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Abstract
The late Neoarchean, ~2.53 to 2.51 Ga Dagushan banded iron formation (BIF), is a typical Algoma-type BIF 
located in the northeast part of the North China craton. Despite having undergone upper greenschist to lower 
amphibolite facies metamorphism, the Dagushan BIF retains evidence of varied depositional facies, making it 
an ideal archive to evaluate the paleomarine environment and the paragenesis of the ore minerals. A transition 
from oxide to silicate to carbonate facies BIF is evident in a northward direction. The mineralogical composi-
tion shifts from magnetite and quartz in the south through a magnetite-quartz-cummingtonite/stilpnomelane 
assemblage in the transition zone to magnetite-siderite in the north. Such a distinct distribution of mineralogi-
cal facies correlates well with the depositional environment of the BIF. The carbonate facies BIFs formed in 
a near-shore, proximal environment, whereas the oxide and silicate facies BIF assemblages formed in deeper 
waters, distal to the paleoshoreline. The BIF samples display characteristic seawater-like rare earth element + 
yttrium (REE + Y) profiles with positive La and Y anomalies and heavy REE enrichment relative to the light 
REEs when normalized to post-Archean Australian shale. Positive Eu anomalies suggest a high-temperature 
hydrothermal contribution to the BIF. The absence of a negative Ce anomaly in nearly all samples, coupled 
with positive δ56Fe in magnetite in all mineralogical facies, indicates a dominantly anoxic water column con-
temporaneous with deposition of the BIF. At ~2.53 Ga in the Anshan area, seawater was mostly anoxic and 
rich in ferrous iron. Dissolved ferrous iron in upwelling hydrothermal fluids was oxidized and precipitated as 
Fe(III) oxyhydroxides in the photic zone leading to BIF formation. Proximal to hydrothermal vents, magnetite 
formed via the reaction of Fe(III) oxyhydroxides and aqueous Fe(II) supplied from the hydrothermal fluids and 
microbial dissimilatory iron reduction (DIR) coupled to organic carbon oxidation. Proximal to a paleoshoreline, 
siderite formed through DIR, as evidenced by the depleted δ13C values and the presence of graphite. Silicates, 
such as stilpnomelane and cummingtonite, are considered to be the metamorphic products of early diagenetic 
silicates (e.g., nontronite) that formed in the water column from admixtures of Fe(III) oxyhydroxides and amor-
phous silica. 

Introduction
Banded iron formations (BIFs) are chemical sedimentary 
rocks that are composed of layered iron- and silica-rich min-
erals with total iron (Fe) content greater than 15 wt % (James, 
1954; Bekker et al., 2010; Konhauser et al., 2017). Two main 
types of BIFs have been identified based on depositional en-
vironments: (1) the volcano-sedimentary Algoma type, which 
commonly occurs in greenstone belts, and (2) the Superior 
type, which formed on the continental shelf of stable cratons 
(Gross, 1980; Konhauser et al., 2017). Algoma-type BIFs are 
associated with submarine volcanic activity and formed in re-
stricted basins and therefore reflect their regional volcano-
sedimentary environments. By contrast, Superior-type BIFs 
are laterally extensive and are considered to archive the global 
evolution of ocean geochemistry (Bekker et al., 2010, 2014).

Four end-member facies—oxide, carbonate, silicate, and 
sulfide—have been identified in BIFs based on the character-
istic Fe-bearing mineral assemblages. These facies have been 
used to infer the sedimentary, diagenetic, and metamorphic 
processes that collectively have led to BIFs as we view them 
today, as well as the environmental conditions under which 
they were deposited (James, 1954; Bekker et al., 2010, 2014). 
The Fe-bearing minerals of the oxide facies BIFs are mainly 
magnetite (Fe3O4) or hematite (Fe2O3), while the carbon-
ate facies are dominated by siderite (FeCO3) and ankerite 
(Ca[Mg,Fe][CO3]2). The mineralogy of silicate facies BIF de-
pends strongly on the degree of postdepositional diagenesis 
and metamorphism (Klein, 2005) and varies from low-grade 
metamorphic minerals, such as greenalite (Fe2–3Si2O5OH4), 
stilpnomelane (K[Fe,Mg]8[Si,Al]12[O,OH]27 × n[H2O]), and 
Fe-rich chlorites, such as chamosite ([Fe,Mg,Al]6[AlSi]4O10]
[OH]8), to higher-grade assemblages that include cumming-
tonite ([Mg,Fe]7Si8O22[OH]2), grunerite (Fe7Si8O22[OH]2), 
clinoferrosilite (Fe2Si2O6), and fayalite (Fe2SiO4). Sulfide fa-
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cies BIF, composed mainly of pyritic carbonaceous shale or 
slate, is not generally used to study paleomarine conditions, 
as it does not represent a chemical precipitate (e.g., Bekker et 
al., 2010; Konhauser et al., 2017; Tong et al., 2018a).

In addition to reflecting different sedimentary environments, 
the mineral assemblages that characterize these facies in BIF 
also reflect, in part, variations in the redox state of the ancient 
oceans. Before the Great Oxidation Event (GOE; 2.51–2.43 Ga)  
(Konhauser et al., 2011; Gumsley et al., 2017; Warke et al., 
2020), when the ancient oceans were anoxic and reducing, 
the mineralogical sequence in BIFs across depositional en-
vironments transitioned from a hematite facies distal to the 
shoreline, through a magnetite facies, and then into a carbon-
ate facies proximal to the shoreline. Such a transition was ob-
served in the ~2.96 to 2.78 Ga West Rand Group BIF and the 
~2.46 Ga Kuruman iron formation in South Africa (Klein and 
Beukes, 1989; Beukes and Gutzmer, 2008; Smith et al., 2013). 
By contrast, during and after the GOE, when shallow seawa-
ter became oxidizing, an inverse mineralogical distribution is 
observed, with the hematite facies BIF being deposited near 
shore and the carbonate facies BIF occurring in deeper water 
settings, distal to the shoreline. Such a mineralogical transition 
was reported for the ~2.38 to 2.21 Ga Yuanjiacun BIF (China) 
and the ~1.88 Ga Sokoman iron formation (Canada) (Pufahl 
and Hiatt, 2012; Raye et al., 2015; Wang et al., 2015). 

However, these models were proposed to describe the min-
eralogical associations observed in Superior-type BIFs, and 
thus far, there are no equivalent models that explain the anal-
ogous mineralogical sequences in Algoma-type BIFs. This is 
mainly because Algoma-type BIFs are generally older and 
have experienced higher grades of metamorphism and hence 
are less likely to preserve mineral assemblages that can be re-
lated to depositional processes. Consequently, the deposition-
al pathways of Algoma-type BIFs remain poorly constrained, 
resulting in controversy over both mineral genesis and the 
redox state of ancient seawater (e.g., Bekker et al., 2010; Kon-
hauser et al., 2017; Tong et al., 2018a). To be more specific, 
various studies have proposed that the Fe-bearing minerals 
(mainly magnetite and siderite) may have formed through an 
abiotic pathway, directly precipitating from seawater (e.g., 
Ohmoto, 2003; Garcia et al., 2016; Yang et al., 2018) or by a 
biotic pathway through the dissimilatory reduction of Fe(III) 
oxyhydroxides during diagenesis (e.g., Nealson and Myers, 
1990; Lovley, 1993; Konhauser et al., 2005, 2017; Johnson et 
al., 2008b; Li et al., 2011). In addition, the redox conditions 
of Archean seawater before the GOE may have been more 
dynamic than previously thought. Evidence for a reduced, an-
oxic environment has been provided by enrichments in redox-
sensitive trace elements (e.g., U, Cr) and rare earth element 
(REE) patterns, as well as some stable isotope systematics 
(e.g., δ56Fe, δ97Mo) (e.g., Bau and Dulski, 1996; Alexander 
et al., 2008; Planavsky et al., 2010; Czaja et al., 2013). In con-
trast, U concentrations, combined with δ56Fe values, in the 
3.2 Ga Manzimnyama BIF have been argued as evidence for 
an Archean redox stratified ocean (Satkoski et al., 2015), and 
free oxygen in the oceans at 2.95 Ga (Kapvaal craton, South 
Africa) has been inferred by Planavsky et al. (2014) based on 
Mo isotopes that correlate with Mn/Fe ratios.

To address this shortcoming, we investigated the ~2.53 Ga 
Algoma-type Dagushan BIF in the Anshan-Benxi area of the 

North China craton (Tong et al., 2018b, 2019). Most of the 
BIFs in the North China craton are Algoma type and have 
been metamorphosed to amphibolite facies (e.g., Zhou, 1994; 
Yang, 2013; Zhu et al., 2015), with some experiencing up to 
granulite facies metamorphism—for instance, the Xiaolaihe 
BIF (Peng et al., 2018) and Wuyang BIF (Li et al., 2014). 
Only a few Algoma-type BIFs in the North China craton that 
experienced lower-grade metamorphic conditions have been 
identified, including the Dagushan and Dong’anshan BIFs 
(Zhou, 1994). As for the mineral constituents, oxide and sili-
cate facies are predominant in nearly all Algoma-type BIFs in 
the North China craton, while carbonate and sulfide facies are 
rare (Zhang et al., 2012; Zhai and Santosh, 2013). Distinctive 
among the BIFs of the North China craton, the Dagushan BIF 
has undergone upper greenschist to lower amphibolite facies 
metamorphism and preserves a series of integrated deposi-
tional facies including oxide, carbonate, and silicate facies. It 
therefore provides a distinct window to study the paragenesis 
of minerals in Algoma-type BIFs and the paleoenvironmental 
conditions immediately prior to the initiation of the GOE. In 
this regard, we present petrographic and geochemical analy-
ses, including redox sensitive elements, rare earth element 
and yttrium (REE + Y) patterns, and Fe isotopes for the dif-
ferent facies of the Dagushan BIF in order to constrain its 
depositional redox conditions and mineral paragenesis. The 
aim is ultimately to construct a clear depositional model for 
Neoarchean Algoma-type BIFs.

Geologic Background
The Dagushan BIF is situated in the Anshan area of the East-
ern block of the North China craton (Fig. 1). The Anshan 
Group (~2.56–2.51 Ga) (e.g., Song et al., 1996; Wan et al.,  
2012, 2015; Dai et al., 2013; Zhu et al., 2015; Wang et al., 2017; 
Tong et al., 2019), a metavolcanic-sedimentary sequence in 
the Anshan area, is divided into two units based on their ages, 
rock assemblages, and metamorphic grades: the Anshan and 
Benxi units (Fig. 1; Wang et al., 2017). The upper part of 
the Anshan Group, the Anshan unit, is characterized by an 
upper greenschist to lower amphibolite facies metamorphic 
grade and is dominated by ~2530 Ma BIFs (e.g., Xi’anshan, 
Dong’anshan, and Qidashan), siliciclastic metasedimentary 
rocks, and minor metavolcanic rocks (Zhou, 1994). By con-
trast, the Benxi unit was metamorphosed to upper amphibo-
lite facies and mostly consists of ca. 2563 to 2530 Ma BIFs 
(e.g., Gongchangling, Waitoushan, and Nanfen) and basic to 
felsic volcanic rocks with lesser volcaniclastic and siliciclas-
tic sedimentary rocks (Zhou, 1994; Wang et al., 2017). The 
Dagushan BIF occurs in the upper part of the metavolca-
nic-sedimentary sequence of the Anshan unit and is con-
sidered to be an Algoma-type BIF that was deposited in an 
active continental margin setting (Zhou, 1994; Tong et al., 
2019). Age constraints on the Dagushan BIF are provided by 
weighted mean U-Pb ages of the youngest group of detrital 
zircons from the intercalated metagraywacke (2526 ± 2.5 Ma; 
Tong et al., 2019), coupled with a maximum metamorphic 
age of 2512 ± 21 Ma (Wang et al., 2016) for the Anshan-Benxi 
area. It is suggested that the Dagushan BIF was deposited 
between 2.53 and 2.51 Ga (Tong et al., 2019), consistent with 
the ages of other BIFs in the Anshan unit (e.g., Cui, 2014; 
Wang et al., 2017). 
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Three distinctive sedimentary facies are recognized in the 
Dagushan BIF based on differences in mineralogy: (1) the 
oxide facies BIF, where magnetite and quartz are the ma-
jor minerals; (2) the silicate facies BIF (silicates >20 vol %), 
where the characteristic minerals include magnetite, cum-
mingtonite, stilpnomelane, chlorite, and quartz; and (3) the 
carbonate facies BIF, where siderite, magnetite, and quartz 
are prominent. The silicate facies BIF occurs mainly in the 
southern portion of the studied area (Fig. 2) and is the most 
abundant facies within the Dagushan BIF, accounting for 
~50% by volume. The oxide facies BIF occurs primarily in 
the middle of the area and accounts for ~30% by volume. The 
carbonate facies BIF is the least volumetrically significant, 
accounting for less than 20%, and is spread throughout the 
northern region. In addition to these three main BIF facies, 
two transitional facies (a silicate-oxide facies and silicate-car-
bonate facies) are also recognized (Fig. 2). In general, these 
transitional facies exist between the principal facies and are 
distinguished based on the main iron mineral(s) present and 
lower silicate abundance (10–20%), which distinguish them 
from the silicate facies BIF. The two transitional facies include 
(1) the silicate-oxide facies BIF, where magnetite is the main 
iron-rich mineral and silicates are 10 to 20% by volume, and 
(2) the silicate-carbonate facies, consisting mainly of siderite 
and magnetite with 10 to 20% silicates by volume. Therefore, 
while we can distinguish these traditional facies, we consider 
them to reflect transitions between the three main facies and 

merge silicate-oxide facies with the silicate facies BIF, and the 
silicate carbonate-facies with the carbonate facies BIF, when 
analyzing and discussing the geochemical data.

The Dagushan BIF is conformably interbedded with chlo-
rite-quartz schist, biotite gneiss, and minor mica-quartz schist 
(Fig. 2; Tong et al., 2019) (Fig. 3B-D). The succession is di-
rectly overlain by the Paleoproterozoic Liaohe Group, which 
consists mainly of marble and sericite-quartz schist (Zhou, 
1994; Wan et al., 2015). Based on lithologic and grain size 
variations, a stratigraphic sequence of the Dagushan BIF is 
reconstructed in Figure 4 and records a complete transgres-
sive-regressive cycle. There is a transition from fine-grained 
metashales (i.e., chlorite-quartz schists and mica-quartz 
schists) through BIF with lesser amounts of interlayered chlo-
rite-quartz schist, which represents a marine transgression, 
and finally into metagraywacke (i.e., biotite gneiss). The grain 
size of the clastic rocks becomes coarser upward, with the up-
per sections consisting mainly of metagraywackes, implying a 
regressive process.

The BIF is locally deformed into tight folds with the limbs 
dipping northeast at 40° to 70° that are crosscut by quartz and 
calcite veins, which indicates late-stage hydrothermal altera-
tion. Igneous rocks have a wide geographic distribution in the 
study area, consisting predominantly of Mesoarchean granite, 
Cretaceous granite, granite porphyry, diorite porphyry, and 
diabase dikes (Fig. 3A). The ~3.0 Ga Dong’anshan granite 
(Dai et al., 2014) occurs on the footwall of the Neoarchean 

Fig. 1. (A) Subdivisions of the North China craton showing the location of the Anshan-Benxi area and distribution of major 
BIFs (modified from Zhao et al., 2005; Zhang et al., 2012). (B) Geologic sketch map of the Anshan-Benxi area indicating the 
study area (modified from Wan et al., 2015). Numbers show previous U-Pb zircon ages of supracrustal rocks associated with the 
banded iron formations (BIFs). Age data sources: a = Cui (2014), b = Yang (2013), c = L.X. Li et al. (2016), d = Dai et al. (2013), 
e = Wang et al. (2017), f = Wan et al. (2012), g = Wang et al. (2016), h = Zhu et al. (2015), i = Dai (2014), j = Tong et al. (2019).

belt

Anshan unitAnshan unit Benxi unitBenxi unit
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supracrustal sequence (Figs. 2, 3B) and contacts the BIF at 
a fault. The Cretaceous Qianshan granite (Wu et al., 2005) 
and granite porphyry show clear unconformable contact rela-
tionships with the Dagushan supracrustal rocks. More recent 
alteration may have been imparted by the intrusion of diabase 
dikes to the north (20–30 m in width and <530 m in length; 
Liu, 2010) into the Paleoproterozoic Liaohe Group phyllite.

Analytical Methods

Sample collection and petrography

Samples of the Dagushan BIF deposit were obtained from 
open-pit outcrops (41°03′10′′N, 123°03′27′′E) and drill 
cores (ZK1-2 and ZK2-3). Detailed petrographic examina-
tions using transmitted and reflected light were carried out 
to determine the mineralogy and paragenesis of BIF sam-
ples. Scanning electron microscopy equipped with energy 
dispersive spectrometry (SEM-EDS) was used to examine 
small-scale textural relationships between minerals and to 
measure elemental abundances at the Institute of Geology 

and Geophysics, Chinese Academy of Sciences in Beijing  
(IGGCAS).

Major and trace element analyses

Twenty-eight representative BIF samples were chipped 
with a hammer to remove weathered surfaces, cleaned with  
1.82 MΩ × cm ultrapure water, crushed, and then powdered to 
about 200-μm fineness in an agate mill for further geochemical 
analysis. The agate mill was cleaned with deionized water and 
alcohol between each sample. 

Major elements were determined at ALS Chemex, Guang-
zhou, China, using an X-ray fluorescence spectrometer with 
an analytical error of less than 3%, as estimated through anal-
yses of the GBW07105 and SARM-4 geostandards. Loss on 
ignition (LOI) was determined by heating powders at 1,000°C 
for 2 h and measuring the relative decrease in weight. 

The analysis of trace elemental concentrations followed the 
methods described in W.J. Li et al. (2016). About 40 mg of 
each BIF sample powder was dissolved in 1.5 mL 6 M HCL, 
1 mL 28 M HF, and 0.5 mL 8 M HNO3 in 15 mL Savillex Tef-

Fig. 2. (A) Geologic map of the Dagushan iron deposit (modified after Tong et al., 2018b) including the main three deposi-
tional facies: C = carbonate, O = oxide, Si = silicate. (B) A cross section of the Dagushan deposit, indicating the general stra-
tigraphy of the Dagushan banded iron formation (BIF) and associated rocks. Transitional facies exist between the principal 
ones because of gradual facies transitions: silicate-oxide facies (Si-O) and silicate-carbonate facies (Si-C). For the purposes of 
this study, Si-O facies is merged into the silicate facies and Si-C into the carbonate facies.

2995 ± 12 Ma (Dai et al., 2014) 

126 ± 2 Ma (Wu et al., 2005) 
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lon vials. The temperature was maintained at 130°C for 48 h.  
Following this step, 2 mL 8 M HNO3 was added immediately 
before the solution was evaporated to dryness at 130°C. Af-
ter evaporation, another 2 mL of 8 M HNO3 was added to 
achieve complete dissolution of the sample. After the solution 

cooled, samples were transferred to polyethylene bottles that 
contained 50 g of 2% HNO3 with a 10-ng g–1 indium aliquot 
as an internal standard. Trace element concentrations were 
measured at the IGGCAS using an inductively coupled plas-
ma-mass spectrometer (ICP-MS) (Element, Finnigan MAT). 

Fig. 3. Field relationships of banded iron formation (BIF) and its associated rocks in the Dagushan iron deposit. Red lines 
represent faults, while yellow dashed lines represent lithologic boundaries. (A) The overview of the Dagushan pit showing the 
faults between orebodies and Cretaceous granite as well as Mesoarchean granite. (B) Silicate facies BIF with its associated 
schists with conformable boundaries. (C) Oxide facies BIF and chlorite-quartz schist interlayer (Fe-rich shales). (D) Carbon-
ate facies BIF are partially weathered and deformed. 
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Standard materials, including the Chinese national standard 
samples GSR1 (granite), GSR2 (rhyolite), and GSR3 (basalt), 
were analyzed along with BIF samples, and the uncertainties 
were ±5% for the REEs + Y and ±5 to 10% for other trace ele-
ments. Shale-normalized (subscript “SN”) REE + Y patterns 
are presented for all samples that normalized to the Post-Ar-
chean Australian shale (PAAS) composite following McLen-

nan (1989). The La, Ce, and Eu anomalies were calculated 
as (La/La*)SN = [La/(3Pr – 2Nd)]SN; (Ce/Ce*)SN = [2Ce/(La + 
Pr)]SN; and (Eu/Eu*)SN = [Eu/(0.67Sm + 0.33Tb)]SN, respec-
tively (Bau and Dulski, 1996; Bolhar et al., 2004).

Carbon, oxygen, and iron isotopes

Carbon and oxygen isotope analyses of siderite separated from 
the carbonate facies BIF followed the methods of Chen et al. 
(2005). Isotopic ratios were measured with a Finnigan MAT 
251 mass spectrometer after reaction with 100% phosphoric 
acid at 75°C for 72 h in the Laboratory for Stable Isotope 
Geochemistry at IGGCAS. Analytical precision is better than 
±0.05‰ (1σ) based on the external standards IAEA-603 (δ13C 
= 2.46‰, δ18O = –2.37‰) and IAEA-CO-8 (δ13C = –5.764‰, 
δ18O = –22.7‰). Carbon and oxygen isotope data are report-
ed in the standard δ notation, as δ13C values relative to the 
Vienna Pee Dee Belemnite (VPDB) standard, δ13CVPDB (‰) 
= [(13C/12C)sample/(13C/12C)VPDB − 1] × 1,000, and δ18O values 
relative to the standard mean ocean water (SMOW) standard, 
δ18OSMOW (‰) = [(18O/16O)sample/(18O/16O)SMOW − 1] × 1,000. 

Iron isotope analyses were obtained from the Laboratory 
of Isotope Geology, Institute of Geology, Chinese Academy 
of Geological Sciences. A detailed description of the sample 
dissolution, chemical separation, and Fe isotope analysis is 
given in Zhu et al. (2008). The procedure for chromatograph-
ic separation of Fe using an AG MP-1 anion exchange resin 
(100–200 mesh) follows Tang et al. (2006). After the chro-
matographic separation, Fe isotope ratios were measured in 
high mass resolution mode on a Nu Plasma HR multicollector 
(MC)-ICP-MS using a standard-sample bracketing approach. 
The Fe isotope results are expressed as deviations of the 
sample Fe isotope ratio from that of the reference material 
IRMM-14 in per mil: δ56FeIRMM-014 (‰) = [(56Fe/54Fe)sample/ 
(56Fe/54Fe)IRMM-014 − 1] × 1,000 and δ57FeIRMM-014 (‰) = 
[(57Fe/54Fe)sample/(57Fe/54Fe)IRMM-014 − 1] × 1,000.

The long-term external reproducibility is estimated to be 
better than 0.08‰ for δ56Fe at the 2 standard deviation (SD) 
level, based on repeated measurements of in-house CAGS Fe 
solutions and the Chinese national basaltic standard reference 
material CAGSR-1 (GBW-07105) against IRMM-014 (Zhu et 
al., 2008).

Results

BIF petrographic descriptions

Oxide facies BIF: The oxide facies is composed of layered 
magnetite- and quartz-rich microbands (0.05–5.0 mm in 
width), most of which are parallel and laterally continuous 
(Fig. 5A). Two subtypes of magnetite-rich layers (magnetite 

Fig. 4. Stratigraphic column of the Dagushan banded iron formation (BIF) in 
the Anshan area, showing a complete transgressive and regressive cycle. Blue 
line denotes relative sea level.

Fig. 5. Photomicrographs showing representative textures and petrographic relationships among the main mineral phases in 
the oxide and silicate facies banded iron formations (BIFs). (A) Alternating magnetite (Mt)- and quartz (Q)-rich microbands 
(0.05–5 mm in width) of the oxide facies BIF. The bands are straight and continuous and contain fine-grained magnetite 
(0.01–0.1 mm) crystals intergrown with quartz (plane-polarized light). (B) Large euhedral and isolated magnetite crystals trun-
cating the banding (plane-polarized light). (C) Minor deformation of the silicate facies BIF with cummingtonite (Cum) as the 
main constituent, which is partly replaced by ripidolite (Rpd) (cross-polarized light). (D) Acicular to elongated cummingtonite 
growing alongside quartz and magnetite (cross-polarized light). (E) Cummingtonite crystals crosscut the original bedding 
planes and replace stilpnomelane (Stp) flakes (plane-polarized light). (F) Columnar cummingtonite intergrown with magne-
tite, quartz, and calcite (Cal) (cross-polarized light). (G) Brown, fine elongate aggregates of needle-like stilpnomelane (0.1–0.4 
mm in length) interspersed among siderite (Sd), crosscutting the original bedding planes (plane-polarized light). (H) Stilp-
nomelane flakes coexist with magnetite and quartz, replaced by ripidolite in places (plane-polarized light). Chm = chamosite. 
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content >50%) are recognized: (1) laminations comprising a 
high concentration of fine-grained magnetite crystals (0.01–
0.2 mm) that are intergrown with quartz (Fig. 5A) and (2) 
laminations with mainly coarser grained magnetite crystals 
(0.2–0.5 mm) that abut adjacent quartz grains (Fig. 5B). The 
quartz-rich layers, with quartz content >50%, are dominated 
by euhedral to subhedral quartz crystals (0.02–0.2 mm) and 
subordinate dusty magnetite (<5 µm). In places, these quartz-
rich layers also contain fine-grained magnetite laminae (Fig. 
5B). The minor chamosite appears as isolated light-green 
flakes dispersed among magnetite and quartz grains.

Silicate facies BIF: The silicate facies BIF consists of lami-
nated magnetite- and silicate-rich microbands (0.05–5 mm 
thick). The contacts between the microbands are commonly 
gradational, although minor deformation may be present lo-
cally (Fig. 5C). In general, the mineralogy of the silicate fa-
cies BIF includes magnetite (30–40%), various types of sili-
cate (cummingtonite, stilpnomelane, and chlorite, including 
chamosite and ripidolite; 20–30%), quartz (20–30%), and 
minor carbonate (calcite and siderite, <5%). Cummingtonite 
is the most common silicate, accounting for 60% of the total 
silicate content by volume. Generally, cummingtonite grows 
along the interface between quartz and magnetite (Fig. 5D). 
In places, cummingtonite crystals crosscut the original bed-
ding planes (Fig. 5E). Elsewhere, columnar cummingtonite is 
intergrown with magnetite, quartz, and calcite (Fig. 5F). Stil-
pnomelane accounts for ~20% of the total silicate fraction and 
can be divided into two types: (1) pale-yellow, fine-grained 
flakes (0.05–0.1 mm) that are locally replaced by cumming-
tonite (Fig. 5E) and (2) brown, fine elongate aggregates or 
needle-like occurrences in iron-poor microbands (Fig. 5G). 
The elongate stilpnomelane ranges in length from 0.1 to  
0.4 mm with a width of about 0.05 mm and is mostly inter-
spersed in siderite. It crosscuts the original bedding planes 
(Fig. 5G), indicating an origin that postdates siderite forma-
tion. Most of the chamosite in the silicate facies BIF occurs as 
isolated light-green flakes dispersed among grains of magne-
tite and quartz. Locally, stilpnomelane (Fig. 5H) or cumming-
tonite (Fig. 5C) have been replaced by ripidolite.

Carbonate facies BIF: This facies BIF appears brown in 
exposed surfaces because of strong weathering, while fresh 
samples of carbonate-bearing rocks show alternating yellow 
and black microbands with gradational contacts (Fig. 6A). 
The yellow microbands comprise fine-grained siderite (30– 
50 μm) and quartz (30–100 μm), with minute magnetite 
crystals (10–30 μm; Fig. 6B). The black microbands contain 
mainly subhedral-anhedral magnetite (10–100 μm) and tabu-
lar Fe-rich chamosite (50–150 μm; Fig. 6C), with abundant 
aggregates of siderite (30–80 μm). Subhedral-anhedral grains 
of siderite have been partially replaced by magnetite (Fig. 
6D). Chamosite occurs as green platy crystals intergrown with 
magnetite and siderite (Fig. 6C). It is noted that fine-grained 
graphite (20–80 μm) occurs locally in the carbonate facies 
BIF, intergrown with the magnetite, calcite (10–50 μm), and 
apatite (10–20 μm) (Fig. 6E, F).

Major and trace elements

Results of whole-rock major element bulk analyses are pre-
sented in Table 1. The contents of SiO2 and Fe2O3 (total Fe as 
Fe2O3) range from 27.28 to 66.03 wt % and 32.91 to 69.27 wt %,  

respectively. The Al2O3 contents are low, varying from 0.01 to 
0.81 wt %, indicating the addition of a minor clastic compo-
nent in the BIF. Silicate facies BIF samples have higher MgO 
contents (0.52–6.02 wt %) than those of the oxide or carbon-
ate facies BIF (0.09–1.28 wt %), consistent with the presence 
of stilpnomelane and cummingtonite. The carbonate facies 
BIF shows a large variation in CaO content (0.15–7.50 wt %), 
while CaO in the oxide and silicate facies are generally less 
than 1.32 and 3.42 wt %, respectively. Concentrations of K2O, 
Na2O, and TiO2 are low in all BIF samples (<0.10 wt %). 

Most of the analyzed trace elements are present in low 
concentrations (<10 ppm), except for Cr and Sr (avg 173 and  
13 ppm, respectively). Furthermore, low concentrations of in-
compatible trace elements, such as Hf, Th, and Nb (avg 0.05, 
0.16, and 0.87 ppm, respectively; see Table 1) point toward 
muted clastic input to the samples (e.g., Mloszewska et al., 
2012; Raye et al., 2015).

The Dagushan BIF is characterized by low total concen-
trations of REEs + Y (ƩREEs + Y), ranging from 2.95 to  
47.59 ppm. PAAS-normalized REE + Y patterns of all samples 
show an enrichment of heavy REEs (HREEs) relative to light 
REEs (LREEs) (Fig. 7), as quantified by (Pr/Yb)SN < 0.73. 
REE patterns also consistently display positive La, Eu, and Y 
anomalies. Most samples possess superchondritic Y/Ho ratios, 
ranging from 30 to 58, except for a single sample (D-1-4) that 
has a weakly subchondritic Y/Ho ratio of 27. These features 
are similar to those in other detritus-free Precambrian BIFs 
(e.g., Bau and Dulski, 1996; Bau et al., 1997; Frei and Polat, 
2007; Bau and Alexander, 2009; Pecoits et al., 2009; Warchola 
et al., 2019). No Ce anomalies were identified in the oxide 
and silicate facies BIFs (Fig. 8). However, large positive Ce 
anomalies are recognized in two samples of the carbonate fa-
cies BIF, D-3-3 and D-3-4, with Ce/Ce*SN values of 1.62 and 
1.78, respectively (Table 1).

Carbon, oxygen, and iron isotope compositions

Carbon and oxygen isotope ratios of siderite in samples of car-
bonate facies BIF are in Table 2. The δ13Ccarb values of sider-
ite in the Dagushan BIF vary between −6.20 and −1.57‰, 
whereas δ18Ocarb values range from 11.02 to 13.92‰. The 
δ13Ccarb values are within the range of isotopic values reported 
for other BIFs, such as the Kuruman iron formation in South 
Africa (–12 to –2.6‰; Heimann et al., 2010), but are isoto-
pically depleted compared to calcites in the Kuruman iron 
formation, Transvaal Supergroup, and dolomites in the Wit-
tenoom Formation, Hamersley basin (>–2‰; e.g., Heimann 
et al., 2010; Craddock and Dauphas, 2011).

Iron isotope data for magnetite in the three facies, coupled 
with previously published data (Li, 2007), are presented in 
Table 3 and Figure 9. Magnetite grains from 12 samples yield 
δ56Fe values from 0.53 to 0.86‰, with an average of 0.70‰. 
The iron isotope data of the three depositional BIF facies 
display an increasing trend through the oxide, silicate, and 
carbonate facies BIF, from ~0.51–0.64‰ and ~0.63–0.79‰ 
to ~0.76–0.86‰, with mean values of 0.56, 0.72, and 0.81, 
respectively. Analytical error on the sample measurements  
(2 SD) varies from 0.05 to 0.08. The δ56Fe compositions of 
magnetite in the Dagushan BIF are similar to other BIFs 
in the North China craton, such as the Gongchangling BIF 
(0.22–1.08‰), Nanfen BIF (0.08–1.27‰), and Yuanjiacun 
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BIF (0.35–0.89‰) (Li et al., 2012; Wang et al., 2015). Howev-
er, no negative δ56Fe values are observed, unlike those found 
in other Neoarchean BIFs such as the Brockman iron forma-
tion, Western Australia, or the Kuruman iron formation, South 
Africa (Johnson et al., 2008b; Craddock and Dauphas, 2011). 

Discussion

Mineral paragenesis and evolution

Magnetite: Magnetite is the most abundant Fe-bearing min-
eral in the Dagushan BIF and can be divided into two types: 

Fig. 6. Photomicrographs showing typical textures in the carbonate facies banded iron formation (BIF). (A) The carbonate 
facies BIF is composed of siderite (Sd)-quartz (Q) and siderite-magnetite (Mt) microbands and the contacts are gradational 
(plane-polarized light). (B) Subhedral fine-grained siderite (30–50 μm) coexisting with quartz (30–100 μm) (plane-polarized 
light). (C) Abundant siderite aggregates (30–80 μm) are paragenetic with subhedral-anhedral magnetite (10–100 μm) and 
tabular Fe-rich chlorite (50–150 μm) (cross-polarized light). (D) Siderite is partially replaced by magnetite (highlighted by 
yellow box; backscattered electron image). (E) Fine-grained graphite (Gr) (20–80 μm) coexisting with magnetite (secondary 
electron image). (F) The carbonate facies BIF contains shapeless graphite intergrown with magnetite and calcite (Cal), as 
well as apatite (Ap) (backscattered electron image). Chm = chamosite. 
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(1) coarse-grained euhedral individual crystals (>0.2 mm) and 
(2) fine-grained subhedral crystals (<0.2 mm). The former is 
sporadically distributed and abuts quartz grains or forms thick 
bands with lesser amounts of quartz (Fig. 5B), suggesting met-
amorphic recrystallization. The latter fine-grained magnetite is 

disseminated among fine quartz grains or forms monominer-
alic laminae (Fig. 5A), which may have formed during earlier 
diagenesis. Although dewatering of primary Fe(III) oxyhy-
droxide precipitates has been proposed as the origin of dissem-
inated fine-grained magnetite (Klein, 2005), most researchers 

Table 1. Major Elements (wt %) and Trace Elements (ppm) of the Dagushan Banded Iron Formation

Sample D-1-1 D-1-2 D-1-3 D-1-4 D-2-1 D-2-2 D-2-3 D-2-4 D-2-5 D-2-6
Facies Oxide facies
SiO2 53.14 40.10 34.71 53.27 48.78 66.03 44.98 27.99 37.75 42.75 
Al2O3 0.25 0.04 0.11 0.31 0.01 0.05 0.04 0.16 0.03 0.25 
TFe2O3 44.87 57.43 66.42 44.53 50.83 32.91 56.11 69.27 61.54 56.92 
MgO 0.35 1.02 0.11 0.64 0.51 0.31 0.09 0.75 0.49 0.40 
CaO 1.32 1.22 0.17 0.89 0.60 0.17 0.06 0.11 0.11 0.16 
Na2O 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 
K2O 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
MnO 0.04 0.06 0.05 0.06 0.08 0.08 0.03 0.16 0.10 0.06 
TiO2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
P2O5 0.24 0.06 0.11 0.03 0.06 0.06 0.01 0.03 0.06 0.07 
LOI –0.16 0.01 –1.85 0.08 –0.94 0.38 –1.55 1.25 –0.06 –0.65 
Total 100.08 99.97 99.85 99.84 99.97 100.02 99.80 99.76 100.05 99.99 
Li 1.15 0.50 0.65 0.40 0.80 2.00 0.30 0.90 0.60 0.70 
Be 0.11 0.08 0.03 0.06 0.09 0.06 0.07 0.09 0.05 0.11 
Sc 0.89 0.65 0.69 0.20 0.10 0.20 0.10 0.20 0.10 0.60 
V 6.65 2.87 4.14 4.00 1.00 11.00 5.00 3.00 1.00 5.00 
Cr 374.56 125.35 216.13 285.00 167.00 474.00 224.00 78.00 102.00 12.00 
Co 3.64 1.54 2.59 1.80 1.10 2.90 1.60 1.50 1.10 0.60 
Ni 8.86 1.32 4.74 6.70 4.10 11.60 5.90 3.40 3.20 2.20 
Cu 2.22 0.67 1.82 1.10 1.40 2.60 1.40 1.10 0.50 0.20 
Zn 4.40 0.61 1.37 7.00 1.10 1.90 2.00 3.90 3.00 3.00 
Ga 1.99 0.37 0.51 0.98 0.29 0.80 0.30 0.48 0.22 0.59 
Rb 0.76 0.66 0.79 1.80 0.10 1.20 0.20 0.40 0.10 0.20 
Sr 36.85 16.77 8.90 14.40 11.60 3.20 0.60 1.40 0.90 1.30 
Zr 3.44 2.54 2.67 3.30 0.50 0.80 0.80 2.10 0.90 1.80 
Nb 1.05 14.32 1.02 0.10 0.10 0.10 0.10 0.30 0.10 0.10 
Cs 0.23 0.23 0.43 0.82 0.03 0.79 0.10 0.29 0.02 0.09 
Ba 3.27 1.80 2.98 25.90 1.10 4.40 0.90 1.30 0.50 1.00 
La 1.53 1.01 0.92 0.90 1.00 1.10 3.10 1.10 0.90 1.50 
Ce 3.05 1.64 1.53 1.00 0.90 1.20 4.00 1.30 1.10 2.00 
Pr 0.53 0.19 0.18 0.12 0.10 0.14 0.44 0.15 0.14 0.22 
Nd 2.61 0.83 0.87 0.40 0.40 0.50 1.70 0.60 0.60 0.90 
Sm 0.65 0.18 0.18 0.09 0.08 0.11 0.34 0.12 0.16 0.21 
Eu 0.28 0.12 0.10 0.04 0.08 0.08 0.11 0.07 0.05 0.10 
Gd 0.96 0.24 0.27 0.12 0.09 0.14 0.31 0.29 0.24 0.27 
Tb 0.17 0.05 0.05 0.02 0.02 0.03 0.05 0.06 0.04 0.05 
Dy 1.01 0.30 0.28 0.13 0.16 0.21 0.32 0.46 0.26 0.32 
Y 8.83 3.37 3.22 0.80 2.30 1.90 3.80 4.80 2.90 3.20 
Ho 0.23 0.08 0.08 0.03 0.04 0.05 0.08 0.11 0.06 0.07 
Er 0.63 0.24 0.23 0.08 0.13 0.14 0.29 0.34 0.19 0.21 
Tm 0.08 0.04 0.03 0.01 0.02 0.02 0.05 0.05 0.03 0.03 
Yb 0.46 0.25 0.21 0.07 0.16 0.14 0.34 0.35 0.20 0.18 
Lu 0.07 0.04 0.03 0.01 0.03 0.02 0.06 0.06 0.03 0.03 
Hf 0.03 0.01 0.01 0.07 0.05 0.08 0.05 0.01 0.03 0.03 
Ta 0.02 0.24 0.10 0.35 0.19 0.17 0.06 0.06 0.06 0.06 
Pb 0.99 0.92 0.19 0.50 1.50 0.51 0.60 0.41 0.33 0.15 
Th 0.15 0.05 0.08 0.41 0.03 0.03 0.12 0.12 0.03 0.22 
U 0.09 0.02 0.05 0.30 0.05 0.05 0.10 0.09 0.05 0.10 
Mo 2.14 3.01 2.55 4.12 2.41 6.70 3.11 1.14 1.47 0.08 
∑REE + Y 21.07 8.58 8.17 3.82 5.51 5.78 14.99 9.86 6.90 9.29 
Y/Ho 37.88 42.14 41.32 26.67 57.50 38.00 47.50 43.64 48.33 45.71 
Pr/Yb 1.14 0.76 0.86 1.71 0.63 1.00 1.29 0.43 0.70 1.22 
(La/Yb)SN 0.24 0.30 0.33 0.95 0.46 0.58 0.67 0.23 0.33 0.62 
(Sm/Yb)SN 0.72 0.36 0.45 0.65 0.25 0.40 0.51 0.17 0.41 0.59 
(La/La*)SN 1.50 1.76 2.65 1.37 2.52 1.59 1.65 1.85 1.94 1.81 
(Y/Y*)SN 1.45 1.73 1.72 1.02 2.29 1.48 1.89 1.70 1.85 1.71 
(Eu/Eu*)SN 1.69 2.73 2.15 1.91 4.07 2.84 1.63 1.62 1.27 1.98 
(Ce/Ce*)SN 0.77 0.86 0.87 0.68 0.60 0.68 0.77 0.71 0.70 0.78 

Notes: Total Fe reported as Fe2O3; (Pr/Pr*)SN = [2Pr/(Ce + Nd)]SN; (Ce/Ce*)SN = [2Ce/(La + Pr)]SN; (La/La*) SN = [La/(3Pr – 2Nd)]SN; (Eu/Eu*) SN = [Eu/ 
(0.67Sm + 0.33Tb)]SN; (Y/Y*) SN = [2Y/(Dy + Ho)]SN
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consider magnetite to have formed through diagenetic and 
metamorphic reactions (e.g., Johnson et al., 2008a; Sun et al., 
2015; Konhauser et al., 2017). Four possible mechanisms for 
the formation of magnetite include the following:

1. The first possible mechanisms is a reaction between hema-
tite and siderite, at temperatures between 480° and 650°C 

and pressures between 4 and 15 kbar (Koziol, 2004; Mlo-
szewska et al., 2012):

FeCO3 + Fe2O3 → Fe3O4 + CO2.                  (1)

The peak pressure and temperature for the formation of 
the Dagushan BIF (<5 kbar and <600°C) are sufficient 

Table 1. (Cont.)

Sample D-5-1 D-5-2 D-5-3 D-5-4 D-5-5 D-5-6 D-5-7 D-5-8 D-5-9 D-5-10
Facies Silicate facies
SiO2 39.10 41.90 45.70 43.50 38.70 40.39 43.56 47.61 55.12 48.49 
Al2O3 0.05 0.13 0.52 0.06 0.12 0.52 0.26 0.81 0.42 0.26 
TFe2O3 56.71 53.50 53.96 53.98 51.36 58.33 48.15 48.12 41.96 48.89 
MgO 2.28 2.66 0.52 1.20 6.02 1.18 3.26 1.06 1.03 1.82 
CaO 1.30 1.26 0.03 0.10 3.42 0.22 2.97 1.67 1.09 1.08 
Na2O 0.01 0.01 0.01 0.01 0.08 0.02 0.04 0.01 0.01 0.10 
K2O 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.16 0.07 0.05 
MnO 0.05 0.07 0.03 0.11 0.17 0.10 0.17 0.12 0.08 0.07 
TiO2 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
P2O5 0.09 0.05 0.02 0.04 0.14 0.12 0.14 0.20 0.13 0.10 
LOI 0.50 0.33 –1.12 1.54 –0.08 –1.09 1.34 0.21 –0.21 –0.65 
Total 100.10 99.92 99.69 100.55 99.94 99.81 99.96 99.98 99.71 100.22 
Li 0.61 0.98 0.79 0.84 1.31 1.00 0.90 3.10 3.00 6.60 
Be 0.57 0.76 0.34 0.38 0.71 0.32 1.05 0.87 0.54 0.95 
Sc 0.64 1.15 2.73 0.71 1.17 0.80 0.50 0.90 0.70 0.50 
V 2.76 6.56 17.38 4.33 4.68 6.00 13.00 11.00 8.00 3.00 
Cr 108.13 104.08 168.79 223.80 103.64 9.00 81.00 193.00 209.00 1.00 
Co 1.44 1.79 4.22 2.07 1.58 2.70 1.00 1.90 1.90 0.40 
Ni 1.13 1.92 9.10 3.22 2.34 6.60 4.20 6.40 5.20 1.00 
Cu 0.47 0.46 1.45 0.99 0.61 1.00 0.40 1.20 3.10 1.00 
Zn 4.69 5.77 4.67 1.92 4.31 6.00 7.00 10.00 32.00 7.00 
Ga 0.31 1.21 1.51 0.49 0.37 1.83 0.72 2.64 1.23 0.65 
Rb 0.88 1.45 0.99 0.90 0.91 1.40 9.30 13.50 5.00 3.00 
Sr 19.69 18.87 6.95 7.91 18.10 4.00 23.00 38.90 25.90 32.10 
Zr 2.53 2.65 3.12 3.03 3.20 4.30 4.00 11.60 3.20 4.00 
Nb 0.91 0.93 0.98 1.06 1.03 0.20 0.10 0.50 0.40 0.10 
Cs 0.29 0.65 0.50 0.35 0.15 0.81 4.82 1.97 0.38 0.15 
Ba 2.58 4.43 2.26 3.15 1.50 3.90 48.40 30.20 6.40 8.10 
La 1.97 1.57 1.12 1.94 2.47 1.70 3.50 5.90 4.00 1.80 
Ce 2.92 2.23 1.78 2.69 3.66 2.70 5.60 10.00 7.10 3.40 
Pr 0.32 0.25 0.20 0.31 0.45 0.34 0.70 1.20 0.83 0.44 
Nd 1.38 1.01 0.90 1.23 1.85 1.50 2.90 4.60 3.50 2.00 
Sm 0.27 0.18 0.19 0.21 0.35 0.34 0.68 0.99 0.80 0.56 
Eu 0.19 0.12 0.07 0.10 0.22 0.16 0.46 0.31 0.27 0.19 
Gd 0.42 0.28 0.28 0.27 0.58 0.55 0.88 1.16 0.92 0.62 
Tb 0.07 0.05 0.05 0.05 0.10 0.10 0.17 0.19 0.16 0.10 
Dy 0.50 0.33 0.32 0.31 0.71 0.65 1.15 1.16 0.89 0.65 
Y 5.15 3.72 2.94 3.72 8.32 6.00 9.00 8.10 6.60 5.20 
Ho 0.13 0.09 0.08 0.09 0.21 0.16 0.25 0.24 0.20 0.15 
Er 0.40 0.27 0.23 0.26 0.62 0.52 0.77 0.68 0.59 0.47 
Tm 0.06 0.04 0.03 0.04 0.08 0.08 0.12 0.10 0.09 0.07 
Yb 0.38 0.26 0.21 0.29 0.58 0.57 0.77 0.64 0.55 0.44 
Lu 0.06 0.04 0.03 0.05 0.10 0.10 0.12 0.11 0.08 0.07 
Hf 0.01 0.01 0.03 0.01 0.03 0.05 0.11 0.30 0.09 0.03 
Ta 0.07 0.04 0.04 0.11 0.41 0.07 0.05 0.08 0.07 0.05 
Pb 0.95 0.87 0.09 0.20 0.56 0.41 1.00 1.70 2.80 2.30 
Th 0.03 0.11 0.03 0.04 0.06 0.34 0.35 0.92 0.28 0.30 
U 0.02 0.03 0.04 0.09 0.04 0.13 0.10 0.26 0.10 0.17 
Mo 0.88 1.32 1.11 0.69 0.37 0.25 1.14 2.59 2.72 0.03 
∑REE + Y 14.23 10.44 8.44 11.56 20.30 15.47 27.07 35.38 26.58 16.16 
Y/Ho 39.05 41.83 37.72 43.30 40.19 37.50 36.00 33.75 33.00 34.67 
Pr/Yb 0.84 0.94 0.97 1.05 0.77 0.60 0.91 1.88 1.51 1.00 
(La/Yb)SN 0.39 0.44 0.40 0.49 0.31 0.22 0.34 0.68 0.54 0.30 
(Sm/Yb)SN 0.36 0.35 0.47 0.37 0.31 0.30 0.45 0.79 0.74 0.65 
(La/La*)SN 1.97 1.74 1.89 1.57 1.49 1.65 1.37 1.13 1.39 1.50 
(Y/Y*)SN 1.59 1.71 1.49 1.80 1.71 1.48 1.34 1.22 1.25 1.33 
(Eu/Eu*)SN 2.80 2.51 1.37 2.00 2.41 1.77 2.76 1.43 1.52 1.60 
(Ce/Ce*)SN 0.84 0.81 0.86 0.79 0.80 0.82 0.82 0.87 0.90 0.88 

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/7/1575/5386651/4841_tong_et_al.pdf
by Univ Alberta Library  user
on 29 August 2021



1586 TONG ET AL. 

for reaction (1) to take place (Zhou, 1994). Although no 
petrographic evidence for the replacement of hematite 
by magnetite in the study area was observed, we cannot 
expressly exclude the possibility that some early phase of 
hematite was consumed, leaving magnetite intergrown 
with siderite in the carbonate facies (Frost, 1979a). How-

ever, this mechanism is only suitable for magnetite that 
replaced siderite in the carbonate facies, not in the oxide 
facies, where only magnetite and quartz exist. Accordingly, 
while this reaction pathway may have been active in the 
Dagushan area, it is not likely the dominant pathway for 
magnetite formation.

Table 1. (Cont.)

Sample D-3-1 D-3-2 D-3-3 D-3-4 D-3-5 D-4-1 D-4-2 D-4-3
Facies Carbonate facies
SiO2 42.10 39.30 53.80 38.70 49.64 43.25 33.60 27.28 
Al2O3 0.08 0.07 0.19 0.09 0.14 0.14 0.14 0.45 
TFe2O3 48.79 50.86 41.04 53.80 50.74 47.46 58.79 59.60 
MgO 1.03 0.88 0.44 1.28 0.06 0.16 0.11 0.18 
CaO 0.15 0.26 0.19 0.26 0.47 4.15 4.42 7.50 
Na2O 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
K2O 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
MnO 0.27 0.28 0.47 0.35 0.01 0.05 0.08 0.09 
TiO2 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.01 
P2O5 0.01 0.01 0.01 0.05 0.05 0.03 0.03 0.03 
LOI 7.33 8.30 3.83 5.81 –0.94 4.86 2.68 4.69 
Total 99.79 99.99 100.01 100.36 100.20 100.13 99.88 99.85 
Li 1.66 0.74 0.88 1.47 0.60 1.00 0.90 2.00 
Be 0.43 0.30 0.12 0.34 0.11 0.32 0.28 0.29 
Sc 0.18 0.21 0.18 0.03 0.30 0.80 1.00 1.20 
V 5.89 5.93 4.92 2.24 11.00 23.00 24.00 28.00 
Cr 315.65 260.58 329.78 195.93 4.00 154.00 120.00 111.00 
Co 2.51 2.12 2.94 1.62 0.40 1.20 1.70 2.00 
Ni 9.49 7.82 9.83 4.96 1.70 6.90 8.20 13.50 
Cu 0.94 0.42 0.80 0.33 1.20 1.00 2.90 10.00 
Zn 4.93 6.11 6.00 3.63 1.78 4.00 3.00 5.00 
Ga 0.46 0.69 1.08 1.17 0.92 1.04 0.91 2.38 
Rb 0.93 1.56 0.96 1.04 0.10 0.20 0.30 0.20 
Sr 6.67 9.03 2.01 4.32 6.80 22.40 26.20 45.30 
Zr 0.70 0.80 1.92 0.30 3.40 3.80 2.60 6.00 
Nb 0.15 0.20 0.19 0.15 0.20 0.20 0.10 0.40 
Cs 0.03 0.05 0.02 0.02 0.03 0.04 0.05 0.10 
Ba 4.77 8.18 1.85 2.31 2.10 2.80 4.80 13.60 
La 0.51 1.91 0.20 0.20 0.90 2.10 8.80 3.20 
Ce 1.07 3.48 0.61 0.72 1.50 3.70 13.80 5.80 
Pr 0.11 0.39 0.04 0.04 0.21 0.44 1.72 0.79 
Nd 0.54 1.63 0.16 0.23 0.90 1.90 7.10 3.50 
Sm 0.16 0.32 0.04 0.06 0.26 0.50 1.36 0.83 
Eu 0.12 0.17 0.03 0.07 0.13 0.27 0.57 0.48 
Gd 0.30 0.41 0.07 0.11 0.30 0.74 1.39 1.33 
Tb 0.06 0.07 0.02 0.02 0.05 0.12 0.20 0.21 
Dy 0.48 0.49 0.12 0.15 0.30 0.69 1.09 1.36 
Y 4.70 3.95 1.77 1.97 2.40 6.40 9.60 9.60 
Ho 0.14 0.13 0.04 0.04 0.07 0.16 0.24 0.29 
Er 0.43 0.43 0.14 0.13 0.24 0.47 0.74 0.89 
Tm 0.07 0.07 0.02 0.02 0.04 0.08 0.11 0.13 
Yb 0.53 0.53 0.16 0.15 0.27 0.57 0.75 0.89 
Lu 0.10 0.10 0.03 0.02 0.05 0.11 0.12 0.13 
Hf 0.01 0.02 0.05 0.01 0.01 0.06 0.09 0.10 
Ta 0.02 0.03 0.16 0.04 0.05 0.05 0.05 0.05 
Pb 0.49 1.44 0.42 0.82 0.70 1.20 1.40 2.60 
Th 0.01 0.04 0.19 0.02 0.09 0.12 0.08 0.50 
U 0.04 0.10 0.12 0.11 0.10 0.25 0.23 0.30 
Mo 1.45 2.01 0.99 1.36 0.08 7.55 2.61 1.77 
∑REE + Y 9.33 14.06 3.43 3.93 7.62 18.25 47.59 29.43 
Y/Ho 34.57 30.37 46.61 49.20 34.29 40.00 40.00 33.10 
Pr/Yb 0.21 0.73 0.25 0.30 0.78 0.77 2.29 0.89 
(La/Yb)SN 0.07 0.26 0.09 0.10 0.25 0.27 0.87 0.27 
(Sm/Yb)SN 0.15 0.31 0.13 0.21 0.49 0.45 0.92 0.47 
(La/La*)SN 2.08 1.41 1.42 3.22 1.29 1.47 1.39 1.35 
(Y/Y*)SN 1.45 1.24 2.03 2.00 1.32 1.53 1.50 1.22 
(Eu/Eu*)SN 2.34 2.23 2.17 3.63 2.28 2.24 2.12 2.34 
(Ce/Ce*)SN 1.03 0.93 1.62 1.78 0.80 0.89 0.82 0.84 
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2. The second possible mechanism is oxidation of siderite at 
450°C and 2 kbar, reaction (2a), as described by French 
(1971) and McCollom (2003), or reaction (2b) as described 
in Frost (1979a):

12FeCO3 + 2H2O → 4Fe3O4 + 11CO2 + CH4        (2a)
or

6FeCO3 + O2 → 2Fe3O4 + 6CO2.                      (2b)

The partial replacement of subhedral siderite by magnetite 
in the carbonate facies BIF supports the oxidation of sid-
erite in the Dagushan BIF (Fig. 6D). However, only a few 
examples of such replacement are observed in thin section, 
suggesting that this pathway did not take place on a large 
scale and thus was not responsible for generating the bulk 
of the magnetite in the Dagushan BIF.

3. A third possible mechanism includes reactions between 
Fe(II)-rich hydrothermal fluids and preexisting Fe(III) 

oxyhydroxides with limited H2S and organic carbon supply 
(Ohmoto, 2003):

 2Fe(OH)3 + Fe2+ → Fe3O4 + 2H+ + 2H2O.        (3)

Similarly, Li et al. (2017) proposed that some magnetite in 
early Archean BIFs could have precipitated directly from 
seawater through the reaction between Fe(III) oxyhydrox-
ides and Fe(II)-rich hydrothermal fluids. Such a reaction 
can result in the formation of a metastable green rust, 
which then transforms into magnetite within hours (at tem-
peratures in excess of 50°C). However, green rust could 
have been oxidized by anoxygenic phototrophic Fe(II)-oxi-
dizing bacteria in ancient oceans (Han et al., 2020), yet the 
positive δ56Fe values of magnetite within BIF cannot be 
explained using the 56Fe/54Fe fractionation of ~–0.2‰ be-
tween Fe(II) and green rust (Wiesli et al., 2004). As such, 
green rust is an unlikely precursor to magnetite, at least in 
the Dagushan BIF. 

4. A fourth possible mechanism is the biogenic dissimilatory 
iron reduction (DIR) of Fe(III) oxyhydroxides during dia-
genesis (e.g., Nealson and Myers, 1990; Lovley, 1993; Kon-
hauser et al., 2005, 2017; Frost et al., 2007; Johnson et al., 
2008b; Pecoits et al., 2009; Li et al., 2011):

CH3COO– + 24Fe(OH)3 + OH–  → 8Fe3O4 + 
2HCO3

–  + 37H2O.                              (4)

Three lines of evidence in previous studies support this 
mechanism as the dominant source of magnetite in BIFs. 
First, Johnson et al. (2008b) have reported distinctly nega-
tive δ56Fe values in magnetite-rich BIF from the Hamersley 
basin (Australia) and Transvaal craton (South Africa). These 
values are similar to the negative fractionations measured  

Fig. 7. Post-Archean Australian Shale (PAAS)-normalized rare earth element 
and yttrium patterns of Dagushan banded iron formation (BIF) samples. 
(A) Oxide facies. (B) Silicate facies. (C) Carbonate facies. PAAS data from 
McLennan (1989).
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Fig. 8. Cross plot of Ce and Pr anomalies normalized to Post-Archean Aus-
tralian Shale for Dagushan banded iron formation samples, discriminating 
between positive La anomalies and true Ce anomalies (Bau and Dulski, 1996). 
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in experimental cultures of DIR bacteria. Second, the lat-
tice constant and Fe(II)/Fe(III) stoichiometry of magnetite 
from the Dales Gorge Member showed comparable features 
with those produced through DIR by bacteria including Geo-
bacter, Shewanella, and Thermoanaerobacter (Li et al., 2011). 
Third, recent experiments on low-grade alteration of biogenic 
magnetite demonstrated that the fine-grained magnetite pro-
duced via DIR (a few hundred nm or smaller in size) can grow 
in size up to 1 µm (Li, Y.L., et al., 2013). Moreover, the inter-
growth of organic carbon and apatite in the Dagushan BIF 
(Fig. 6F) could be evidence of a biogenic origin for magnetite 
(Dodd et al., 2019), but we cannot completely negate the pos-
sibility of abiogenic reactions between Fe(II)-rich hydrother-
mal fluids and preexisting Fe(III) oxyhydroxides.

Siderite: Siderite, typically occurring as fine-grained, single 
rhombohedral crystals or massive layers, is the most common 
carbonate in the carbonate facies BIF. Two main mechanisms 
for the formation of siderite have been previously reported. 
First, siderite may have formed through the inorganic reac-
tion between Fe(II) and dissolved carbon dioxide (bicarbon-
ate, HCO3

–) in the water column (e.g., Ohmoto et al., 2004; 
Pecoits et al., 2009; Wittkop et al., 2014; Garcia et al., 2016):

                      Fe2+ + HCO3
–  → FeCO3 + H+.   (5)

This mechanism is supported by the seawater-like (near 
0‰) carbon isotope (δ13C) values of the 2.75 Ga Helen BIF 
in Ontario (Garcia et al., 2016) and the 1.9 Ga Gunflint For-
mation (Carrigan and Cameron, 1991). 

The other proposed mechanism for siderite formation is au-
thigenic precipitation from porewater in sediments, facilitated 
by DIR (Konhauser et al., 2005; Fischer et al., 2009; Heimann 
et al., 2010; Johnson et al., 2013; Köhler et al., 2013):

4Fe(OH)3 + CH2O + 3HCO3
– → 4FeCO3 + 

             3OH– + 7H2O. (6)

This mechanism is likely more appropriate for explaining 
the formation of siderite in the Dagushan BIF because sider-
ite in the carbonate facies BIF contains some magnetite inclu-
sions. Furthermore, no obvious veins were observed in our 
samples, and no correlation between δ13CSid and δ18OSid val-
ues was present (correlation coefficient = 0.10) (e.g., Jacobsen 
and Kaufman, 1999). Accordingly, the negative d13C values re-
ported here, –6.20 to –1.57‰, are considered to reflect input 
from an organic carbon source (e.g., Kaufman, 1996; Beukes 
and Gutzmer, 2008).

The wide range of δ13C values in the Dagushan BIF could 
be related to varying proportions of seawater/porewater 
HCO3

– involved in siderite formation during DIR (Heimann 
et al., 2010). Under the condition where seawater/porewater 
HCO3

– was available but organic carbon was relatively less 
abundant, microbially mediated DIR may proceed via reac-
tion (6), but inorganic HCO3

– could be the carbon source for 
siderite formation. A mass balance calculation is considered 
here to evaluate the possibility that reaction (6) was likely in-
volved in the formation of siderite in the Dagushan deposit. 
To form one mole of siderite, 25% of total carbon would be 
derived from the decomposition of organic matter (assuming 
δ13C ~ –25‰ based on Wang et al., 2015) through DIR and 
75% from seawater/porewater (δ13C ~ 0‰). The resultant 
δ13C in siderite would then be –6.25‰. If there was no ex-
ternal HCO3

– source available, then the δ13C of siderite should 
be close to –25‰. Accordingly, siderite in the Dagushan BIF 
(with δ13C values –6.20~–1.57‰) is likely formed through 
ferrous iron (Fe(II)) reacting with HCO3

– being supplied by 
a combination of  DIR and ambient seawater, where at most 
25% of the carbon was derived from organic matter.

Silicate: The types of silicate in BIFs mainly depend on the 
degree of postdepositional alteration, including both diagen-
esis and metamorphism (Klein, 2005; Konhauser et al., 2017). 
For example, under low-grade metamorphic conditions, 
greenalite, stilpnomelane, and chlorite may be abundant (e.g., 
the Dales Gorge Member, Western Australia, and the Yuan-
jiacun BIF, China, both of which are Superior-type BIFs; Ras-
mussen et al., 2014; Wang et al., 2015). Alternatively, under 
higher metamorphic grades, cummingtonite, clinoferrosilite 
and fayalite, which form through the replacement of earlier 
silicates, may become the dominant silicate minerals (Klein, 
2005). Such assemblages are present in the Bikoula BIF in 
Cameroon and the Xiaolaihe BIF in China, both of which are 
Algoma-type BIFs (Shen et al., 1994; Teutsong et al., 2016; 
Peng et al., 2019). Stilpnomelane, cummingtonite, and chlo-
rite, which are the main silicates in the Dagushan BIF, are 
common in rocks that have experienced upper greenschist to 
lower amphibolite facies metamorphism.

Stilpnomelane is a typical diagenetic to low-grade meta-
morphic phyllosilicate mineral (Klein, 2005), but its origin re-
mains controversial. The precursor of stilpnomelane is likely 
to be an Fe-rich but Al-poor smectite clay, such as nontronite 

Table 3. Fe Isotope Data of Magnetite from the Three Facies  
in the Dagushan Banded Iron Formation

Sample Facies δ56Fe (‰) 2 SD δ57Fe (‰) 2 SD
D-1-1 Oxide 0.53 0.05 0.90 0.07 
D-1-4 Oxide 0.64 0.05 0.99 0.07 
D-2-6 Oxide 0.51 0.06 0.75 0.07 
D-5-2 Silicate 0.72 0.05 1.09 0.06 
D-5-4 Silicate 0.72 0.05 1.12 0.05 
D-5-5 Silicate 0.79 0.06 1.19 0.07 
D-5-9 Silicate 0.63 0.06 0.96 0.08 
D-3-2 Carbonate 0.81 0.06 1.21 0.07 
D-3-5 Carbonate 0.76 0.06 1.07 0.07 
D-4-1 Carbonate 0.86 0.05 1.26 0.06 
Dgsh06-111 Oxide 0.67 - 1.04 -
Dgsh06-13 1 Oxide 0.70 - 1.04 -

Dashes indicate no data available
1Data from Li (2007)

Table 2. Carbon and Oxygen Isotope Composition of Siderite  
in the Dagushan Banded Iron Formation

Sample δ13CVPDB (‰) δ18OSMOW (‰)
1 –3.85 11.02 
2 –6.20 11.93 
3 –4.64 13.87 
4 –3.53 12.41 
5 –4.12 12.94 
6 –1.57 13.31 
7 –5.34 12.71 
8 –2.90 12.18 
9 –4.89 13.63 
10 –3.68 13.92 
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(Fe2Si4O10[OH]2 × 10H2O), which can be synthesized at low 
temperatures by the reaction of amorphous Fe(III) oxyhy-
droxides with dissolved silica (Dekov et al., 2007; Bekker et 
al., 2014):

2Fe(OH)3 + 4Si(OH)4 → Fe2Si4O10(OH)2 ∙ 10H2O.    (7)

Alternatively, stilpnomelane may be derived from Fe-rich 
clays of basic and basaltic volcaniclastic origin (Trendall and 
Blockley, 1970; Ewers and Morris, 1981; Krapež et al., 2003). 
However, basaltic volcaniclastic rocks are absent from the 
Anshan unit (Wang et al., 2017; Tong et al., 2019), and stil-
pnomelane is not observed within rocks spatially associated 
with the BIF (Tong et al., 2019), precluding its volcanic origin. 
Consequently, the reaction between amorphous Fe(III) oxy-
hydroxides and dissolved silica is proposed to be the origin of 
stilpnomelane in the Dagushan BIF.

In BIFs, cummingtonite is usually formed through the 
replacement of stilpnomelane during progressive metamor-
phism. Interestingly, some of the cummingtonite in the Da-
gushan BIF has a paragenetic relationship with calcite (Fig. 
5F), suggesting its generation through the reaction of Fe-rich 
carbonates and quartz during metamorphism (Frost, 1979a, 
b; Klein, 2005):

7Ca(Fe, Mg)(CO3)2 + 8SiO2 + H2O → 
(Fe, Mg)7Si8O22(OH)2 + 7CaCO3 + 7CO2.         (8)

Chlorite is an Al-rich sheet silicate and is generally formed 
under alkaline conditions when there are sufficient Fe and 
Mg inputs in BIFs (James, 1954). Three types of chlorite were 
identified in the Dagushan BIF:

1. The first type is isolated light-green chamosite (Tong et al., 
2018b) dispersed among magnetite and quartz (Fig. 5B, 
G). This phase may have formed through the transfor-
mation of Al-rich debris in alkaline porewater during the 
earlier stages of diagenesis and low-grade metamorphism 
(Wilson, 1982). 

2. The second type is green, platy chamosite in the Fe-rich 
bands that locally contains fine-grained magnetite (Fig. 

6C) and is considered to have formed at the same time as 
magnetite, siderite, and quartz. Such a petrographic associ-
ation typically implies a diagenetic or metamorphic origin. 

3. The third type is ripidolite that has replaced stilpnomelane 
(Fig. 5H) or cummingtonite (Fig. 5C) and formed during 
retrograde metamorphism. 

In addition, it has been proposed, based on petrographic 
observations, that Fe-rich silicates (e.g., greenalite nanopar-
ticles) were the precursor sediments that formed either 
on the seafloor or within the water column and led to BIF  
(Rasmussen et al., 2013, 2014, 2016, 2017). By extrapolation, 
the Fe-rich minerals observed in BIFs today including he-
matite, magnetite, and stilpnomelane were converted from 
those Fe-rich silicates through postdepositional alteration 
during diagenesis, metamorphism, and supergene alteration 
(Rasmussen et al., 2013, 2014). However, the succession ex-
amined by Rasmussen et al. (2017), for example, more likely 
represents a deep-water deposit that is distal to the shore-
line, rather than an oxide facies BIF that was deposited on a 
shallow continental shelf. Further, the oxidation mechanism 
from Fe(II) to Fe(III) is questionable on account of low δ18O 
values for hematite (Konhauser et al., 2017), and positively 
fractionated iron isotopes in BIF point toward oxidation by 
either anoxygenic photoferrotrophs or oxygen produced by 
cyanobacteria (e.g., Dauphas et al., 2017). Also, based on 
solubility experiments of Tosca et al. (2016), the precipita-
tion of greenalite requires a pH of 7.75 to 8.3, which is at 
odds with those currently predicted for Archaean seawater 
(e.g., Grotzinger and Kasting, 1993; Blättler et al., 2016; Ha-
levy and Bachan, 2017). As for the Dagushan BIF, no petro-
graphic features consistent with a Fe(II) silicate precursor, 
such as stilpnomelane lath lined by minute crystals of hema-
tite/magnetite (e.g., Rasmussen et al., 2014), were observed. 
Finally, hydrogeological modeling presented in Robbins et 
al. (2019) indicates that the pervasive oxidation of a Fe(II) 
silicate precursor on a basin scale is exceedingly unlikely. 

Marine redox structure
Despite being affected by upper greenschist to lower amphib-
olite metamorphism, the Dagushan BIF is likely to retain the 
geochemical signature of seawater at the time of deposition 
given the low permeability and lack of widespread element 
mobility in BIFs (e.g., Bau, 1993; Frost et al., 2007; Robbins 
et al., 2015, 2019). Furthermore, nearly all samples studied 
here are characterized by extremely low contents of Al2O3 
(<0.5 wt %), TiO2 (<0.02 wt %), and high field strength ele-
ments (e.g., Zr, Hf, and Th), indicating negligible terrestrial 
input, consistent with a marine environment distal to the pa-
leoshoreline (e.g., Bau and Dulski, 1996; Bolhar et al., 2004; 
Haugaard et al., 2013). Collectively, these lines of evidence 
suggest that the ~2.53 Ga Dagushan BIF might record pa-
leoenvironmental conditions at a critical juncture of Earth’s 
history, immediately before the onset of the GOE. 

The REE + Y patterns, anomalies, and ratios are commonly 
used for tracking hydrothermal input and both the local and 
global seawater redox conditions (e.g., Bau and Dulski, 1996; 
Planavsky et al., 2010). The various facies in the Dagushan 
BIF all display consistently positive La anomalies, are some-
what depleted in LREEs relative to HREEs (Pr/Yb)SN < 1), 
and have superchondritic Y/Ho ratios (>26) (Fig. 7). These 

Fig. 9. Distribution of Fe isotope ratios for magnetite in the different facies 
of the Dagushan banded iron formation (BIF). Data from Li (2007), shown as 
red circles, are classified as oxide facies BIF due to their reported mineralogy 
(magnetite and quartz).
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features are typical of modern seawater, indicating a negli-
gible effect of postdepositional alteration on these patterns 
(e.g., Bau, 1993; Bau and Alexander, 2009). The depletion of 
LREEs relative to HREEs in modern seawater arises primar-
ily due to preferential scavenging of LREEs to reactive par-
ticle surfaces (Byrne and Sholkovitz, 1996). Yttrium, however, 
behaves in the opposite manner, resulting in elevated, super-
chondritic Y/Ho ratios in seawater (Nozaki et al., 1997). The 
preservation of prominent positive Y anomalies in the Da-
gushan BIF implies rapid precipitation during the upwelling 
of Fe(II)-rich hydrothermal fluids into the photic zone, as the 
low equilibrium adsorption coefficient of Y onto Fe(III) oxy-
hydroxide particles ensures that only rapid, nonequilibrium 
REEs + Y scavenging can preserve the seawater Y/Ho ratio 
(Bau and Dulski, 1996; Wang et al., 2015).

All samples are also characterized by positive Eu anoma-
lies, which indicates a significant contribution from hightem-
perature (>250°C), reduced hydrothermal fluids (Sverjensky, 
1984). Such Eu anomalies are due to the reduction of Eu(III) 
to Eu(II), which then complexes with chloride, leading to its 
preferential accumulation in the fluid phase (Bau, 1991). The 
preservation of Eu anomalies in the Dagushan BIF may imply 
proximity to a hydrothermal source, but Superior-type Arche-
an BIFs also record positive Eu anomalies (e.g., Alexander et 
al., 2008). Therefore, it is likely that hydrothermally derived 
REEs and Y were able to circulate widely in the anoxic deep 
waters of Archean oceans, prior to being scavenged by pre-
cipitating Fe(III) oxyhydroxides.

The lack of significant Ce anomalies in oxide and silicate 
facies samples in the Dagushan BIF is typical of Archean 
BIFs (e.g., Zhang et al., 2012; Peng et al., 2018). Negative 
Ce anomalies develop due to the oxidation of Ce(III) into the 
particle reactive Ce(IV) under oxic conditions, which is then 
adsorbed by precipitating Mn(IV) oxides. The lack of a nega-
tive Ce anomaly, therefore, typically indicates an anoxic depo-
sitional environment (German and Elderfield, 1990). Excep-
tions to this are the slightly positive Ce anomalies recorded in 
samples D-3-4 and D-3-3, which likely relate to the reductive 
dissolution of Mn(IV) oxides below the redoxcline (German 
et al., 1991; Sholkovitz et al., 1992; Planavsky et al., 2010). 
Alternatively, a secondary oxidative process can result in the 
accumulation of Ce relative to other REEs because soluble 
Ce(III) in the porewater/meteoric water can be oxidized to 
poorly soluble Ce(IV). Such a process has been reported to 
explain positive Ce anomalies in some BIFs (Frei et al., 2008; 
Haugaard et al., 2013). Given that the carbonate facies BIF 
samples were from relatively strongly weathering portions of 
the Dagushan deposit, we attribute the positive Ce anomalies 
to secondary weathering.

Iron isotope ratios in magnetite have been widely used to 
track the processes controlling the cycling of Fe within sedi-
ments (Dauphas et al., 2017). Previous studies of the Paleo-
proterozoic Biwabik iron formation from the Lake Superior 
region of North America have shown a lack of correlation 
between metamorphic grade and calculated δ56Fe values in 
minerals when the metamorphic temperatures are less than 
700°C, consistent with high-grade metamorphism. This sug-
gests that the original Fe isotope signature could be preserved 
despite low-grade regional metamorphism (Frost et al., 2007; 
Hyslop et al., 2008). Accordingly, the Fe isotope composition 

of the Dagushan BIF is potentially a reliable recorder of pre-
metamorphic processes.

The dominant source of Fe(II) in the ancient oceans was 
hydrothermal fluids, which have a δ56Fe value of near zero 
(e.g., Johnson et al., 2008a, b). Accordingly, if the Fe(II) in the 
hydrothermal fluid was quantitatively oxidized to Fe(III) oxy-
hydroxides, the residual fluid would have a δ56Fe value of near 
0‰ (Fig. 10). By contrast, partial oxidation of Fe(II) results 
in a fractionation of up to 1.5‰, leading to an enrichment of 
56Fe in Fe(III) oxyhydroxides (Johnson et al., 2008b), where 
the degree of fractionation is modulated by the extent of re-
action (Skulan et al., 2002; Dauphas and Rouxel, 2006). The 
precipitated Fe(III) oxyhydroxides may then be transformed 
into secondary minerals, such as magnetite and siderite, thus 
inheriting both the fractionation from the precursor as well as 
that associated with secondary mineral formation (e.g., Smith 
et al., 2013; Raye et al., 2015). 

During magnetite formation, dissolved δ56Fe values would 
trend to more negative values because of the effects of DIR 
(e.g., Johnson et al., 2008b). There are two main pathways en-
visioned for magnetite formation in the Dagushan BIF (Fig. 
10): (1) the reaction of Fe(III) oxyhydroxides with hydrother-
mally sourced aqueous Fe(II) with δ56Fe value of near zero 
(e.g., Ohmoto, 2003) and (2) the reaction between Fe(III) 
oxyhydroxides and microbially produced Fe(II) generated 
through DIR in the porewaters of anoxic sediments (Sever-
mann et al., 2008; Li et al., 2015) with a δ56Fe signature –2.4 
to –0.5‰ (Conway and John, 2014; Chever et al., 2015). The 
δ56Fe values of magnetite that formed through either of these 
two pathways are lower than those of Fe(III) oxyhydroxides, 
and thus positive δ56Fe values for magnetite in the Dagushan 
BIF (0.51–0.86‰) point toward a higher δ56Fe of the pre-
cursor Fe(III) oxyhydroxides. As the positive fractionation 
in d56Fe is imparted though the partial oxidation of Fe(II) to 
Fe(III), these data further support the interpretation that the 
Dagushan BIF was deposited in an anoxic, Fe(II)-rich ocean 
(e.g., Rouxel et al., 2005; Planavsky et al., 2012; Czaja et al., 
2013). 

Slight variations in δ56Fe across the three major BIF facies, 
with the carbonate facies BIF being the most enriched (0.76–
0.86‰) and the oxide facies BIF being the most depleted, 
(0.51–0.64‰) stem from one of two mechanisms (Fig. 9). 
First, progressively less positive δ56Fe values may represent 
an increasing degree of 56Fe-poor hydrothermal Fe(II) input, 

Fig. 10. Schematic diagram showing the formation processes of banded iron 
formations and the expected variations in d56Fe values.
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with the oxide facies BIF having the highest hydrothermal 
contribution of the three facies analyzed here. Alternatively, 
the δ56Fe values may be affected by varying degrees of DIR, 
which tends to remove 54Fe from the sediment through loss of 
Fe(II) to the water column, thereby increasing residual sedi-
ment δ56Fe (Chever et al., 2015). If this is the case, this would 
indicate that the highest levels of DIR coincided with the 
carbonate facies BIF. Collectively, the REE + Y patterns and 
Fe isotope data from the Dagushan BIF are consistent with 
the view of Lyons et al. (2014) that the late Archean ocean 
remained dominantly anoxic and Fe(II) rich, up until at least 
the GOE.

Depositional model of the Dagushan BIF

Based on the lithology and grain size of the various rock 
types, as well as the relationship between different facies and 
the surrounding rocks, it is suggested here that the metasedi-
mentary rocks spatially associated with Dagushan BIF repre-
sent a complete transgressive-regressive sequence (Fig. 4). 
Deposition commenced with fine-grained Fe-rich sediments, 
which upon metamorphism formed chlorite-quartz schists 
and then graded upward into BIF. This lithologic transfor-
mation from clastic sedimentary rocks to chemical sediments 
records a marine transgression. The cycle continues with 
the deposition of metashales and metagraywackes (currently 
mica-quartz schists and biotite gneiss, respectively) on top 
of the BIF. The grain size of these units becomes coarser 
up-section, indicating a subsequent marine regression. It is 
reasonable to conclude that the BIF was deposited distal to 
the source of siliciclastic input, since they were formed at the 
base of the coarsening-upward progradational increments 
of sedimentation and contain low abundances of detritally 
sourced elements. Within the BIF deposits, the carbonate 
facies formed first and shows gradational contacts with Fe-
rich metashales, suggesting deposition proximal to the paleo-
shoreline. The oxide facies BIF was then deposited over the 
carbonate facies BIF during the peak of the transgression, 
indicating that the oxide facies was deposited in distal to the 
paleoshoreline. Deposition of the oxide facies BIF was then 
followed by shoreward regression and the return of carbon-
ate facies. The silicate facies BIF, while volumetrically sig-
nificant, has a more scattered occurrence. It is mainly distrib-
uted between the oxide and carbonate facies BIF, indicating 
its transitional nature. 

Detailed field investigations, geochronology, and geochem-
ical provenance indicators of metasedimentary rocks in the 
Dagushan area are consistent with the interpretation that the 
precursors to the metasedimentary rocks were deposited in a 
back-arc basin on the margin of an ancient continent (Tong 
et al., 2019). The Fe(II) supplied by upwelling hydrothermal 
fluids would be oxidized leading to BIF formation within the 
back-arc basin. The lack of a negative Ce anomaly, in combi-
nation with positive iron isotopes in the Dagushan BIF, indi-
cates an overall anoxic water column. As such, the Fe(III) oxy-
hydroxides were likely generated by anoxygenic phototrophic 
Fe(II) oxidizers, the so-called photoferrotrophs, which use 
Fe(II) as their electron donor within the photic zone of the 
water column (Garrels et al., 1973; Konhauser et al., 2002, 
2018; Kappler et al., 2005; Posth et al., 2008, 2013; Schad et 
al., 2019).

In the Dagushan BIF, there is an increase in the siderite 
content with increasing proximity to the paleoshoreline (i.e., 
more distal to the hydrothermal vents). The carbonate fa-
cies BIF also contains more graphite than the oxide facies 
BIF (Fig. 6E, F). Both trends point to higher primary pro-
ductivity and organic carbon input in the near-shore part of 
the basin (Beukes and Gutzmer, 2008; Köhler et al., 2013). 
Conversely, there is lower primary productivity and organic 
carbon input distal to the shallow shelf where accumulated 
Fe(III) oxyhydroxides were partially reduced to magnetite. 
This interpretation is similar to previous models for Superior-
type BIFs, such as for the 2.46 Ga Kuruman iron formation 
in South Africa (Beukes et al., 1990; Beukes and Gutzmer, 
2008) and the Mesoarchean Witwatersrand BIF in the West 
Rand Group (Smith et al., 2013). Varying degrees of DIR 
are also consistent with the increasing δ56Fe trend from the 
oxide to carbonate facies BIF (Fig. 9), since 56Fe preferen-
tially fractionates into Fe(III). Increasing rates of sedimentary 
DIR led to enriched residual Fe(III)-bearing phases, such  
as magnetite.

The depositional model for the Dagushan BIF, in which hy-
drothermally derived Fe(II) upwelled into the photic zone of 
a predominantly anoxic water column, is schematically illus-
trated in Figure 11. The Fe(II) was then oxidized to Fe(III) 
through anoxygenic phototrophic processes and deposited as 
Fe(III) oxyhydroxides on the ocean floor. In the distal part 
of the basin, proximal to hydrothermal vents, the Fe(III) 
oxyhydroxides were transformed to magnetite after reacting 
with aqueous Fe(II) generated through DIR and preserved 
in the oxide facies BIF. Proximal to the continent, where or-
ganic carbon input was higher, siderite formed due to coupled 
Fe(III) oxyhydroxide reduction and organic carbon oxidation 
(i.e., DIR). In transitional environments with low organic car-
bon and sufficient dissolved Fe(II) (Harder, 1976, 1978), it is 
suggested here that nontronite, a possible precursor to stilp-
nomelane, was readily formed from admixtures of amorphous 
Fe(III) oxyhydroxides and dissolved silica, which was abun-
dant in Precambrian oceans (e.g., Siever, 1992; Zheng et al., 
2016), under low-temperature anoxic conditions (see reaction 
7). This would account for the scattered distribution of the 
silicate facies BIF. The precursors to the Fe-rich metashales 
associated with the Dagushan BIF were preserved more prox-
imal to the coast, where clastic input was higher, followed by 
Fe-poor shale and graywacke in the shallowest part of the ba-
sin where the input of hydrothermal iron was limited.

Comparison to other depositional models of BIFs

The depositional model proposed here for the Dagushan BIF 
is distinct in some aspects from previous models proposed 
for Mesoarchean to Paleoproterozoic Superior-type BIFs, 
including the ~2.96 to 2.78 Ga Witwatersrand BIF (Smith 
et al., 2013), ~2.46 Ga Kuruman iron formation (Beukes 
and Gutzmer, 2008) from South Africa, and the ~2.38 to 
2.21 Ga Yuanjiacun BIF (Wang et al., 2015). Previous stud-
ies showed that the mineralogical composition of the Wit-
watersrand BIF and Kuruman iron formation varied from  
a hematite facies BIF distal to the paleoshoreline, through a  
magnetite facies BIF in the transition zone, to a more proximal 
siderite facies (Klein and Beukes, 1989; Beukes and Gutzmer, 
2008; Smith et al., 2013). These BIFs were also interpreted 
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to have formed in anoxic seawater, and the distribution of the 
depositional facies is similar to those spatially associated with 
the Dagushan BIF. In contrast, the facies nearest to the hy-
drothermal sources in those BIFs were composed of hematite, 
which may have formed because of a lack of organic carbon 
input, limited contact with Fe(II)-rich hydrothermal fluids due 
to hydrothermal buoyancy or the large basin size (Klein and 
Beukes, 1989; Smith et al., 2013). However, in restricted basins 
where Algoma-type BIFs were deposited, there is likely to be 
stronger hydrothermal activity with abundant Fe(II) compared 
to those of the Superior-type BIFs, thus providing adequate 
materials for the extensive formation of magnetite and leading 
to the absence of hematite. Accordingly, the distribution range 
of organic carbon supply and the intensity of the hydrothermal 
activity near the Fe(III) oxyhydroxides are significant factors in 
determining the presence or absence of hematite.

In the Yuanjiancun BIF, the facies order is reversed relative 
to that of the Dagushan BIF: the oxide facies BIF (hematite 
and magnetite included) formed proximal to the paleoshore-
line, whereas the silicate and carbonate facies BIF formed in 
deeper waters (Wang et al., 2015). Based on distinct negative 
Ce anomalies, the depositional environment of the Yuanji-
ancun BIF has been interpreted to reflect a redox stratified 
ocean with oxygenated shallow water and deeper anoxic, fer-
ruginous water (Wang et al., 2015). With respect to the Yu-
anjiancun BIF, shallow oxygenated environments favored the 
preservation of hematite, while siderite formed under anoxic 
settings fueled by DIR. In this model, siderite precipitation 
may have been induced by higher primary productivity due 
to the abundance of hydrothermally derived nutrients (e.g., 
V, Fe, Co, and Zn), thereby fueling microbial DIR and the 
generation of siderite. 

It is concluded here that the different depositional facies 
sequence in the Dagushan BIF, compared to Superior-type 
BIFs, is due to its deposition in a back-arc basin in close as-

sociation with upwelling hydrothermal Fe(II) but also in prox-
imity to an ancient continental margin, the likely source of or-
ganic carbon. This unique combination of Fe(II) and elevated 
organic carbon content resulted in DIR and the formation of 
a siderite-magnetite lithology.

In addition, when comparing δ56Fe values of oxides from 
Superior- and Algoma-type BIFs throughout the Archean 
and Paleoproterozoic (Fig. 12), for Algoma-type BIFs formed 
before 2.5 Ga, most are characterized by positive δ56Fe val-
ues, indicating pervasive anoxic seawater and partial Fe(II) 
oxidation before the GOE. By contrast, values for Superior-
type BIFs tend to have a much wider spread and more typi-
cally incorporate samples with negative d56Fe (Fig. 12). It is 
worth noting that there are also several examples of negative 
δ56Fe values in Archean Algoma-type BIFs, for instance, the  
~3.2 Ga Manzimnyama BIF in South Africa. When consid-
ering both U abundances and δ56Fe values from the Manz-
imnyama BIF, Satkoski et al. (2015) proposed that there was 
a redox-stratified ocean prior to the GOE. As for Superior-
type BIFs, most of them formed after 2.5 Ga, but ~2.95 Ga 
BIFs in the West Rand and Mozaan Group, South Africa, 
are exceptions (e.g., Planavsky et al., 2012). Compared to the 
Algoma-type BIFs, Superior-type BIFs generally have lower 
δ56Fe values (Fig. 12). Furthermore, there is an overall trend 
from positive δ56Fe values in the Archean Algoma-type BIFs 
to a mixture of both positive and negative δ56Fe values of the 
Proterozoic Superior-type BIFs. This trend may imply an in-
creasing degree of oxidation in global seawater, effectively a 
transition to more quantitative Fe(II) oxidation.

Conclusion
On the basis of stratigraphic and petrographic analyses of the 
~2.53 to 2.51 Ga Dagushan BIF, a complete transgressive-
regressive sequence from the bottom to the top of the strati-
graphic sequence was recognized. Three depositional facies 

Fig. 11. Depositional model for the Neoarchean Algoma-type Dagushan banded iron formation. Reactions for the forma-
tion of magnetite are adapted from Ohmoto (2003) and Beukes and Gutzmer (2008), respectively; reaction for the siderite is 
modified from Heimann et al. (2010); the silicate mineral reaction is from Dekov et al. (2007). 
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were identified: (1) oxide dominated, (2) silicate dominated, 
and (3) carbonate dominated. Respectively, these assemblag-
es represent a depositional continuum from distal zones near 
volcanic centers or hydrothermal vents, to more proximal pa-
leoshoreline within a back-arc basin. REE patterns, as well as 
iron isotopes from magnetite in the Dagushan BIF, indicate 
that the paleo-ocean was likely anoxic. 

A depositional model for Algoma-type BIFs was con-
structed based on the Neoarchean Dagushan BIF, whereby 
dissolved Fe(II) in the upwelling hydrothermal fluids was 
oxidized to Fe(III) oxyhydroxides in the upper water column 
through anoxygenic photoferrotrophy before being deposit-
ed on the seafloor. Then, magnetite and Fe silicates formed 
through reactions with Fe(II) or DIR and amorphous silica, 
respectively. Siderite formation was fueled by organic carbon 
input from the continental margin as evidenced by the pres-
ence of graphite in the carbonate facies BIF and the relatively 
depleted δ13C values. Our model for the deposition of the Da-
gushan BIF contrasts with previous models for the distribu-
tion of mineralogical facies in Superior-type BIFs and may be 
applicable to other Neoarchean, or older, Algoma-type BIFs. 
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