32S)V-CDT − 1] × 1000;



(1)






δ33S = [(33S/32S)sample/(33S/32S)V-CDT − 1] × 1000;



(2)






Δ33S = δ33S − 1000 × [(1+δ34S/1000)0.515 − 1].



(3)








4.2.2. Whole-Rock Magnesium Isotopes


The magnesium isotopic analysis was conducted at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences (Beijing) (CUGB), following the experimental procedures established by [47,59] and [112]. The following is a brief description of the magnesium isotope analytical procedure.



All of the chemical procedures were carried out in a clean laboratory environment. Sample powders were dissolved in Savillex screw-top beakers in a concentrated HF-HNO3 (3:1) mixture. Then, the solution was heated to 160 °C on a hotplate in a laminar flow exhaust hood until it became transparent. Then, the solution was evaporated to dryness at 140 °C. In order to achieve 100% dissolution and to remove the residual fluorides, the dried residues were refluxed with a concentrated HCl-HNO3 (3:1) mixture and evaporated to dryness again. After this, the residues were refluxed with concentrated HNO3 and were repeatedly evaporated to dryness. Finally, the samples were dissolved in 1 N HNO3 in preparation for chromatographic separation.



Chemical separation of the Mg was conducted using cation exchange chromatography columns filled with Bio-Rad 200-400 mesh AG50W-X8 resin. The resin was rinsed multiple times with columns full of 4 N HCl and 18.2 MΩ Milli-Q water. Then, the columns were cleaned with >5 full columns of 1 N HNO3 and 18.2 MΩ Milli-Q water. After this, 2 mL of the sample were loaded into the columns and eluted with 1 N HNO3 following the procedure outlined in [47,59] and [112]. The final solutions were heated to dryness in a vented laminar-flow hood and were dissolved in 3% HNO3 for the mass spectrometry analysis. At least one rock standard was processed through the columns with each set of samples. The Mg yield of the column separation process was greater than 99% and the total procedural blank was consistently less than 10 ng, requiring insignificant corrections to the samples’ isotopic compositions.



The magnesium isotopic ratios were measured using the sample-standard bracketing method and a Neptune plasma MC-ICPMS in low-resolution mode. Details are given by [112]. The data are reported in the δ-notation relative to international reference material DSM3 [113]:


δ26Mg = [(26Mg/24Mg)Sample/(26Mg/24Mg)DSM3 − 1] × 1000;



(4)






δ25Mg = [(25Mg/24Mg)Sample/(25Mg/24Mg)DSM3 − 1] × 1000.



(5)







Two USGS Mg rock standards (BHVO-2 and AGV-2) were analyzed during the analytical procedure, yielding δ26Mg values of −0.25 ± 0.04‰ (2SD) and −0.15 ± 0.03‰ (2SD), respectively (Table 2), which are in excellent agreement (within error) with previously published values (e.g., [48,59,114].)




4.2.3. In-Situ Boron Isotopic Analysis


The in-situ boron isotopic compositions of the tourmaline in the wall rocks of the Zhaoanzhuang iron deposit were measured in polished thin sections using a Neptune Plus MC-ICP-MS and a New Wave UP213 laser ablation system at the Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing. The parameters of the instrument and detailed analytical procedures have been described by [115] and are only briefly summarized here. The laser ablation spot diameter was 50 μm with an output frequency of 8 Hz. The maximum actual output power was adjusted to reach 8 J/cm2 and the He carrier gas was set to 0.8 L/min. Here, we used the sample-standard bracketing method to correct for the mass bias of the instrument and for isotopic fractionation. The standard used was NIST SRM 951 boric acid from the National Institute of Standard Technology (11B/10BNIST SRM 951 = 4.05003). Standard IAEA B4 (δ11B value of −8.36 ± 0.58‰) from the International Atomic Energy Agency was used as the external standard to ensure optimum results. Standard IRM RB1 (a certified reference material, δ11B = −12.97 ± 0.58‰) was used as an internal standard yielding a precision of 1% (2σ). The data were collected statically and simultaneously in cycles of 200 with an integration time of 0.131 s and an acquisition time of 27 s.



The boron isotope data are reported in δ11B notation as follows:


δ11B = [(11B /10BSample)/(11B /10BNIST SRM 951 − 1)] × 1000



(6)










5. Results


The S, Mg, and B isotopic compositions are listed in Table 1, Table 2 and Table 3, respectively, and in the supplementary data (Table S1).



For all of the different proportions of gypsum to anhydrite in the samples, the δ34S values range from +19.8‰ to +22.5‰ (Table 1) with an average of +21.1‰ (N = 35), which falls within the range of marine anhydrites (δ34S of +15 to +30‰) [116,117,118]. Most samples show clear and variable mass independent fractionation with Δ33S values of −0.47‰ to +3.29‰ and a maximum Δ33S value of +3.29‰. However, sample ZAZ14-37, which is 96.9% gypsum and 3.1% lizardite, has significantly different values of −0.47‰ to +0.90‰. This value is likely incorrect and is excluded from latter discussion. On a plot of δ34S versus Δ33S, no correlation is observed (Figure 7a).



Because two of the standards and all of our samples fall on a straight line with a slope of 0.521 (Figure 7b) and the Δ25Mg values (Δ25Mg = δ25Mg − 0.521 × δ26Mg; [70]) range from 0 to 0.02‰ (Table 2), the Mg isotopic compositions obey the mass-dependent fractionation law, and thus, we only use δ26Mg in the subsequent discussion. The Mg isotopic compositions fall within a limited range from −1.20‰ to −0.34‰ (Table 2) with an average of −0.80‰ (N = 7). The δ26Mg values of all of the samples are significantly lower than the average values of chondrite (δ26Mg = −0.25 ± 0.07‰) [47,59,69], except for sample ZK3211-13 (δ26Mg = −0.34 ± 0.03‰). However, all of the samples fall within the wide range of marine carbonate rocks (–0.45‰ to −4.5‰) [50,119,120,121]. The carbonate–magnetite–serpentinite (ZK3211-61) and anhydrite–serpentinite (ZK3211-25) have the lowest δ26Mg values, −1.00‰ and −1.20‰, respectively.



The in-situ boron analyses were performed on individual tourmaline grains from the tourmaline-rich rocks. The results reveal that the tourmaline grains from three different samples have δ11B values ranging from −0.6‰ to +3.6‰ (Table 3). Three of the lower δ11B values (1-1, 1-2, 1-3) for sample ZK2704-10 were excluded due to their low boron signal. Thus, the δ11B values of the tourmaline fall within the narrow δ11B range of −0.2‰ to +3.6‰ with an average of +2.0‰ (N = 33). The tourmaline intergrown with phlogopite and talc in sample ZK2151-23 has the highest average δ11B of +2.4‰ (N = 12). The δ11B values of the tourmaline are consistent with those of tourmaline from marine evaporite and carbonated-associated reservoirs ranging from −8.13‰ to +18.32‰ with an average of +1.37‰ (Table S1; [77]).




6. Discussion


6.1. The Source of Sulfur and the Role of Anhydrite in Mineralization


The δ34S values of the anhydrite and gypsum in the Zhaoanzhuang iron deposit are homogeneous and show no correlation with their volume proportions, suggesting that no contamination or sulfur fractionation occurred during the late fluid stage. Thin-section observations indicate that abundant anhydrite occurs with serpentine, olivine, dolomite, apatite, and magnetite in the ores (Figure 3), but occurs with olivine, orthopyroxene, hornblende, and dolomite in the wall rocks (Figure 4). In addition, several other S-bearing minerals were observed in these rocks. These minerals probably crystallized during high-grade metamorphic evolution. The planar crystal boundaries between the anhydrite and other minerals indicate that the anhydrite is a metamorphic mineral, rather than the product of late hydrothermal alteration or an exotic fluid phase. It is considered that the anhydrite coexisted with dolomite, calcite, and apatite during the earlier prograde metamorphic stage. Therefore, the sulfur isotopes of the anhydrite can be used as indicators of the sulfur isotopic compositions (δ34S) of the original ore-forming materials. The δ34S values of +19.8‰ to +22.5‰ (Table 1) with an average of +21.1‰ are comparable to the isotopic compositions of seawater sulfate (+21‰) [117,122,123,124,125], but are significantly higher than those of igneous sulfur (δ34S = 0 ± 5‰) [31,32,33] and magmatic anhydrite (δ34S = 0 ± 5‰). Magmatic anhydrite is a scarce primary igneous phase that occurs in oxidized intermediate and granitic magmatic systems [126,127] and has igneous sulfur isotopic compositions [127].



Additionally, two δ34S values from pyrite (Table 1 and Table S1), which is a minor component of the Zhaoanzhuang iron deposit, are much higher (+11.5‰ and +13.9‰) than those of magmatic sulfides (close to zero) [31,32,33,34,35]. It is well known that sulfur from ultramafic sulfide minerals and high-δ34S anhydrite cannot have such heavy sulfur isotopes [31,32,33] because of the mass balance in magmatic reservoirs with chondritic sulfur values. Therefore, the sulfur in the anhydrite and gypsum is more likely to have been derived from marine sediments.



Most processes on Earth that fractionate sulfur isotopes are proportional to their relative mass differences (Δ33S = 0) [37], and deviations from this relationship are commonly referred to as mass-independent fractionation (Δ33S ≠ 0) [40,128]. Because high-temperature processes are not known to produce significant changes in Δ33S [129], this mass-independent fractionation pattern is widely attributed to photodissociation of SO2 by ultraviolet (UV) light in the presence of the extremely low levels of O2 and O3 in Earth’s Archean and Paleoproterozoic atmosphere [40,130,131]. Nevertheless, in an oxic atmosphere, mass-independent sulfur fractionation is also possible when large volcanic eruptions emit SO2 directly into the stratosphere where the solar UV flux is high [132]. Consequently, the sulfate produced by photolysis of SO2, which has negative Δ33S values, precipitates near the volcanic center because it dissolves easily and is removed from the atmosphere by rain. Whereas, the insoluble S, which has positive Δ33S values, is deposited far away from the volcanic center [40].



The sulfur in the anhydrite and gypsum in the Zhaoanzhuang iron deposit has variable Δ33S values ranging from −0.47‰ to +0.90‰. Contamination by later sulfur input of any form, in the laboratory or the field, can be ruled out because it would not carry a substantial mass-independent sulfur fractionation signal [133]. Thus, the fact that significant mass-independent sulfur fractionation was recorded by the Zhaoanzhuang iron deposit, which is consistent with the conditions of the Early Archean-Paleoproterozoic atmosphere, supports the idea of an ancient exogenic sulfur cycle [44,45,46].



Furthermore, anhydrite and gypsum occur in two isotopically distinct populations, which have relatively constant negative Δ33S values (−0.47‰ to −0.01‰) and more variable positive values (0‰ to +0.90‰), reflecting the mixing of two sulfur sources with distinct isotopic compositions. A similar situation caused the sulfur isotope pattern of the pyrite in the 2.5 Ga Klein Naute Formation in South Africa [134]. In addition, the ocean at that time would have appropriately mixed more than one sulfur reservoir in such a way as to preserve the reservoirs’ mass-independent sulfur fractionation signatures [134]. However, the positive Δ33S values of the anhydrite and gypsum in the Zhaoanzhuang deposit are quite prominent and exhibit a large range of values that deviate significantly from zero. As suggested by [135], sulfide minerals with a large range of Δ33S (+1.55‰ to +1.21‰) from the banded iron formations (BIFs) of the North China Craton also show obvious signs of mass-independent sulfur fractionation. In fact, 80% of the superior-type BIF samples deposited in passive margin sedimentary environments [136] have positive Δ33S values, whereas 90% of the Algoma-BIF samples associated with volcanic rocks [136] have negative Δ33S values. The anhydrite and gypsum in the Zhaoanzhuang iron deposit display Δ33S values similar to those of the superior-type BIFs. Thus, these minerals most likely formed in a passive margin basin far away from the volcanic center. Due to the long excursion distance, the S produced by photochemical reactions would likely be oxidized and settle into the ocean in the form of sulfate.



Sulfur can be used to trace the environment from which the ores precipitated, and the presence of multiple sulfur isotopic compositions indicates an ancient external source for the sulfur of the Zhaoanzhuang iron deposit. As shown in Table S1 from [137], sulfides from iron oxide-dominated deposits have relatively high δ34S values ranging from −7.9‰ to +30‰, which are interpreted to represent evaporite-sourced sulfur. Therefore, the high sulfur isotopic features of the sulfide and sulfate minerals in the Zhaoanhzhuang deposit are probably derived from the evaporites.



Many iron oxide ores, including skarns, iron oxide-apatite (IOA), and iron oxide–copper–gold (IOCG) deposits, are associated with gypsum beds, which are interpreted to have played a critical role in the formation of iron oxide ore deposits by providing a major oxidizing agent [125,137,138]. The anhydrite in the Zhaoanzhuang iron deposit could be a pristine mineral, along with earlier dolomite, apatite, and calcite, which triggered the formation of abundant Fe3+ and relatively little Fe2+ in favor of magnetite precipitation.




6.2. The Source of Magnesium


Mg-rich iron deposits (or Mg–Fe deposits) can form through mafic-ultramafic magmatic processes, hydrothermal metasomatic processes, or chemical sedimentation. Thus, magnesium can be derived from magmatic, hydrothermal, or sedimentary sources. As can be seen from Figure 8, the δ26Mg values of the mantle (−0.25 ± 0.07‰) [47] and modern seawater (−0.83 ± 0.09‰; [139]) are constant. The magnesium isotopes for mantle peridotites, pyroxenites, the various basaltic rocks that form from them, and normal eclogite produced from metamorphic genesis, are remarkably homogeneous, suggesting that no significant fractionation occurs during mantle melting, magma differentiation, and high-temperature metamorphic dehydration [47,59,60,61,62,63,64,65,66].



Several studies confirmed mantle heterogeneity of mantle-derived carbonated eclogites, garnet–websterites, and phlogopite–pyroxenites, which have lower δ26Mg values ranging from −1.93‰ to −0.43‰ [140,141]. These lower values are the result of mantle metasomatism by subducted oceanic slab fluids and the recycling of sedimentary carbonates with light δ26Mg [142]. In addition, magmatic carbonatites also show dominant mantle-like Mg isotopic compositions and some have even higher δ26Mg values due to Mg isotopic fractionation caused by silicate–carbonate liquid immiscibility and fractional crystallization of carbonate melts [143]. In contrast, sedimentary carbonate rocks have variable, lower Mg isotopic values compared to those of igneous rocks. Limestones generally have a lighter Mg isotopic composition (δ26Mg < −2.5‰) than dolostone and marlstone [119]. Dolostones have a relatively large range of δ26Mg values spectrum from −2.49‰ to −0.45‰ [119], while the δ26Mg values of normal marine sedimentary dolostone range from −2.29‰ to −1.09‰ [50,120]. Due to differences in their Mg sources, precipitation environment, early diagenetic pathways, and other factors, the various types of dolostones have varying Mg isotopic compositions [119].



Because metamorphic dehydration [64,66,73] and serpentinization [109] result in insignificant amounts of Mg isotopic fractionation, the δ26Mg values of the seven samples analyzed in this study can potentially reflect the primitive Mg isotopic composition of the Zhaoanzhuang iron deposit. These samples have whole-rock δ26Mg values ranging from −1.20‰ to −0.34‰, which is inconsistent with the magnesium isotopic compositions of magmatic rocks, but falls into the range of dolostone values (δ26Mg = −2.49‰ to −0.45‰) (Figure 8; [119]), and is approximately 0.7‰ higher than that of normal marine sedimentary dolostones (−2.29‰ to −1.09‰; [50,120]).



Metasomatic mantle-derived rocks, such as carbonated eclogites, garnet–websterite, and phlogopite–pyroxenite, also have light Mg isotopic compositions. This is due to the fact that sedimentary carbonate rocks have low δ26Mg values, so metasomatism of the mantle by the addition of silicate melts and/or sedimentary carbonate-bearing fluids from an ancient subducted oceanic slab lowers the Mg isotopic composition of the mantle-derived rocks [64,141].



Therefore, if the Mg in the Zhaoanzhuang iron deposit was sourced from ultramafic magma, these low δ26Mg values are most likely the result of mixing with sedimentary carbonate or carbonate-bearing fluid. The possible mixing processes could be due to either subduction of an oceanic slab into the mantle [140,141,142] or the intrusion of mantle melts into carbonate strata. The former process can be excluded because it requires a specific tectonic environment and makes a relatively small volume contribution [141], which is often recorded in mantle xenoliths and/or evolved continental and island arc basalts [142]. However, the latter process provides a possible explanation. The well-known skarn mineralization model shows that the mixing of Mg-rich, 26Mg-depleted dolomitic wallrock and Mg-poor, 26Mg-enriched magma can produce the observed low Mg isotopic signatures [146]. The associated intrusive body is most likely the series of olivine–orthopyroxenite, orthopyroxenite, or hornblendite bodies widely distributed throughout the Zhaoanzhuang iron orebodies. However, the alteration zone produced by the intrusion of magmatic material into the wallrock should result in a well-developed skarn mineralization system, which is not observed in the cross-sections or stratigraphic column of the Zhaoanzhuang iron orebody (Figure 2). Skarn-type deposits associated with ultramafic rocks and such water-salinity-poor hydrothermal fluid are very rare, and none of the other intermediate-silicic intrusive bodies more commonly associated with skarn-type deposits were observed. Thus, the mixing of the isotopically heavy Mg of the magma with the isotopically light Mg of the carbonate wall rock is unlikely to be responsible for the 26Mg values of the Zhaoanzhuang iron deposit.



Hence, it is reasonable to speculate that the magnesium in the Zhaoanzhuang iron deposit was derived from marine carbonate sediments or a metasomatic hydrothermal fluid that sourced from the surrounding Mg-bearing rocks or Mg-rich brines during its precipitation. This is further supported by the presence of residual dolomite in the carbonate–magnetite ores and the weakly mineralized olivine–marble. The hydrothermal and sedimentary processes that occurred were not mutually exclusive [66]. The δ26Mg values (mean value: −2‰; Table S1) of the dolomitic marble samples from the Tieshanmiao formation, which overlies the Zhaoanzhuang formation, are lower than the samples analyzed in this study; the Mg of the Zhaoanzhuang iron deposit could not have been solely derived from Mg-rich seawater. In addition, a hydrothermal fluid with a heavier Mg isotopic composition was also thought to play a significant role in dolomite precipitation. The amphibolite (ZK3211-13), which has a high mantle-like δ26Mg, would be more intensely affected by this hydrothermal fluid. In addition, the δ26Mg values of the Zhaoanzhuang iron deposit are consistent with those of the Paleoproterozoic Huaziyu magnesite deposit in the Liaohe Group of the northeastern margin of the North China Craton. Additionally, they are also consistent with those of the Paleoproterozoic dolomites in the Tulomozero formation in the Onega Basin along the southeastern Fennoscandian Shield, in Russia [55,145], both of which have values of about −0.8 ± 0.2‰ (Figure 9).



Based on the lithologies of the rocks in the study area, the coexisting Mg-rich carbonates (dolomite and magnesite) and gypsum or anhydrite in the Huaziyu area and in the Onega Basin are indicative of an evaporative environment or a coastal playa (sabkha) [55,145,147], in which pristine Mg-rich carbonate minerals, anhydrite, and B-rich minerals formed. Thus, seawater evaporation and the contemporaneous precipitation of marine carbonates and calcium sulfates (gypsum, anhydrite) are the primary causes of the heavy Mg isotope enrichment of the rocks in the study area. The enrichment in the heavier 26Mg can be explained by Rayleigh fractionation of the Mg isotopes in continuous evaporating of seawater in a closed system due to the ongoing precipitation of calcium sulfates and carbonates [55].



Consequently, the most probable source of Mg for the Zhaoanzhuang ore-forming material is dolomite or another magnesium-rich carbonate precipitated from Mg-rich seawater. Unfortunately, these carbonates have been almost completely transformed into magnesium silicate minerals (olivine, orthopyroxene, hornblende, and clinohumite) by upper amphibolite to granulite facies metamorphism.




6.3. Boron Isotopes in Tourmalinite


In general, magmatic boron sources typically have negative δ11B values, while the δ11B isotopic values (Figure 10) of the primitive mantle (−9.9‰; [148]), bulk continental crust (−9.1‰; [149]), and mid-ocean ridge basalts (MORB = −7.1‰; [149]) vary slightly. However, altered magmatic rocks and serpentinized ultramafic rocks have slightly enriched B concentrations and higher δ11B values than normal magmatic rocks due to interaction with 11B-enriched seawater [85]. It has been experimentally determined that large B isotopic fractionation (up to +30‰) [150] occurs during supergene evaporative processes, which is consistent with the very high δ11B values of natural brines (up to +59‰) from several salt lakes [79]. The high δ11B values of marine precipitated evaporites and borate evaporate deposits (up to +25‰) [75] reflect the abundance of heavy 11B in seawater (Figure 10; [144]).



As can be seen from Figure 10, tourmaline associated with marine evaporite- or carbonate-derived B sources can produce high δ11B values, ranging from −8.1‰ to +18.3‰ [77]. The tourmalinites in the Early Archean Barbeton greenstone belt in South Africa also have high 11B concentrations (Figure 10) due to input from a marine evaporitic B source with δ11B ranging from +20‰ to +30‰ [151]. However, the δ11B values of non-marine evaporite-associated, metavolcanic-associated, and clastic-associated tourmaline [71] have δ11B values lower than those of marine evaporite- or carbonate-derived tourmaline.



In addition, the tourmaline that is frequently present in pegmatites formed from highly fractionated residual magmatic fluids enriched in mobile and incompatible B, which were released as the granitic pluton cooled [76]. The tourmaline in the rare-element pegmatites in Borborema Province in Brazil have a wide range of δ11B from −20.2‰ to +1.6‰, which is similar to the range of worldwide pegmatite tourmalite [152]. The large B-isotopic fractionation in pegmatites could be due to their low solidus temperatures, high volatile contents, small magma volumes, and the occurrence of mineral segregation, fluid immiscibility, and exsolution [153]. The higher δ11B values of the tourmaline in pegmatites are interpreted to be due to mixing of the magma with the heavy B from country rocks such as marble and calc-silicate rocks [152]. Due to complexity of the boron sources of natural rocks, tourmaline from various origins yields a wide preferentially negative δ11B range of −30‰ to +22‰ [76,77,90].



The tourmaline from the Zhaoanzhuang iron deposit formed during the metamorphic stage at high temperatures of 700–750 °C [102,106], rather than as a product of the hydrothermal stage. This is supported by its unzoned texture and the fact that it is cut by gypsum veins. The tourmaline’s unzoned texture could indicate that the tourmaline was not crystallized during the progressive metamorphic stage because tourmaline formed during the prograde stage generally retains its zoned structure due to evolving P-T-X conditions and negligible intracrystalline element diffusion over geologic time frames, even at temperatures in excess of 600 °C [85,157].



Some of the iron ores and wall rocks have B contents of 60 to 200 ppm (Table S1), which is significantly higher than those of primitive mantle and depleted mantle, 0.19 and 0.077 ppm, respectively [149]. Thus, we conclude that the boron was leached from the host rocks through dehydration reactions during prograde metamorphism, and then, the B as well as abundant Mg, Al, Fe, and Ca were used to form tourmaline at a high temperature during peak metamorphism.



Tourmaline from three samples from the Zhaoanzhuang iron deposit have a narrow range of in situ δ11B values of −0.2‰ to +3.6‰ with a mean value of +2‰ (N = 33) (Table 3), which differs from the wide ranges of δ11B values seen in tourmaline from other environments, such as magmatic rocks, metavolcanic and sedimentary rocks, and marine and non-marine evaporites (Figure 10). The similarity of the δ11B values of tourmaline phenocrysts with different lithologic features from the three samples suggests that these tourmaline-rich rocks have a common boron source, which could be the main factor controlling the B isotopic composition of tourmaline that underwent limited boron isotopic fractionation at a high temperature [83].



However, the temperature dependence of the boron isotopic fractionation factor between tourmaline and aqueous fluid/vapors is also significant, which is supported by experimental results [83,158]. The δ11B values of the tourmaline must be lower than that of the fluid from which it precipitated, in order for the preferential fractionation of 11B into the fluid to occur. Palmer et al. [83] produced experimental B isotopic fractionation of 2‰ to 6‰ at a temperature of 750 to 350 °C; while Meyer et al. [158] produced 0.8‰ to 2.7‰ fractionation at 700 to 400 °C. In order to determine the boron source, the δ11B value of the tourmaline must be corrected for fractionation between the fluids and minerals (Δ11Btourmaline-fluid). According to the equation for equilibrium boron fractionation, Δ11Btourmaline-fluid = −4.20·× [1000/T (K)] + 3.52 determined by [158], the δ11B values of the fluid be +0.4‰ to +4.4‰ at temperatures of 750 to 700 °C.



Thus, the isotopically heavy boron was likely derived from a high δ11B carbonate source. This, combined with the high B contents of the deposit, suggests a marine evaporite component. Comparable (δ11B = +3.3‰ to +7.3‰) and even higher δ11B (δ11B = +14.5‰ to +17‰) values (Figure 10, unpublished data from Wang Qian) were recorded in tourmaline phenocrysts from the altered wall rocks adjacent to the Gongchangling high-grade iron ores in the Anshan area, in the northeastern part of the North China Craton. These heavy boron isotopes are believed to have leached from the evaporite layer in the Liaohe Group. In addition, tourmalinite and borate ores in the Houxianyu Mg–Fe-rich borate deposit in the Liaohe Group also have heavy boron isotopic compositions (Figure 10), which was likewise interpreted to be the result of interaction with Mg-rich marine carbonates and evaporites [155,156]. However, the lack of boron minerals and the lower δ11B values of the tourmaline in the Zhaoanzhuang iron deposit compared to those in the Gongchangling iron deposit and the Houxianyu Mg–Fe-rich borate deposit suggests that the Zhaoanzhuang iron deposit was precipitated from low δ11B seawater in a weaker evaporitic environment.




6.4. Implications for Provenance and Metallogenic Processes


Petrographic observations reveal that the serpentine–magnetite ores were once olivine–(orthopyroxene)–magnetite Mg-rich iron ores. An Mg-rich iron deposit can be formed by mafic-ultramafic magmatic processes, hydrothermal metasomatic processes, or by chemical sedimentation. High-Mg iron deposits with a mafic-ultramafic origin are rarely seen in nature, especially olivine-bearing iron oxide deposits. However, this type of deposit is seen in the middle petrographic zone of the Hongge layer intrusion and in the lower petrographic zone of the Baima layered intrusion in the Emeishan Large Igneous Province, southwestern China [159,160,161]. These examples are characterized by the occurrence of olivine with Fo values of 63–83 [162,163,164], clinopyroxene, and Fe–Ti oxides and higher MgO contents than those of other iron oxide deposits sourced from layered intrusions [164,165]. The large thickness of these olivine-rich magnetite ores is commonly considered to be due to the fact that they are derived from picritic primary magmas by fractionation crystallization of silicate minerals in deep magma chambers [166,167,168,169].



Magnesian skarn rock is a proxy for hydrothermal metasomatic genesis. Examples of this type of skarn include the Galinge iron-bearing magnesian skarn zone in the Qiman Tagh metallogenic belt, western Tianshan, China, which formed through the interaction between granodiorite and dolomitic marble [170], and the Janggun magnesian skarn-type iron deposits, Republic of Korea, which developed in the Cambrian dolomitized Janggun Limestone along its contact with the Jurassic Chunyang granite [171]. The gangue minerals in the ores mainly include Mg-rich forsterite, serpentine, chondrodite, clinochlore, talc, phlogopite, dipside, and carbonate minerals (dolomite, magnesite, and calcite), while the ore minerals include magnetite, hematite, pyrrhotite, and various other sulfides [171]. Chemical sedimentogenic Mg–Fe deposits were most commonly formed in the Precambrian and underwent various levels of late metamorphic or hydrothermal processes. These deposits include the Tianhu dolomite–pyrite–magnetite deposit hosted in the Neoproterozoic Tianhu Group in Eastern Tianshan [172,173], the Lilaozhuang magnesite–magnetite deposit within the Neoarchean-Paleoproterozoic Huoqiu Group [174,175,176,177], and the Lieryu magnesite–magnetite and borate deposits in the Paleoproterozoic Liaohe Group [66,178]. The latter two representative deposits of high-Mg chemical precipitation genesis are located on the southern and northern margins of the North China Craton (NCC), respectively (Figure 1a). The Lilaozhuang Mg–Fe ores formed in a confined sea basin on a continental margin [176], while the Lieryu boronmagnesite–magnetite deposits formed in a marine evaporative environment [66,155,156,179].



In the Zhaoanzhuang iron deposit, strong deformation and high-grade metamorphism obliterated many of the primary textural characteristics of the protolith. Thereby, different studies have proposed various theories for the origin of the Zhaoanzhuang iron ores and their host rocks. Previous models for the origin of these iron deposits mainly agree on an ultramafic intrusion origin [6,8,9,10,11,12,14,15]. However, purely ultramafic magmatic genesis can easily be discounted on the basis of the very negative and varied Mg isotopic compositions of the Zhaoanzhuang iron deposit (Table 2 and Table S1), which is inconsistent with the limited Mg isotopic fractionation produced during partial melting and crystal fractionation [47,59,60,61]. Despite the fact that these isotopic compositions do not entirely discount the possibility of intrusion-associated magnesian skarn-type deposits hosted in dolomitic carbonate rocks, based on the limited outcrops and the analyzed samples, we believe that magmatic skarn mineralization should be excluded as a possibility due to the following arguments: (1) There is no significant enrichment of any other base metal, which is common in other intrusion-associated skarn deposits [171,180,181]. (2) There is no alteration zonation, which is common in skarn mineralization systems when magma intrudes the wall rock. (3) No late metasomatic textures formed adjacent to the iron ores, such as greisenization, albitization, and epidotization, but these features are well-developed in skarns [182]. (4) Garnet and diopside are absent, but in skarns, these minerals commonly form along the contact zone. (5) No obvious mineralized endoskarns developed in the hornblende–oligoclase or garnet–hornblende–oligoclase gneiss underlying the iron orebodies (Figure 2), which if present, would represent fluid pathways from the intrusion into the overlying sedimentary rocks [183].



Thus, the magnesium-rich silicates in the Zhaoanzhuang deposit are metamorphic minerals formed from Si–Mg-rich carbonate minerals. This is supported by the occurrence of abundant residual dolomite in some of the ores and wallrocks. We conclude that the Zhaoanzhuang iron deposit was formed by metamorphism of Fe–Si–Mg-rich marine carbonate rocks, the original mineral compositions of which are difficult to completely determine due to their complete transformation by late-stage high-grade metamorphism. However, the Mg-rich chemical compositions of the initial ore-forming materials of the Zhaoanzhuang iron deposit are consistent with carbonate-associated chemical sedimentogenic Mg–Fe deposits.



Examples of this type of deposit include the Tianhu dolomite–pyrite–magnetite deposit, the Lilaozhuang magnesite–magnetite deposit, and the Lieryu magnesite–magnetite–borate deposits. In addition, the Mg isotopic composition of the Zhaoanzhuang iron deposit is similar to that of Paleoproterozoic Mg-rich carbonate rocks (Figure 9). These features suggest that these superior-type IFs precipitated in a similar marine environment [136]. Tectonically, the Zhaoanzhuang, Lilaozhuang, and Lieryu Mg-rich iron deposits are located on the North China Cratonic margin, which may be a factor in their similar formation periods and marginal seawater environment.



However, except for the Lieryu iron deposit, few geochronological studies have been conducted on the Lilaozhuang and Zhaoanzhuang iron deposits. Most studies agree on a Paleoproterozoic formation time for the Lieryu Mg-rich iron deposits [66,145,178,184], but several studies determined Neoarchean formation time for the Lilaozhuang iron deposit [176,177]. The Zhaoanzhuang iron deposit is hosted in the Neoarchean-Paleoproterozoic Taihua Group [95,96,97,98,99,100], and the occurrence of mass-independent sulfur fractionation in the Zhaoanzhuang iron deposit is consistent with the Neoarchean-Paleoproterozoic anoxic atmosphere. The Lieryu iron deposit, which is hosted within Mg–silicate and Mg–carbonate rocks, is the most studied due to its abundant boron, magnesium, and iron. This deposit was formed by the metamorphism of marine evaporites [66,145,178,184]. The abundant anhydrite with very positive δ34S (+21.1‰) and δ11B values (+2.0‰) and high B contents in the serpentine–magnetite ores of the Zhaoanzhuang iron deposit and wall rocks suggest that the Zhaoanzhuang iron deposit also most likely formed in an evaporitic environment.





7. Conclusions


Petrography and S–Mg–B isotope geochemistry indicate that the serpentine–magnetite ores of the Zhaoanzhuang iron deposit have a chemical sedimentary origin, rather than an ultramafic intrusion-associated origin. The Zhaoanzhuang iron deposit is hosted in a series of Fe–Si–Mg-rich marine carbonate strata with considerable evaporitic components, which were precipitated in a Mg-rich marginal seawater evaporitic environment. The ore-forming mechanism involving the following processes: (1) Early diagenesis preserved the abundant ferrous iron components and the silica equivalents of the magnesium-rich carbonate rocks, and (2) regional metamorphic processes at 1.95–1.8 Ga triggered magnetite mineralization and transformed the magnesium-rich carbonate minerals into magnesium-rich silicates. The abundant anhydrite possibly played a critical role by oxidizing the ferrous iron during mineralization, leading to the precipitation of large amounts of magnetite. The Zhaoanzhuang iron deposit’s high δ34S (+21.1‰) and δ11B (+2.0‰) values and low δ26Mg values (−0.80‰) suggest that this deposit was formed in a marine evaporitic environment.
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Figure 1. (a) Schematic tectonic map of the North China Craton, showing the locations of the Precambrian iron deposits (after [23,24,25]). (b) Map of the Early Precambrian metamorphic terranes in the southern part of the North China Craton. (c) Geologic map of the iron deposits in the Wugang terrane, Henan (modified from [1,26,27,28]). 
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Figure 2. Geologic map of the Zhaoanzhuang area, showing the locations of drill holes ZK2702 and ZK2704 (after Wuyang Mining Limited Liability Company, Henan Ansteel Group). Stratigraphic columns for drill holes ZK2702 and ZK2704 are also shown. 
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Figure 3. The mineral assemblages of the different types of iron ores in the Zhaoanzhuang iron deposit. (a) Dense disseminated serpentine–magnetite ore with residual olivine and orthopyroxene. (b) Banded serpentine–magnetite ore with minor anhydrite. (c) Disseminated serpentine–magnetite ore with abundant anhydrite and minor apatite. (d) Apatite–magnetite ore with irregular dolomite and minor serpentine. (e) Anhydrite–magnetite ore with serpentine and minor apatite. (f) Anhydrite–magnetite ore with serpentine. (g) Carbonate–magnetite ore with serpentine, apatite, and anhydrite. (h) Carbonate–magnetite ore containing magnetite, olivine, serpentine, anhydrite, dolomite, and calcite. The dolomite exhibits planar boundaries in contact with anhydrite, but curved boundaries in contact with magnetite and serpentine. (i) Carbonate–magnetite ore with serpentine. Abbreviations: Anh, anhydrite; Ap, apatite; Cal, calcite; Dol, dolomite; Gp, gypsum; Mag, magnetite; Ol, olivine; Opx, orthopyroxene; Srp, serpentine. All the photos were taken in cross-polarized light. 
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Figure 4. The mineral assemblages of the different types of wall rocks in the Zhaoanzhuang iron deposit. (a) Olivine–dolomitic marble with magnetite. (b) Olivine–dolomitic marble with magnetite. (c) Olivine–orthopyroxenite. (d) Tabular orthopyroxene contains abundant anhydrite and minor magnetite (Mag1) inclusions. (e) Olivine–amphibolite. (f) Olivine–orthopyroxenite with residual anhydrite. (g) Olivine–orthopyroxene-amphibolite. (h,i) Olivine–amphibolite containing orthopyroxene and spinel. Abbreviations: Anh, anhydrite; Cal, calcite; Dol, dolomite; Hbl, hornblende; Mag, magnetite; Ol, olivine; Opx, orthopyroxene; Spl, spinel; Srp, serpentine. (a–f) photos were taken in cross-polarized light. (g,h) Photos were taken in plane-polarized light. (i) Photo was taken in reflected light. 
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Figure 5. The mineral assemblages of other typical wall rocks in the Zhaoanzhuang iron deposit. (a–c) Tourmaline-rich rocks. (d) Anhydrite–serpentinite. (e) Calcite–serpentinite with some magnetite. (f) Anhydrite–phlogopite schist. (g) Apatite–phlogopite–serpentinite. (h) Anhydrite–phlogopite schist with minor magnetite. Abbreviations: Anh, anhydrite; Ap, apatite; Cal, calcite; Gp, gypsum; Mag, magnetite; Phl, phlogopite; Srp, serpentine; Tur, tourmaline. (a–c,h) Photos were taken in plane-polarized light. (d–g,i) Photos were taken in cross-polarized light. 
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Figure 6. Paragenetic sequence of the minerals in the Zhaoanzhuang iron deposits in different metamorphic stages. 
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Figure 7. (a) Plot of δ34S versus Δ33S for the anhydrite and gypsum in the Zhaoanzhuang iron deposits. (b) Ternary magnesium isotope diagram of all of the samples (blue solid circles) and reference standards (yellow solid circles) analyzed in this study. The dashed line is the mass-dependent fractionation line with a slope of 0.521. 
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Figure 8. Compilation of Mg isotope data for the Zhaoanzhuang iron deposit and published data for carbonate rocks, igneous rocks, and modern seawater for comparison. The modern seawater data are from [61,70,144]. The marlstone data are from [121]; the limestone data are from [50,121], the normal marine dolostone data are from [50,119,120]; and all of the other dolostone data are from [119]. The Huaziyu magnesite and dolomitic marble data are from [145]. The igneous rock data are from [60,61,141,143]. The normal eclogite and carbonated eclogite data are taken from [140]. The solid grey vertical band represents the chondritic δ26Mg value of −0.25 ± 0.07‰ [47,59]. 
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Figure 9. Histogram showing the δ26Mg variations of the Zhaoanzhuang iron deposit (in this study) along with other published data for the sedimentary dolomites in the Palaeoproterozoic Tulomozero formation in the Onega Basin, southeastern Fennoscandian Shield, Russia [55] and the Huaziyu magnesites in the Palaeoproterozoic Lieryu formation in the Liaohe Group, northeastern North China Craton, China [145]. 
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Figure 10. Comparison of the tourmaline δ11B values of the interlayered tourmaline-rich rocks in the Zhaoanzhuang iron deposit with compiled data for non-marine evaporite-associated [154], marine evaporite and carbonate-associated [77], metavolcanic-associated [154], clastic sediment-associated [154], Archean evaporite-associated [151], altered magmatic rocks-associated [85], and pegmatite-hosted [152] tourmaline. The tourmaline δ11B values of the tourmalinite and granite in the Houxianyu borate deposit, northeastern North China Craton [155,156] and the altered wall rocks in the Gongchangling high-grade iron ore deposit, Anshan-Benxi area of the North China Craton (Wang Qian, unpublished data) are also plotted for comparison. Houxianyu borate deposit data with * symbol indicate δ11B values of borate ores [155]. Data with * symbol indicate the average δ11B composition of the primitive mantle [148], bulk continental crust [149], and uncontaminated mid-ocean ridge basalts (MORB) [149]. The solid green lateral band represents the δ11B variations of tourmaline in natural rocks [76,77,90]. The solid grey vertical band represents a δ11B value of +39.6 ± 0.04‰ [144]. 






Figure 10. Comparison of the tourmaline δ11B values of the interlayered tourmaline-rich rocks in the Zhaoanzhuang iron deposit with compiled data for non-marine evaporite-associated [154], marine evaporite and carbonate-associated [77], metavolcanic-associated [154], clastic sediment-associated [154], Archean evaporite-associated [151], altered magmatic rocks-associated [85], and pegmatite-hosted [152] tourmaline. The tourmaline δ11B values of the tourmalinite and granite in the Houxianyu borate deposit, northeastern North China Craton [155,156] and the altered wall rocks in the Gongchangling high-grade iron ore deposit, Anshan-Benxi area of the North China Craton (Wang Qian, unpublished data) are also plotted for comparison. Houxianyu borate deposit data with * symbol indicate δ11B values of borate ores [155]. Data with * symbol indicate the average δ11B composition of the primitive mantle [148], bulk continental crust [149], and uncontaminated mid-ocean ridge basalts (MORB) [149]. The solid green lateral band represents the δ11B variations of tourmaline in natural rocks [76,77,90]. The solid grey vertical band represents a δ11B value of +39.6 ± 0.04‰ [144].



[image: Minerals 09 00377 g010]







[image: Table]





Table 1. S isotopic compositions (‰) of anhydrite and gypsum from the Zhaoanzhuang iron deposit. (Abbreviations: Anh, anhydrite; Gp, gypsum; Lz, lizardite; Cal, calcite; Mhb, magnesiohornblende; Ms, muscovite; Zrn, zircon; Tlc, talc; and Py, pyrite).
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Sample No.

	
Mineralogy

	
Sulfate Minerals

	
Δ33Sv-CDT






	

	

	
δ34Sv-CDT

	
δ33Sv-CDT

	




	
ZAZ14-6

	
97.2% Anh, 2.8% Gp

	
+21.1

	
+10.5

	
−0.31




	
ZAZ14-7

	
57.7% Anh, 42.3% Gp

	
+21.2

	
+10.7

	
−0.16




	
ZAZ14-10

	
100.0% Gp

	
+21.2

	
+10.5

	
−0.36




	

	
Replicate

	
+21.4

	
+10.6

	
−0.36




	
ZAZ14-11

	
100.0% Gp

	
+21.2

	
+10.7

	
−0.16




	

	
Replicate

	
+21.3

	
+10.6

	
−0.31




	
ZAZ14-13

	
85.6% Gp, 5.0% Anh, 3.8% Cal, 5.6% Lz

	
+21.3

	
+10.8

	
−0.11




	
ZAZ14-14

	
100.0% Gp

	
+21.8

	
+11.3

	
+0.13




	
ZAZ14-16

	
48.4% Gp, 51.6% Anh

	
+22.5

	
+11.5

	
−0.02




	
ZAZ14-18

	
98.0% Gp, 2.0% Anh

	
+21

	
+10.4

	
−0.36




	
ZAZ14-19

	
100.0% Gp

	
+22.5

	
+11.2

	
−0.32




	
ZAZ14-21

	
94.3% Gp, 5.7% Anh

	
+21

	
+11.1

	
+0.34




	
ZAZ14-23

	

	
+21.4

	
+11

	
+0.04




	
ZAZ14-24

	
98.8% Gp, 1.2% Anh

	
+21

	
+10.4

	
−0.36




	
ZAZ14-25

	
74.9% Gp, 22.6% Anh, 2.5% Cal

	
+21.3

	
+11.1

	
+0.19




	

	
Replicate

	
+21.4

	
+10.9

	
−0.06




	
ZAZ14-26

	
98.1% Gp, 1.9% Mhb

	
+21.4

	
+11.3

	
+0.34




	
ZAZ14-27

	
100.0% Gp

	
+20.9

	
+10.7

	
−0.01




	
ZAZ14-29

	
100.0% Gp

	
+20.7

	
+10.9

	
+0.29




	
ZAZ14-30

	

	
+19.8

	
+9.8

	
−0.35




	
ZAZ14-35

	
100.0% Gp

	
+20

	
+10.3

	
+0.05




	
ZAZ14-37

	
96.9% Gp, 3.1% Lz

	
+21.3

	
+14.2

	
+3.29




	
ZAZ14-38

	
100.0% Gp

	
+20.3

	
+11.3

	
+0.9




	
ZAZ14-39

	
68.0% Gp, 30.2% Anh, 1.8% Mhb

	
+21.2

	
+11.6

	
+0.74




	
ZAZ14-40

	
72.6% Gp, 27.4% Anh

	
+20

	
+10.4

	
+0.15




	

	
Replicate

	
+20

	
+10.3

	
+0.05




	
ZAZ14-41

	
67.1% Gp, 32.9% Anh

	
+20.1

	
+10.3

	
0




	
ZAZ14-42

	
100.0% Gp

	
+21.6

	
+10.9

	
−0.17




	
ZAZ14-43

	
100.0% Gp

	
+21.3

	
+11.3

	
+0.39




	
ZAZ14-46

	
100.0% Gp

	
+21.1

	
+11.1

	
+0.29




	
ZAZ14-47

	
97.1% Gp, 2.9% Anh

	
+20.8

	
+11

	
+0.34




	
ZAZ14-49

	
88.6% Gp, 11.4% Anh

	
+22.3

	
+11.6

	
+0.18




	
ZAZ14-54

	
100.0% Gp

	
+20.9

	
+11

	
+0.29




	
ZAZ14-55

	
92.7% Gp, 0.7% Lz, 6.6% Ms

	
+19.9

	
+10.4

	
+0.2




	
ZAZ14-57

	
100.0% Gp

	
+22.4

	
+11

	
−0.47




	
ZAZ14-58

	
91.0% Gp, 9.0% Ms

	
+20.6

	
+10.6

	
+0.04




	
ZAZ14-60

	
99.1% Gp, 0.9% Zrn

	
+20.8

	
+10.4

	
−0.26




	
ZAZ14-62

	
100.0% Gp

	
+20.5

	
+10.2

	




	
ZAZ14-63

	
98.7% Gp, 1.3% Tlc

	
+20.8

	
+10.4

	




	

	

	

	

	




	
ZAZ-13

	
Py

	
+11.5

	

	




	
ZAZ-15

	
Py

	
+13.9
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Table 2. Mg isotopic compositions (‰) of reference materials and representative magnesium silicate-rich rocks from the Zhaoanzhuang iron deposit.
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	Sample No.
	Rock Type
	δ26Mg
	2SD
	δ25Mg
	2SD
	Δ25Mg





	AGV-2
	standard
	−0.15
	0.03
	−0.06
	0.01
	0.02



	BHVO-2
	standard
	−0.25
	0.04
	−0.11
	0.04
	0.02



	ZAZ-11
	magnetite–serpentinite
	−0.93
	0.02
	−0.48
	0.04
	0.01



	ZAZ-25
	serpentinized olivine–orthopyroxenite
	−0.80
	0.02
	−0.40
	0.01
	0.02



	ZAZ13-12
	magnetite–serpentinite
	−0.66
	0.06
	−0.34
	0.01
	0.01



	ZK3211-13
	amphibolite
	−0.34
	0.03
	−0.18
	0.01
	0.00



	ZK3211-25
	anhydrite–serpentinite
	−1.20
	0.06
	−0.62
	0.03
	0.00



	ZK3211-29
	magnetite–serpentinite
	−0.66
	0.04
	−0.34
	0.01
	0.00



	ZK3211-61
	dolomite–magnetite–serpentinite
	−1.00
	0.04
	−0.52
	0.01
	0.00
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Table 3. In-situ laser ablation multi-collector inductively coupled mass spectrometer (LA-MC-ICPMS) B isotopic compositions (‰) of tourmaline from the wall rocks of the Zhaoanzhuang iron deposit.
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	Sample No.
	Spots
	δ11B
	Sample No.
	Spots
	δ11B
	Sample No.
	Spots
	δ11B





	ZK2151-12
	1-1
	+2.6
	ZK2151-23
	1-1
	+3.3
	ZK2704-10
	1-1
	−0.6



	
	1-2
	+2.2
	
	1-2
	+0.2
	
	1-2
	−0.4



	
	1-3
	+0.2
	
	1-3
	+2.0
	
	1-3
	−0.3



	
	1-4
	−0.2
	
	1-4
	+1.8
	
	1-4
	+1.9



	
	1-6
	+1.9
	
	1-5
	+3.1
	
	1-5
	+0.3



	
	1-7
	+1.4
	
	1-6
	+3.2
	
	1-6
	+0.2



	
	1-8
	+1.1
	
	1-7
	+3.3
	
	1-7
	+0.7



	
	1-9
	+1.2
	
	1-8
	+3.0
	
	1-8
	+1.4



	
	1-10
	+2.7
	
	1-9
	+2.3
	
	1-9
	+3.6



	
	1-11
	+3.2
	
	1-10
	+1.8
	
	1-10
	+2.8



	
	1-12
	+2.7
	
	1-11
	+2.4
	
	1-11
	+3.4



	
	1-13
	+1.8
	
	1-12
	+2.1
	
	1-12
	+1.6



	Average
	
	+1.7
	
	
	+2.4
	
	
	+1.8











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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