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Abstract

:

Banded iron-formations (BIFs) are marine chemical sedimentary rocks composed of siliceous and ferric materials, usually with typical thin layers or sheet structures. BIFs not only record a wealth of information about the state and evolution of the lithosphere, atmosphere, hydrosphere, and biosphere but also host the majority of the economic iron resources in the world. Here, we summarize the types, mineralogical, and geochemical characteristics of BIFs; analyze their formation conditions, their oxidative mechanism, and the absence causes of BIFs; and elucidate the associations between BIFs and major atmospheric oxidation events (Paleoproterozoic great oxidation event (2.4~2.1 Ga) and Neoproterozoic oxidation event (0.8~0.55 Ga)). BIFs are intimately associated with enhanced submarine magmatic–hydrothermal activities. Finally, it is concluded that the deposition and demise of BIFs are closely related to major geological events, and these major geological events interact with each other, jointly constraining the evolution of the atmospheric and marine environment and of geo-biological and geodynamic processes.
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1. Introduction


Banded iron formations are unique iron-and silica-rich marine chemical sedimentary rocks deposited in mostly Archean and Paleoproterozoic strata in an anoxic marine environment. The term of BIFs originated from the description of iron formation in Lake Superior district [1]. BIFs are defined as chemical sedimentary rocks consisting of thin layers of siliceous bands (chert or its metamorphic products) alternating with iron-bearing minerals with an iron mass fraction usually 20%~35% and (SiO2) 40%~50% [2]. BIFs have different names in different regions, such as banded ironstone in South America, quartz banded ore in Sweden, banded hematite quartzite in India, banded iron ore in South Africa, and magnetite quartzite in the Anshan-Benxi region of China. The distinguishable feature of BIFs is that they have obvious banded structures or rhythmic layers at both macroscopic and microscopic scales, and these bands have different widths, including the macro-bands (>2.54 cm), meso-bands (1.7 mm~2.54 cm), and micro-bands (0.3~1.7 mm) [3].



BIFs are distributed widely in all continents of the world. The earliest BIFs were formed at 3.8 Ga, such as Isua BIFs in Greenland and Nuvvaugittuq BIFs in Northern Qu’ ebec; the latter were most likely formed at 4.3 Ga [4]. Precambrian BIFs were formed mainly in two periods: Archean to Paleoproterozoic (3.8~1.8 Ga) and Late Neoproterozoic (0.8~0.6 Ga) [3,4,5,6]. The peak of BIFs appeared at ~2.5 Ga, such as the BIFs in Hamersley Group in Australia and Transvaal BIFs in South Africa. Precambrian BIFs are components of the greenstone belt in ancient cratons, and most of them have generally been subjected to various grades of metamorphism, structural deformation, and dismemberment over a prolonged history of geological evolution [3]. The lack of modern analogs make the reconstruction of the original depositional (basinal) setting of such BIFs very difficult [7]. The latest study suggests that ferrihydrite and partially oxidized or even purely ferrous greenalite are viable primary BIFs mineralogies [8]. Neoproterozoic BIFs occurred mainly in Phanerozoic orogenic belts, such as the Pan-African orogenic belt, the Brazil–African orogenic belt, and the Damar orogenic belts, also occurred in craton [5,9,10]. BIFs virtually disappeared from the geologic record at about 1.8 Ga and reappeared between 0.8 and 0.6 Ga [7], such as Rapitan BIFs in Canada and Urucum BIFs in Brazil. Mesoproterozoic BIFs are usually small in scale and volume [11,12,13,14,15,16]. Why BIFs are rare in the Mesoproterozoic is disputable. Recently, it is reported that a small number of Phanerozoic BIFs have been discovered successively [17,18], indicating the formation mechanism of these BIFs are still ambiguous.



Previous research suggests that the iron hosted in BIFs mainly comes from continental weathering [2,18] and marine hydrothermal fluid [7,19,20,21]. However, the oxidation mechanism remains controversial in terms of how the Fe2+ in seawater is oxidized to Fe3+ by microbial metabolism, cyanobacteria photosynthesis, and hypoxic photosynthesis [3,6,22,23]. BIFs are composed of oxide phases, carbonate phases, silicate phases, and sulfur compound phases [2], in which most minerals are not originally deposited but products of later diagenetic and metamorphic processes [7,23]. For example, the hematite is the product of dehydration of Fe(OH)3 in early diagenetic processes [23], and the siderite may have originated from primitive inorganic precipitation [7,24] or microbial dissimilatory iron reduction (DIR) in the diagenetic process [25,26]. The origin of magnetite is more complex and may be formed in the process of diagenesis, metamorphism, and metasomatism.



The BIFs record a wealth of information on the evolution of the lithosphere, atmosphere, hydrosphere, and biosphere of the earth [18,27,28]. BIFs hold the key to understanding the biochemistry of the oceans and atmosphere and of how these interacted with microbial life prior to and during the evolution of oxygenic photosynthesis [26]. It is assumed that BIFs are linked to extreme climate changes, such as the great oxygenation event (GOE) [19,29,30]; the Neoproterozoic oxygenation event (NOE) [31,32,33]; the snowball earth event [7,34]; and major geological events, such as global mafic-ultramafic magmatism, juvenile continental and oceanic crust formation [34], volcanogenic massive sulphide formation (VMS) [35,36], mantle plumes, and large igneous provinces (LIP) [36,37]. Glikson et al., (2007) [38] observed the temporal consistency between the asteroid collision with the earth and the formation of BIFs and proposed that the formation of BIFs might be related to the asteroid collision with the Earth. He presents evidence for the succession of late Archaean impact event horizons—marked by microkrystite and microtektite-bearing ejecta/fallout units and associated turbidites and tsunami deposits—by ferruginous siltstone and banded iron formation. Impact units include the ∼2.63 Ga Jeerinah Impact layer (JIL) and the ∼2.56 Ga Spherule Marker Bed (SMB). The ∼2.63 Ga JIL is directly overlain by debris flow boulder deposit, capped by a thin tuff unit directly overlain by the Marra Mamba iron formation [38].



In the past 100 years, extensive studies have been carried out on BIFs from different perspectives [39,40,41,42,43,44,45,46,47,48,49], which laid a solid foundation for studying the genesis of BIFs. Based on previous studies and the latest research results, the material sources, geochemical (isotopic) characteristics, genesis, and depositional environment of BIFs linked with major geological events, the paleoclimate, and the paleoenvironment were further studied and summarized in this paper.




2. Classification of Banded Iron Formations


Iron formations can be generally divided into BIFs and granular to oolitic granular iron formations (GIFs) [23]. GIFs formed at 2.9 Ga with a peak at around 1.88 Ga [49]. GIFs are very different from BIFs in texture as well as mineralogy (chert, iron oxide, iron carbonate, and silicate minerals). GIFs are characterized by recognizable detrital particles containing minor terrigenous particles with bands at a scale of tens of centimeters instead of millimeters as BIFs [7,50,51]. The cement of GIFs is usually iron oxide and carbonate minerals. Flow structures (cross-bedding, ripple or scour marks) or sand-like structures are common in GIFs, suggesting that GIFs formed in shallow water near the continental shelf in or above the high energy environment, whereas BIFs mainly formed in the deep sea (>200 m) [45]. Both BIFs and GIFs were formed during the rising of the sea level [3].



Precambrian BIFs can be divided into Algoma-type and Superior-type based on their paleodepositional environment and associated rock types [1]. Algoma-type BIFs are typically associated with greywacke, fine-grained volcanic (clastic) rocks in the middle and upper part of the Archean greenstone belt and spatially adjacent to turbidite assemblages [52,53]. Tectonically, the Algoma-type BIFs mostly occurred in intracraton rifts or volcanic arcs settings adjacent to eruptive centers, similar to the closed basin of the Red Sea [54]. The BIFs in Archean greenstone belt in western Greenland and Yilgarn craton in Western Australia are the most significant Algoma deposits in the world [7,55]. Most of the BIFs in north China craton belong to the Algoma type. By comparison, Superior-type BIFs were deposited in near-shore continental environments within the passive continental margin and distal from submarine volcanic emanations in the Neoarchean and Paleoproterozoic [56]. Superior-type BIFs were significantly associated with sedimentary formations, such as carbonate rocks, quartz sandstones, black shales and minor amounts of other volcanic rocks with granular or oolitic structures. Some Superior-type BIFs may developed to be GIFs. Hamersley BIFs of Western Australia and Kuruman BIFs in South Africa belong to typical Superior type. Algoma-type BIFs are typically highly deformed and metamorphosed, forming narrow lenticular and discontinuous outcrops associated with pillow lavas and greywacke, whereas the Superior-type BIFs are typically relatively unmetamorphosed and undeformed, with a widespread continuous outcrop, and are associated with conglomerate, quartzite, and stromatolitic carbonate rocks [7]. Positive Eu (europium) anomalies indicate a hydrothermal source for the deposition of iron. Hydrothermal fluids commonly display pronounced positive Eu anomalies [57,58,59]. Algoma-type BIFs are characterized by much larger Eu anomalies (>1.8) than Superior-type BIFs (<1.8), indicating the former were incorporated with more components of volcanic-related hydrothermal emissions. The lower Eu anomalies of Superior-type BIFs suggest less input of volcanic-related hydrothermal emanations and the further addition of other sources, including terriginous sediments and seawater. In this respect, the BIFs record the signatures of the paleoenvironment transformation and chemistry of Precambrian oceans.



Cherty BIFs deposited in the Neoproterozoic is classed as Rapitan (or Cryogenian) type [60]. The Rapitan-type BIFs mainly occurred in the glacial age in Neoproterozoic and mostly hosted in glaciogenic lithologies such as diamictites and dropstone layers [55,61,62] overlaid by giant thick carbonate rocks (e.g., Urucum BIFs [63]). The Rapitan-type BIFs usually occurred in the rifted basin in the interior or at the edge of the Rodinian supercontinental. Superior-type BIFs contain more hematite and less magnetite than Algoma-type BIFs with predominant quartz gangue and minor amphibole and chlorite. In comparison, the main ore minerals of the Rapitan-type BIFs are magnetite [9]. A detailed comparison of the three BIFs types can be found in Table 1.



BIFs are important as the major source of the iron ore industry, but BIFs themselves do not represent iron ore in economic senses unless BIFs are upgraded to iron ores through complex geochemical processes, such as hydrothermal enrichment (<5 million years), or weathering enrichment (which often took place during the last 20 million years [54]). BIF-hosted iron constitutes the world’s largest and most high-grade iron deposits, accounting for >60% of the world’s iron resources [9]. Despite the large number of Algoma BIFs iron occurrences, Superior-type BIFs are far more important than other types of BIFs worldwide in terms of economic value and volumes [39] (Figure 1). For example, some Superior-type iron ores have an area of more than 105 km2 with hundreds meters of ore thickness, containing more than 1013 tons of iron resources. Algoma-type BIFs are relatively small in scale, with an area generally less than 100 km2 and ore thickness rarely exceeding 50 m, and resource quantity is generally less than 10 billion tons [41]. Rapitan-type BIFs have even less volume, with an area of no more than 10 km2, and the thickness of single ore layer is generally no more than 10 m [5].




3. Formation Conditions of BIFs


The classical and most widely accepted model for Fe formation deposition invokes ambient free oxygen (O2)-induced ferrous Fe oxygenation. This model, championed by Cloud [64] (Cloud, 1965), suggests that deposition of Fe formation occurred at the interface between oxygenated shallow waters and upwelling Fe-rich reduced waters. The oxidizing shallow waters have been linked to prolific communities of oxygenic photosynthesizers [19,64,65]. It is supposed that three basic conditions are required for the vast deposition of iron in the ocean [3,20]: (1) reducing atmospheres or atmospheres with lower oxygen fugacity [66]; (2) sulfate and low sulfide concentrations [67]; and (3) high temperature hydrothermal fluids [7]. Cox et al., (2013) [6] proposed that there were three conditions for the formation of Neoproterozoic BIFs: (1) Anoxic seawater keeps Fe2+ soluble, which is favorable for the accumulation and deposition of iron. The concentration of iron in modern seawater is very low, and its retention time is short, about 1 to 100 years. Iron is highly soluble and has a long retention time in anoxic and sulfate-poor environments, such as the Archean ocean [68,69]. (2) The hydrogen sulfide to ferrous iron ratio is less than 2 (H2S/Fe2+ < 2). If H2S/Fe2+ > 2, Fe2+ is efficiently converted to pyrite and the concentration of dissolved iron in seawater decreases. Therefore, the seawater constitute an anoxic and iron-rich environment (H2S/Fe2+ < 2) rather than an anoxic and sulfide environment [6]. (3) The oxidation mechanism functions, i.e., the formation of Fe(OH)3 by biological or abiotic oxidation processes from large amounts of dissolved Fe2+ in seawater occurs [3]. Based on a previous study and in combination with the latest research, we conclude that the formation of BIFs requires the following three conditions: (1) a substantial marine iron reservoir; (2) a reduction in the water environment, although the whole water does not need to be reduced; (3) that the Fe2+ precipitation mechanism functions, i.e., Fe2+ precipitation to form the original Fe(OH)3.



3.1. Material Sources


The sources of iron in BIFs are controversial. Previous studies suggested that the iron was derived from the weathering of terrigenous materials [2,19], whereas the iron in volcanogenic BIFs may be directly derived from submarine volcanic activities [7]. It is known that there are two iron sources in the modern global ocean: terrigenous input and submarine hydrothermal input. Terrigenous input includes rivers, aeolian dust, glaciers, and coastal erosion [70]. The basalt–andesite–rhyolite formed by marine volcanism is predominant in the Archean ocean, and consequently the volcanogenic materials have dominated the marine solute input [71]. In addition, the higher geothermal gradient (>60 °C/km) in the Archean promotes the strong free convection of seawater, thus forming the submarine hydrothermal system dominated by volcanic materials, which is the main source of iron [7].



Due to the minimal involvement of organic C (carbon) in the BIF deposition, there is no evidence to support the claim that BIF deposition is directly related to microbial activities. Klein (2005) held that Fe and Si were inorganic products of weathering of continental margin rocks [7]. This model represents the sedimentary environment of Neoarchean-Paleoproterozoic BIFs [7] but mainly in the Paleoproterozoic [72]. However, many other studies have suggested that biological processes are involved in BIF deposition [72,73,74], such as shallow-water carbonate-shale lithology in BIFs (rich in organic carbon), microbial dissimilated reduction by phosphorus, and Fe3+ hydroxides near the continental shelf.



Although there is no consensus on the sources of iron in BIFs, the general accepted view is that the iron comes from two sources, namely, continental weathering [2,19] and submarine hydrothermal activities [7,20], or a combination of both processes [72].



3.1.1. Submarine Hydrothermal Sources


Previous studies indicated that BIFs and hydrothermal fluids that originated from the mid-ocean ridge shared similar REE characteristics (such as positive Eu anomaly), and it was speculated that the iron mainly came from the submarine hydrothermal vents [7,75]. Saito et al., (2013) [76] supported the view by direct observations of iron-containing hydrothermal fluids from mid-ocean ridges. Nd isotopes can be used to trace the origin of iron in BIFs [77,78]. Generally, hydrothermal fluids display high Sm/Nd ratios and positive Nd isotope values similar to mantle source materials, whereas continental materials usually show crustal characteristics with low Sm/Nd ratios and negative Nd isotope values. Nd isotopes of modern seawater are similar to those of river water and atmospheric dust, reflecting the addition of terrigenous detrital materials [77]. Alexander et al., (2009) [79] demonstrated that BIFs older than 2.7 Ga usually have relatively uniform εNd(t) (Nd model age) values ranging from +1 to +2, which is a typical Nd isotope characteristic of deep seawater dominated by submarine hydrothermal fluids [77]. Almost all submarine hydrothermal activities occur at plate boundaries owing to the close coexistence of magmatic activity, seismic activity, and high-temperature hydrothermal fluids temporally and spatially. Submarine thermal springs mainly occur in modern mid-ocean ridges, back-arc basins, and submarine volcanic island arcs [80]. Therefore, a commonly held view is that the tectonic environment such as the mid-ocean ridge is the main source area of iron in the Precambrian BIFs [81].



Modern hydrothermal vents at mid-ocean ridges vary in iron content, and Isley (1995) [82] estimated that modern submarine hydrothermal vents provide about 0.01 Gt (billion tons) of iron per year. Due to the lack of sulfate in the circulating seawater and the low oxygen or anoxic environment, the molar concentration of iron in the hydrothermal fluid can be as high as 80 mmoL/kg [81]. The molality of iron in hydrothermal fluids in the modern island arc or back-arc basins can also be as high as 2500 mmoL/kg [81]. Johnson et al., (2019) [21] believed that pre-GOE hydrothermal fluids could form 0.134 Gt of iron per year, indicating that Archean submarine hydrothermal fluids are crucial for Fe2+ enrichment in seawater. Additionally, the iron content of Archean shales is significantly higher than that of Phanerozoic shales, suggesting higher iron content in sedimentary water. Extensive studies have shown that these submarine hydrothermal solutions are mainly the result of water–rock exchange reactions between circulating seawater and oceanic crust (mafic and ultramafic rocks). Iron and silica leached from igneous and volcanic rocks by hydrothermal fluids [80] is precipitated on contact with seawater; thus, iron-rich sediments accumulated and deposited around the vents [14,83].




3.1.2. Terrigenous Sources


The iron input from rivers contributes most of the iron sources to the modern ocean as a colloid or dissolved state. The surface of the colloid is charged, which is controlled by the charge difference between the river and the sea. Most of the iron input by the river precipitates quickly on the continental shelf and cannot effectively participate in the marine iron cycle [84]. In the early diagenetic process, iron is activated and re-migrated under the influence of the transformation of the redox environment in the pore water of sediments or the upper water, which is a very important part of the marine iron cycle [85]. Previous studies on Nd isotopes of BIFs show that εNd(t) values of BIFs are mostly between the depleted mantle and the continental crust (Figure 2), suggesting that seawater may be an important source of iron for BIFs. εNd(t) values of some BIFs are as low as −10, indicating the addition of ancient materials.



Based on Nd and Fe isotope data and REE characteristics of sedimentary sequences in Dales Gorger, Hamersley Basin, Western Australia, during the period of 2.50~2.45 Ga, Li et al., (2015) [76] summarizes the two-source model of the origin of BIFs. Some BIFs have high εNd and negative δ56Fe values, indicating hydrothermal end-member components, while the relatively low εNd and δ56Fe values reflect the contribution of continental materials, which are transported to deep-basin sediments through iron migration by microorganisms under reducing conditions. Except the abiogenic Fe from extensive shallow marine hydrothermal sources, biogenic Fe is also an important source, and the proportion of the two sources varies with the scale and time of basin water cycle. It is generally accepted that the sources of iron come from both seawater and volcanic materials. The study by Smith et al., (2013) [92] on the sedimentary model of Witwatersrand BIFs in Archean shows that, during the primary period of BIFs sedimentation, iron was supplied mainly by submarine hydrothermal fluid in the ocean basin far away from the continent. If it was proximal to the ancient continent, terrigenous detritus was added. However, in the deep ocean basins from Archaean to Paleoproterozoic, the addition of terrigenous materials may be insignificant [3,73].



Similar to the source of iron, it is recognized that silicon in BIFs is derived from both submarine hydrothermal fluid and continental physical weathering [3]. Based on the study of silicon isotope, it can be inferred that silicon and iron have the same sources, mainly from submarine hydrothermal fluids. According to the different Nd isotopic compositions and Ge/Si ratios between seafloor hydrothermal fluid and terrigenous materials [93], it is proposed that the sources of silicon and iron are decoupled [93,94], namely, iron comes mostly from submarine hydrothermal fluids, whereas silicon comes mostly from the continents material weathering. The adsorption precipitation of silicon with ferric hydroxide [95] or silica precipitation [96] can result in a strong fractionation of Ge/Si ratio. In addition, Ge may be released by pore water during diagenetic process, which also affects the Ge/Si ratio [96].





3.2. Anoxic Marine Environment


Oxygen plays a crucial role in the evolution of ecosystems and is strongly associated with the survival of the vast majority of life on Earth. The oxygen content in the modern atmosphere is about 21%, and previous studies show that the atmosphere mainly experiences two oxidation events, namely, the Paleoproterozoic GOE and NOE. The BIFs record the chemical composition and redox state of the ancient oceans. The abundance of BIFs in the early Precambrian indicated the prevalence of anoxic, iron-rich oceans [97]. Ce has two valence states (Ce3+ and Ce4+) and is widely used as a redox indicator for sedimentary basin seawater due to its sensitivity to redox environment [6,20]. In most Precambrian BIFs, no obvious negative Ce anomaly was observed, indicating that the BIFs were mainly formed in the hypoxic environment [6]. In oxidized seawater, the iron retention time is short and its concentration is low, whereas in an anoxic environment, the iron retention time is long and biological or abiotic oxidation would trigger iron precipitation, which displays significant iron isotope fractionation [72]. Significant fractionation of iron isotopes can be observed in most Precambrian BIFs, indicating the partial oxidation of iron in a hypoxic or anoxic sedimentary environment [69,98]. The modern ocean has a very low iron concentration of only 0.6 nmol/L [99,100]. The concentration of iron in the Proterozoic ocean was 50 μmol/L [70], whereas the solubility of iron before GOE was higher and reached 100 μmol/L in the Archean ocean [101], which triggered the vast accumulation and precipitation of dissolved ferrous iron. Although BIFs were mainly formed in the early Precambrian, the oceanic redox environment of early Precambrian dynamically fluctuated [39]. Holland (1984) [70] suggested that the Neoproterozoic deep sea redeveloped from the high-oxygen fugacity to the medium reducing environment, while Canfield (1998) [102] asserted that the Neoproterozoic deep sea changed from the highly reducing condition to the medium reducing condition and that the deep sea was an iron-rich environment. In conclusion, the deposition of BIFs do not require the entire seawater anoxia.




3.3. Oxidation Mechanism


The deposition of BIFs spans major processes in the early evolution of the Earth, from early CO2 and CH4-dominated atmosphere to a CO2-rich atmosphere [30], suggesting that Precambrian BIFs can be formed through different oxidation mechanisms. The primary process of BIFs precipitation causes the dissolved Fe2+ in seawater to be oxidized to form Fe3+. Bekker et al., (2010) [3] concluded that the dissolved Fe2+ in the ocean is oxidized to form BIFs in the following three ways.



	(1)

	
Fe2+ was oxidized by oxygen produced by cyanobacteria: the traditional view is that the oxygen in the Archean oceans mainly came from the photosynthesis of cyanobacteria. Substantial evidence supports that there were no eukaryotes prior to 1.9 Ga based on the fossil record [103]; cyanobacteria were the most important photosynthetic oxygen releasers in Archean oceans. Fe2+ reacts with oxygen as follows:








2Fe2+ + 0.5O2 + 5H2O ←→ 2Fe(OH)3 + 4H+



(1)





The date of the earliest emergence of photosynthesis is controversial. Frei et al., (2009) [104] found that Cr isotope fractionation could be observed in BIFs during 2.8~2.6 Ga, suggesting that ocean oxidation began during this period. However, according to latest studies by Cardona (2019) [105], a homodimeric photosystem with sufficient oxidizing power to split water had already appeared in the early Archean about a billion years before the most recent common ancestor of all of the described Cyanobacteria capable of oxygenic photosynthesis, and well before the diversification of some of the known groups of anoxygenic photosynthetic bacteria [106]. Recently, biological evidence has supported the view that early forms of oxygenic photosynthesis were present throughout the Archean eon and oxygenic photosynthesis was already well established by 3.0 Ba (billion years ago), reconciling geochemical and molecular evolution evidence bases [106]. Hoashi et al., (2009) [103] found that the hematite in jasper of Pilbara craton in Australia was formed by the oxidation of Fe2+ in the original seawater and claimed that oxidation had begun before 3.46 Ga in the middle-deep sea. Kendall et al., (2010) [106] studied the black shale of the Campbellrand–Malmani carbonate platform in South Africa during 2.5–2.6 Ga and found that it was rich in Re and low in Mo. Combined with the study of iron components, he assumed that oxidation was common in the Archaean marginal sea, but the deep ocean was still anoxic. Regardless of the anoxia in the Archean atmosphere, oxygen may be present as “oases” in the ocean [107]. Some researchers proposed that the ocean has already been redox-stratified in this period, producing an oxygenated upper layer in the ocean. Recently, based on carbon isotope stratigraphy of Precambrian iron formations, Tsikos et al. proposed abiotic and anoxic models for BIFs genesis prior to GOE [108]. In conclusion, the oxygen in the ocean was variable and fluctuated dynamically during this period, but the occurrence date, content, and distribution style of oxygen in the ocean are disputable.



	(2)

	
Fe2+ oxidation caused by bacterial metabolism: a large amount of iron bacteria (such as ciliated bacteria and trichoderma bacteria) has been found in modern iron-rich groundwater and streams. It can be speculated that such micro-aerobic microbial oxidation also plays an important role in the formation of BIFs [3]. Iron-oxidizing bacteria, oxygen, carbon dioxide, and water produce the following reaction:








6Fe2+ + 0.5O2 + CO2 + 16H2O ←→ [CH2O] + 6Fe(OH)3 + 12H+



(2)





In addition, Ehrenreich et al., (1994) [109] proposed the following anoxia photosynthetic oxidation process:


4Fe2+ + 11H2O + CO2 ←→ [CH2O] + 4Fe(OH)3 + 8H+



(3)







Experimental studies proved that these phototropic bacteria can promote the oxidation of Fe2+ to Fe3+, thus causing the rapid deposition of BIFs [110,111]. In the Archean ocean, light could effectively oxidize Fe2+ to Fe3+ at depths of several hundred meters, allowing light to easily oxidize most of the Fe2+, which rose with the hydrothermal flow even before it rose to the overlying oxide layer [3,111]. Siderite is the dominant mineral in Xiamaling BIFs formation, North China Craton. Canfield et al., (2018) [112] presumed that Fe2+ of the siderite was oxidized mainly through anoxic photosynthesis.




	(3)

	
Cairns-Smith (1978) [113] proposed that Fe2+ could be photochemically oxidized by UV (ultraviolet light) before the appearance of atmospheric oxygen, and this reaction could easily occur in acidic water with UV wavelength of 200~300 nm:











2F2+aq + 2H+ + hv →2Fe3+aq + H2



(4)




where hv stands for high energy sunlight (200–400 m) and aq denotes acquirement. Cox et al., (2013) [6] summarized the above processes as abiotic oxidation processes and biological oxidation processes. Abiotic oxidation processes include the first and third processes mentioned above, whereas the second is a biological process. Furthermore, abiotic processes include the reaction of Fe2+ with free oxygen in seawater, which may be mainly involved in the precipitation of Neoproterozoic BIFs. Since oxygen concentration in Neoproterozoic seawater has reached a certain content, Fe2+ oxidation in Neoproterozoic seawater may have occurred through the exchange of oxygen between seawater and atmosphere as well as the addition of oxygen-rich glacial meltwater during the interglacial period [114,115]. Recently, Thibon et al., (2019) [100] proposed another abiotic oxidation process of early Precambrian BIFs. They found that from 2521 Ma to 2394 Ma, the marine iron retention time was increased from 0.2 Ma to 2.3 Ma, that is, the concentration of iron in seawater increased from 6.4 mm/kg to 37 mm/kg, and the electron acceptor of Fe2+ oxidation was considered to be CO2 (or dissolved inorganic carbon converted into CH4), leading to the enrichment of CH4 in the ocean. The latest experimental simulations show the spontaneous oxidation of ferrous hydroxide to ferric iron. The finding suggests that anoxic iron oxidation may have contributed to the formation of oxide-facies BIFs, especially Algoma-type BIFs that likely formed in semi-restricted basins where ferrous hydroxide saturation was more easily achieved. The decomposition of ferrous hydroxide and related green rust formation is one mechanism to explain the occurrence of ferric iron in Archean BIFs. These observations and the wide range of depositional settings of BIFs highlight the necessity to recognize the potential involvement of multiple mechanisms in the genesis of BIFs, and that it is likely no single process can explain all known BIFs [113].





4. The Deposition and Demise of the BIFs


4.1. Early Precambrian BIFs


Substantial evidence supports the claim that the Earth’s ancient atmosphere was anoxic in the Precambrian period, such as the sulfur isotope nonmass fractionation equilibrium [33,116,117]; the ratios of iron, molybdenum, and carbon isotopes in sediments [118]; the absence of a red layer; and the Fe2+-dominant leaching products in paleosoils [119]. There are various opinions on the mechanism of early Precambrian BIFs regarding submarine hydrothermal venting. Based on the studies of modern ocean sediments, there are two main points: (a) Ocean upwelling current: the BIF sedimentary site is relatively independent from the seawater from which its material originates [120], and the hydrothermal minerals are brought to shallow sea or craton margin deposition through the upwelling of ocean current [73]. (b) Convection and circulation of seawater: hot fluids, consisting of marine and connate water leaching iron, silica, and other elements from mafic and ultramafic rocks associated with mantle plumes or mid-oceanic ridges and active spreading centers are released into the ocean at underwater hot springs (black smokers). On contact with cold marine water, the least soluble elements are precipitated in the form of colloidal hydrous silicates (clay minerals) and hydroxides close to the hydrothermal vent. The hydrothermal fluids are high in silica and low in alumina, causing the precipitation of alumina-poor iron silicates (nontronite) that dissociate into iron hydroxide and amorphous silica during diagenesis. The amorphous silica is typically entrapped by iron oxide laminae to form bands of chert. Breaches of the iron oxide laminae permitted the escape of the gelatinous amorphous silica during compaction and dewatering, leaving a chert-free residue as the protore of non-hydrothermal sedimentary high-grade iron ore [86,121,122]. Smith et al., (2013) [92] studied the BIFs of the ancient West Rand in South Africa and found that the sedimentary sequences were hematite–magnetite associations, magnetite–siderite and siderite from bottom to top, indicating that hematite–magnetite associations were deposited at the farthest end of the basin, while magnetite–carbonate and mudstone were deposited near the coast. The West Rand BIFs was formed during the maximum marine transgression, when the deep hydrothermal fluid surged up below the upper transmittance zone and in turn would trigger BIF deposition. Fe-oxidizing bacteria produce limited oxygen at the interface between the hydrothermal column and the surrounding seawater, and Fe2+ is oxidized to form the original Fe(OH)3, which either precipitates on the seafloor or was reduced to ferric ion by the action of the hydrothermal column. At the far shore end, the ferric hydroxide was converted to hematite during the later diagenetic compaction process and was preserved. Magnetite was formed when hydrothermal columns came into contact with seafloor sediments; by the nearshore side, Fe(OH)3 is transformed into Fe-rich carbonate minerals with the addition of organic carbon, and in the nearshore shelf, Fe-rich aluminosilicate minerals were formed with the increasing contribution of terrigenous detrital materials significantly. Above the hydrothermal columns, some iron-poor detrital deposits occurred. Accordingly, the following BIFs sedimentary model could be established (Figure 3). This model reflects the changes of hematite–magnetite BIFs from the lowest and furthest part of the basin to the top and near the coast, from magnetite–siderite to siderite BIFs of carbonate facies, then to iron mudstone, iron mudstone siltstone, and finally to continental sandstone. At a certain depth of the basin, due to neutral buoyancy [87], the deep reduction in iron-rich hydrothermal liquid upwelled below the upper photic zone, resulting in hematite–magnetite BIF deposition. In the distal part of the basin, where the base of the plume was not contact with the sediment and siliciclastic input was minimal, the ferric oxyhydroxides would be transformed to and preserved as hematite in hematite-bearing iron formation. Where the plume was in contact with the sediment and organic carbon input was limited, the ferric oxyhydroxides would be transformed to magnetite by the Fe2+ in the plume in a nonredox reaction, as proposed by Ohmoto (2003) [123], and magnetite-bearing iron formation would be preserved. Closer to the coast, where the plume was in contact with the sediment and organic carbon input was higher, but still with limited siliciclastic input from the coast, the oxidation of organic carbon through the reduction in hematite would have led to the formation of siderite and/or ankerite along with magnetite formed by iron respiration in the presence of organic matter and/or the addition of dissolved Fe2+ from plume water. Above the top of the hydrothermal plume in the shallower, more proximal parts of the basin, there was very little iron input into the sediment, and only iron-poor mudstone, siltstone, and sandstone were preserved.



Most early Precambrian BIFs have undergone varying degrees of metamorphism. For example, the BIFs in Hamersley of Western Australia and the BIFs in Kaapvaal of South Africa experienced low-grade metamorphism (sub-greenschist-greenschist facies), and the silicate minerals in the low-grade BIFs mainly include iron serpentine, minnesotaite, iron amphibolite, and stilpnomelane [7]. The early Archean BIFs in southern West Greenland experienced amphibolite facies to granulite facies metamorphism [124], the Ananben area of China experienced greenschist facies to amphibolite facies metamorphism, and the eastern Hebei of China experienced greenschist facies to granulite facies metamorphism [46,125]. Under intermediate metamorphism, iron carbonate minerals, quartz, and minnesotaite will form ferricite and ferricite; the recrystallization of magnetite and hematite will occur, and the particle size will become coarser. In some areas, there may also be ferroaluminite. Anhydrous silicate minerals will be present in high-degree metamorphism. Carbonate minerals (dolomite and calcite) occur in both low- and high-grade metamorphism. Figure 4 lists the stable mineral assemblages in different grades of metamorphism. All of the metamorphic reactions are essentially isochemical, except for prevalent dehydration and decarbonation [7].




4.2. The Demise of the BIFs in the Mesoproterozoic


It has long been known that BIF absence occurred in the Mesoproterozoic (1.8~0.8 Ga) [7,14,39]. The following explanations exist for the absence of BIFs in the Mesoproterozoic: the ocean was completely oxidized in the Mesoproterozoic (Figure 5a). Consequently, Fe2+ was oxidized from submarine hydrothermal solutions, resulting in the colloidal precipitation of ferric hydroxide and the depletion of iron in dilution, which is not favorable for the formation of BIFs [70]. Canfield (1998) [104] argued that although BIF deposition ended in the Mesoproterozoic, the deep sea was still anoxic and sulphurized, where iron was precipitated in the form of sulfide, thus reducing the dissolved iron in seawater and preventing the formation of BIFs (Figure 5a). Lascelles (2013) holds that plate subduction destroyed the formation and preservation of BIFs. Although the commonly held view is that the deep ocean was anoxic in the Mesoproterozoic, Lascelles does not agree that the deep ocean was vulcanized. Recently, based on the studies of the C-S-Fe system, the Mo isotope, and iron components, it can be deduced that the deep ocean in the Mesoproterozoic was similar to the Archaean ocean, both of which were anoxic and iron-rich environments, and the vulcanized environment only existed locally at the continental margin [126,127,128]. Planavsky et al., (2011) [126] argued that the formation of BIFs was related to the continuous supply of iron by strong submarine hydrothermal plume and the long-term iron-rich environment, and that the absence of BIFs in the Mesoproterozoic might be due to waning volcanic magmatism and diminished marine hydrothermal activities.



The shales recorded the anoxic and iron-rich marine environment in Mesoproterozoic (Figure 5b). Some scholars believed that the early Mesoproterozoic ocean was an anoxic and iron-rich environment, and it was not until the emergence of multicellular eukaryotes in 1570 Ma that the ocean began to oxidize [129], while Shang et al., (2019) [130] found that the oxidation was only the pulsating oxidation of seawater. Admittedly, the eukaryogenesis is a contentious issue and there is not full consensus yet [131]. Planavsky et al., (2018) [132] suggested that there were multiple periods of ocean oxidation in the Mesoproterozoic. Although large BIFs were not pervasive during this period, some small BIFs were present. In addition, BIFs associated with VMS and SEDEX (sedimentary exhalative) deposits occurred, such as BIFs in Broken Hill [11,14], BIFs in the Pecos greenstone belt in New Mexico [12], and BIFs in the western North Qilian mountain in China in the Mesoproterozoic [16,43]. These BIFs may have recorded the oceanic atmosphere at the time. Previous studies on BIFs associated with VMS in central Arizona and New Mexico in the United States at 17 Ga suggested that the BIFs were formed in oxidized deep-sea environment [133]. Canfield et al., (2018) [116] found that Xiamaling Formation in the North China Craton in 14 Ga was composed of siderite-rich iron, which was formed in an anoxic environment. The Jingtieshan BIFs in the western part of North Qilian in China were formed in the redox stratified and iron-rich ocean with surface oxidation and deep hypoxia environment [16,24]. In conclusion, the mass disappearance of BIFs reflects the dramatic changes in the redox state and chemical composition of the ocean from 1.8 Ga.




4.3. Neoproterozoic BIFs


Ilyin (2009) [5] believed that the exact formation age of Neoproterozoic BIF should be 0.85~0.63 Ga, when atmospheric oxygen had reached a very high level [106], which was different from the low atmospheric oxygen content during the formation of early Precambrian BIFs and the oxygen deficiency environment in the deep sea [33,106]. Banding was poorly developed or entirely absent in most of the Neoproterozoic BIFs. Neoproterozoic BIFs are intimately associated with glaciomarine deposits and may be interbedded with manganese (Mn) deposits as well [63,65]. The atypical association between BIFs and Mn-rich sedimentation has been regarded by several previous authors as a strong indication of the GOE [134,135,136]. Another significant difference is that the iron-oxide of Neoproterozoic BIFs is only hematite [65]. Additionally, Neoproterozoic BIFs contain dropstones and faceted pebbles [63]. Neoproterozoic BIFs in different areas have different lithological assemblages, ore-bearing stratigraphy, and metamorphism degrees, but most of them have the following common characteristics: (a) One or two groups of glaciated sedimentary formations are included in the sedimentary sequences and usually have moraines; (b) the large cap carbonate sequences overlays the above glacial sedimentary formations.



There is much debate about the reappearance of Neoproterozoic BIFs, which is acknowledged to be closely associated with glacial events. It is recognized that there are at least three Neoproterozoic glaciations, namely, Sturtian (~700 Ma), Marinoan (~600 Ma), and Gaskiers (~580 Ma) [34,136]. The extent of first two continental glaciations coincided with the abundance of BIFs [65], so some scholars presumably ascribed the formation of Neoproterozoic BIFs to the “Snowball Earth” hypothesis [65,137,138]. According to the “Snowball Earth” model, an extensive near-global ice cover sealed the oceans off from the atmosphere [34,65], causing anoxic and stagnant ocean. The glacial cover prevented the sulfate flux to the ancient ocean and possibly produced the anhydrite–magnetite redox buffer, resulting in higher Fe/S ratios in hydrothermal fluids, which promoted the accumulation and deposition of the magnitude of iron and precipitated to BIFs after the end of glacial events [79]. However, not all Neoproterozoic BIFs are glaciogenic [139], such as the formation of Shilu BIFs in Hainan, China at 850 Ma [140,141,142]; the BIFs in the Middle Tianshan Mountains in China ~760 Ma [143]; and the Arab-Nubian Shield BIFs at 750 Ma [144], all of which appeared before the glacial period. Therefore, the snowball Earth hypothesis cannot explain all the BIF mechanism. Some of the Neoproterozoic BIFs, which are consistent with the global glacial epoch (720~635 Ma), occurred during the interglacial period rather than the glacial period, and their formation process and mechanism are rather similar to the Blood Falls of modern Antarctic glaciers [145,146]. Alternatively, studies have shown that the formation of Neoproterozoic BIFs is strongly associated with the breakup of the Rodinia supercontinent [3,146,147]. In the Rodinian supercontinent restoration map, these Neoproterozoic BIFs were mainly distributed in the Rodinian supercontinent rifted basin or the basin margin [3]. Nevertheless, regardless of the intimate association between Neoproterozoic BIFs and glaciation, the formation of Neoproterozoic BIFs is attributed to submarine volcanism, rift exhalative sedimentation, sulfur reduction, and tectono-hydrothermal activities in silled basins [3,144,147,148].




4.4. Rare Phanerozoic BIFs


Previous studies suggested that atmospheric oxygen approached the modern atmosphere level at the beginning of the Phanerozoic [149], and the ocean began to oxidize. However, recent studies have inferred that it was after POE that the oxygen content reached the modern atmospheric level, and the ocean was generally oxidized [150,151,152].



Relevant scientific evidence shows that there were several oceanic anoxia events (OAE) during the Phanerozoic [99,132,153,154]. Although OAE resulted in sulfide oceans, researchers have found that anoxic and iron-rich (limited) oceans also occurred, as found in iron component studies (Sperling et al., 2015). Examples include the Late Permian Arabian [153], Cretaceous Morocco, and the central Pacific subtropical region [99]. Cambrian BIFs in Western Kunlun mountains in China [17]; Devonian BIFs [155] in western Siberia; Paleozoic La Endier iron ore [156]; Shikebutai iron deposit in Western Tianshan in China [157]; and the Quaternary BIFs [18] of Milos Island, Greece indicate the emergence of a limited, short-term, oxygen-poor, and iron-rich ocean in Phanerozoic. These Phanerozoic BIFs were volumetrically small and mainly formed in closed and semi-closed basins, such as island arcs and rifts, which were strongly related to submarine volcanism and might be Algoma-type BIFs [18]. The occurrences of Phanerozoic BIFs indicate that most of the Phanerozoic ocean was oxidized, but it was locally short-term anoxic and iron-rich, suggesting that the redox state and chemical composition of seawater changed dynamically in space and time during the Phanerozoic.





5. Discussions


As mentioned above, the formation of BIFs is closely related to major geological events, such as GOE, NOE, Snowball Earth, and continental crust accretion. GOE is one of the most significant geological events in the history of the Earth. The rise of free oxygen in the Earth’s atmosphere and oceans enabled the evolution of aerobic life. The biological, tectonic, and geochemical mechanisms that determined the stepwise pattern of GOE are still debated. A popular hypothesis is that oxygenic photosynthesis in microbial mats contribute a substantial source for the GOE. The latest research finds that increases in daylength could influenced the Earth’s oxygenation, particularly around GOE [158]. GOE changed the composition of minerals on Earth and made possible the emergence of lives in the future [159]. From the perspective of the origin of life, biological processes and life on Earth in general are the most direct and probably the strongest link to the history of oxygen on Earth’s surface, first through photosynthesis and second as a beneficiary of increasing oxygen levels in the case of respiring organisms. The development of the modern Earth System and the evolution of complex life were therefore direct consequences of the emergence of photosynthesizing cyanobacteria probably during the Archean–Proterozoic transition. After about 1.9 Ga, the first eukaryotes seem to have made their appearance, but remained highly conservative throughout much of the Proterozoic [159,160]. The time span that stretches from the late Neoproterozoic through to the mid-Cambrian (~800–501 Ma) witnessed increases in the diversity of acritarchs and other protistan morphotypes in fossil assemblages [160,161], heralding the evolution of architecturally complex bauplans and metazoans [162,163,164,165,166,167,168,169,170,171,172]. There are two major steps in the oxygenation of the Earth’s surface that broadly correlate with the most important biological upgrades; first, from prokaryotes to eukaryotes around the GOE, and then from single-celled to complex, multicellular organisms in the Neoproterozoic. During the latter half of the Ediacaran period (635~542 Ma), the atmosphere and oceans were oxygenated to a higher degree than previously and there were dramatic changes in the biological world that culminated in the so-called “Cambrian explosion” with the appearance of large, complex life forms. Opinions as to the history of life origin, evolution, and diversification vary widely ([160] and references therein). Here, we highlighted a detailed study revealing a link between BIFs and major oxidation events on Earth (GOE and NOE) and deduced that the precipitation of BIFs was closely related to marine magmatic–hydrothermal activities.



5.1. GOE


Previous studies demonstrated that massive BIF deposits took place during the GOE. However, the latest detailed geochronology of BIFs shows that GOE (2.4–2.1 Ga) corresponds to the trough of BIFs (Figure 6a,c), and only a small number of BIFs formed during the GOE period, for example, BIFs in Yuanjiacun, North China Craton [173], and GIFs in Timeball Hill, South Africa [148]. However, the geochemical and mineralogical characteristics of BIFs changed significantly before and after the GOE, the fractionation of light and heavy REE in BIFs became more pronounced, and positive Ce anomalies appeared in some BIFs [20]. Moreover, the hematite in BIFs also increased significantly, and massive GIFs occurred [3]. Before 2.3 Ga, Fe ions in Fe-silicate were mainly Fe2+, while after 2.3 Ga, Fe-silicate in BIFs exhibited mixed valence state. In addition, after GOE (about 1.88 Ga), BIFs pulsating peaks occurred (e.g., Animikie BIFs in North America, Frere BIFs in Western Australia) [35].



In the late Neoproterozoic, studies on C-S-Sr isotopes, iron components, and redox sensitive elements (such as U, Mo, and V) all showed that atmospheric oxygen had undergone a second significant rise (NOE) [32] (Figure 6a). The specific process, starting time, and controlling factors of the event have not been determined. The presence of Neoproterozoic BIFs (800 to 600 M years) is closely related to the “Snowball Earth” event [7,34,118], coupled with NOE (Figure 6a,c). Although GOE just corresponds to the trough of BIF deposition, about 60% of the global BIFs were formed before the GOE (2.5 Ga) [37] (Figure 6a,c). A commonly held view is that the formation of BIFs is related to GOE. However, after GOE (1.88 Ga), BIFs appeared discontinuously [35], suggesting that the relationship between the formation of BIFs and GOE still needs to be further researched. The Middle Proterozoic (1.8~0.8 Ga) is considered to be the Earth’s middle age. It is assumed that during this period, the oceans were completely oxidized [70] or the deep sea was vulcanized [104], resulting in a large depletion of BIFs. However, in recent years, it has been presumed that the deep ocean environment during the whole Mesoproterozoic was similar to the Archean counterpart, which still constituted an anoxic and iron-rich environment [131,132,133].




5.2. Submarine Magmatic–Hydrothermal Activities


Previous studies suggested that there is a strong correlation between BIFs and LIP. It can be seen from Figure 6e that the emplacement of multiple LIP at 1.88 Ga ago corresponds to a major episode in continental and oceanic crustal growth recorded by emplacement ages of juvenile igneous rocks [174,175]. There is strong evidence for widespread back arc magmatism and hydrothermal activity at 1.88 Ga ago, with a major peak in the formation of VMS deposits (Figure 6e) [3,176]. The presence of voluminous iron formations at 1.88 Ga ago is offered by their deposition during a period of intense igneous activity (Figure 6c–f). For example, between 1.89 and 1.87 Ga ago, extensive mafic and ultramafic magmatism occurred across the world, including the emplacement of dyke swarms and sills with the mineralization of Ni, Cu, and the platinum group elements, and, locally, basaltic flows, in the Superior, Wyoming, and Slave cratons in North America; the Dharwar and Bastar cratons in India; the Siberian craton; and the Kaapvaal and Zimbabwe cratons in southern Africa and in Baltica [177,178]. The emplacement of numerous LIP at that time might reflect the activity of multiple mantle plumes (a superplume event).



The ages of the volcanic and its associated BIFs units are often statistically the same [179,180,181]. The hydrothermal systems that generate VMS deposits also emit large volumes of dissolved iron into the deep ocean and trigger the deposition of BIFs [35,36,37]. Isley et al., (1999) [37] implicated that the mantle plume event occurred in four periods between 3.8 Ga and 1.6 Ga, which are 2.75~2.70 Ga, 2.50~2.40 Ga, 2.25~2.20 Ga, and 2.0~1.86 Ga, respectively. At least three of these periods enhanced the accumulation of BIFs. 2.5~2.40 Ga is the main period of the large-scale formation of BIFs as approximately 40% of the dated BIFs were deposited in this interval [3]. The other three periods also had different levels of BIFs (Figure 6d).



The symbiosis of Precambrian VMS and BIFs has been reported in many places around the world, such as the Abitibi greenstone belt in North America (Thurston et al., 2008) and the Isua greenstone belt in West Greenland [182,183]; Arizona and the Superior region [138]; the Carajas region of Brazil [184]; Neiqiu, Hebei, China [185]; Qingyuan, Liaoning, China [186,187]; and Wutai, Shanxi, China [187]. In these areas, BIFs are formed in VMS system margin facies [3] and the mass occurrences of BIFs are synchronous with that of the VMS spatially and temporally (Figure 6e). Units from the Barberton Mountain Land also contain massive sulfides or collapsed hydrothermal chimney deposits, indicating there was a proximal, high-temperature hydrothermal source for the iron [188]. Some Algoma-type BIFs, for example, the Boston iron formation and the Helen iron formation (Superior craton), have greater thicknesses (some of which exceed 1 km) but are also intercalated with volcanic flows and pyroclastics. These thicker BIFs also occur in associations with a range of volcanic compositions, from (ultra)mafic through felsic [184,185,189]. BIFs in Isua (Greenland) at 1.8 Ga is a symbiosis with VMS copper sulfide deposits in mafic/felsic metamorphic volcanic rocks and a metamorphic sedimentary rock series. Large-scale BIFs and a small number of copper sulfide deposits occurred within an area of more than 100 square kilometers [183]. The Abitibi of North America is the largest and most intact greenstone belt in the world, where the arc magma activity occurred during 2735~2670 Ma and lasted for 65 Ma. Dome structure, Komatites, and basalts are widely developed in Abitibi greenstone belt. The Noranda volcanogenic massive Cu-Pb-Zn sulfide deposit has a reserve of more than 100 million tons, which is the largest VMS deposits in the world. Thurston et al., (2008) [182] found that the VMS deposits in the ~2.7 Ga Abitibi greenstone belt were closely associated with BIFs, and from west to east, the VMS deposits gradually transitioned to BIFs deposits. In the Paleoproterozoic metamorphic volcano-sedimentary rock series in the Jerome area, Arizona, USA, BIF and VMS deposits are closely related as most of the BIFs occurred in the periphery of VMS deposits, showing a transitional spatial relationship. In some cases, the BIFs occur in the hanging wall of VMS deposits, such as the “iron hat” [138]. Numerous VMS deposits occurred in the Paleoproterozoic metamorphic volcanic zone in Superior craton. There are 24 large Cu-Zn VMS deposits in this area, of which the largest is the Flin Flon deposit with total metal resources of 62.4 Mt [190]. The chronology study shows that the main formation age of these VMS deposits is 1.92~1.88 Ga. Comparatively, the formation age of the BIFs in the most typical Superior craton is 1.89~1.84 Ga [35,191]. Moreover, the Hongtoushan VMS copper-Zn deposit occurred in the Neoarchaean Qingyuan greenstone belt in the northern margin of the North China Craton, where the contemporaneous BIFs are also developed [45].



Zhang et al., (2020) [45] proposed that the symbiotic mineralization of BIFs and VMS has the following characteristics: VMS polymetallic deposits and BIFs occur in the same volcanic-sedimentary systems and spatially restrict each other. VMS deposits usually occur in the bottom floor of BIFs sequences and occasionally in the upper part of BIFs sequences. It is further indicated that VMS and BIFs may share the same submarine hydrothermal system that provides ore-forming materials for both BIFs and VMS [7,45]. According to Rasmussen et al., (2012) [35], a large amount of BIF deposition in North America at 1.88 Ga was related to the global mafic-ultramafic magmatic activity, rapid continental crust proliferation, mantle depletion, and VMS deposition (Figure 6e–g).



The authors suggested that BIFs are closely associated with submarine magmatic–hydrothermal activities, especially Algoma-type BIFs, which usually occur in Precambrian volcanic sedimentary rock sequences [1,3]. Volcanic associations can be even present in the country rocks of Superior-type BIFs. Examples include the BIFs of the Hamersley Group in Western Australia and the BIFs of Kuruman in South Africa. Barley et al., (1997) [36] first noted the correlation between BIFs and mafic volcanism and proposed that the intrusion of large igneous provinces caused the precipitation of BIFs. Rasmussen et al., (2012) [35] pointed out that the sudden occurrence of large-scale BIF at ~1.88 Ga coincided with the intense submarine volcanism and hydrothermal activity. Rapitan BIFs in Canada was coincide with Franklin magma, both at 715 Ma [192]. Cox et al., (2013) [6] assumed that most Neoproterozoic BIFs were closely related to volcanism, which provided prerequisites for precipitation of BIFs. Chi Fu et al., (2018) [18] reported that the formation of BIFs in the early Quaternary on the Greek island of Milos was related to submarine volcanism. Similarly, modern polymetallic sediments are also associated with the seafloor volcanism [3,6]. Although iron from hydrothermal vents in modern oceans can precipitate directly at the marine-ocean crust interface, iron can also migrate hundreds of kilometers and precipitate [3]. On the other hand, strong submarine magmatic–hydrothermal activity not only provides large amounts of iron but also provides H2, H2S, SO2, CO2, and Mn to alter the redox state of the ocean and enhance the accumulation of BIFs [6,35]. Poulton et al., (2011) [132] showed that the addition of a large amount of submarine hydrothermal fluid in the deep sea would promote the development of the iron-rich ocean, thus benefitting the mass accumulation and precipitation of iron.




5.3. Perspectives


Since BIFs have undergone diagenesis and metamorphism [2], their primary nature and mineralogy can be deduced from ambiguous sedimentary structures, mineral paragenesis, and stratigraphy. Furthermore, as chemical sedimentary rocks, the sedimentary ages of BIFs are difficult to accurately determine, which hampers the in-depth understanding of the genesis of BIFs. BIFs have distinctive rhythmic bands, but the formation mechanism of bands is still obscure. The ages of the BIFs are coupled with major geological events, such as earth oxidation events, as well as large-scale submarine magmatic–hydrothermal activities, but how these geological events restricted the formation of BIFs needs to be further studied. Extensive studies suggest that BIFs may have a biological origin. However, due to the ancient age of BIFs, it is difficult to preserve microorganisms in the process of sedimentation, diagenesis, and later metamorphism evolution, resulting in mutilated biological information.



In the future research, we will focus on the following aspects:




	▪

	
Element migration and enrichment in metamorphic and mineralization processes.




	▪

	
The relationship between metamorphic, supercontinental events, and GOE.




	▪

	
What are the fluid sources of mineralization under different metamorphism degrees, especially in the middle and high degree?




	▪

	
The influence of ore-forming fluid migration, oxygen fugacity, and variable CO2 on BIFs and enrichment.




	▪

	
The mechanism of environmental mutation and metamorphism on the accumulation of ore-forming elements and BIF mineralization. There is still much space for exploration and study.









The development of geological big data, precise geochronology, simulation experiments, new techniques of non-traditional stable isotopes (Fe, Cr, Mo, and Cu, etc.), and an in-depth understanding of the ocean hydrothermal system will provide new insight that will allow one to address the hot and difficult problem regarding the genesis of BIF and its complex relationship with the lithosphere, atmosphere, hydrosphere, and biosphere.





6. Conclusions


BIFs are distinctive Precambrian chemical sedimentary rocks with mineral layers of variable thickness, including magnetite, hematite, chert, siderite, ankerite, and other related minerals formed mostly in Precambrian eras. The Precambrian BIFs can be divided into the Algoma type, which is closely related to volcanism, and the Superior type, which is far from the eruptive centers. Neoproterozoic BIFs are mainly of the Rapitan type, which is closely related to the “Snowball Earth” event, and a minor amount of them might be of the Algoma type. The core of BIFs is the oxidation of Fe2+ to Fe3+ in seawater, including biological oxidation and abiotic oxidation. Mega BIF deposition occurred on the eve of GOE, and Neoproterozoic BIFs appeared to be highly coupled with NOE. The formation of BIFs is closely related to magmatic–hydrothermal activities on the seafloor. In addition, microorganisms also play a crucial role, directly or indirectly controlling the formation and their preservation of BIFs in diagenetic processes. The absence of BIFs in the Mesoproterozoic (1.8~0.8 Ga) and Phanerozoic is mainly related to the changes of the redox state and the chemical composition of the ocean. The preponderance of Precambrian and Neoproterozoic BIFs, and the deficiency of BIFs in the Mesoproterozoic and Phanerozoic, are strongly associated with major geological events. These major geological events interact with each other, jointly constraining the evolution of the atmosphere, marine environment, and biological and geodynamical process.
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Figure 1. Comparison diagram in the number (a) and abundances (b) of Algoma-type and Superior-type BIFs through time (modified after Huston et al., 2004). 
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Figure 2. Summary of εNd(t) isotope data of BIFs through Earth’s history. Data of εNd(t) values of BIF is from [86,87,88,89,90,91]. 
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Figure 3. Depositional model of early Precambrian BIFs (modified after [92]). 
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Figure 4. Relative stabilities of minerals in metamorphosed BIF (modified after [7]). Full line express common stability field, and dashed line express possible stabilities of minerals. 
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Figure 5. Evolution of Earth’s marine conditions through time (modified after [126]). (a). Classical models of the chemical composition of the deep ocean. (b) Distribution of Precambrian euxinic and ferruginous deep waters, based on the shale record. 
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Figure 6. Summary of atmospheric oxygen concentration (a), Δ33S values of sulfides (b), the age distribution of BIF (c), VMS deposits (d), mantle plumes (e), and juvenile crust (f,g) for the Precambrian era. (a) Evolution of Earth’s atmospheric oxygen concentration through time. The purple curve shows a classical, two-step view of atmospheric evolution, while the blue curve shows the emerging model (after [33]). (b) Plot of Precambrian Δ33S values of sulfides (after [35]). (c) Secular trend in the distribution of Precambrian BIF (after [3]). (d) Distribution of mantle plumes (after [3]), y-axis (height) is the sum of Gaussian time series for high-Mg intrusive rocks and layered intrusions, flood basalts, and dikes. (e) The distribution of VMS deposits over time (after [3]). (f) Distribution of U-Pb zircon ages for pre-1.0 Ga juvenile crust (after [35]). (g) Gaussian probability distribution of Hf model ages for zircons of pre-1.0 Ga (modified after [35]). 
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Table 1. Comparison of the three BIFs types.
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	BIFs Types
	Formation Age
	Tectonic Settings
	Rock Assemblages
	Significant Deposits/Regions





	Algoma
	Archean and Paleoproterozoic
	Intracraton rifts or volcanic arcs settings
	Greywacke, fine-grained volcanic (clastic) rocks
	Archean Yilgarn and Pilbara deposits



	Superior
	Neoarchean and Paleoproterozoic
	Passive continental margin
	Sedimentary formations, such as carbonate rocks, quartz sandstones, and black shales
	Hamersley and the Transvaal deposits in Australia and South Africa



	Rapitan
	Early Neoproterozoic
	Rifted basin
	Glaciogenic lithologies such as diamictites and dropstone layers
	Urucum in the Mato Grosso State, Brazil, and Rapitan in the Northwest Territories of Canada
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