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Abstract

The Paleoproterozoic (~2.38-2.21 Ga) Yuanjiacun banded iron formation (BIF), located in Shanxi Province,
is a Superior-type BIF in the North China craton. This BIF is within a metasedimentary rock succession of the
Yuanjiacun Formation, in the lower Liiliang Group, which has undergone lower greenschist-facies metamor-
phism. Iron oxide (magnetite and hematite), carbonate, and silicate facies are all present within the iron-rich
layers. The eastward transition from carbonate- into oxide-facies iron formations is accompanied by a change in
mineralogical composition from siderite in the west through magnetite-ankerite and magnetite-stilpnomelane
assemblages in the transition zone to magnetite and then hematite in the east. These distinct lateral facies
are also observed vertically within the BIF, i.e., the iron mineral assemblage changes upsection from sider-
ite through magnetite into hematite-rich iron formation. The oxide-facies BIF formed near shore, whereas
carbonate (siderite)- and silicate-facies assemblages formed in deeper waters. Based on detailed analyses of
these variations on a basinal scale, the BIF precipitated during a transgressive event within an environment
that ranged from deep waters below storm wave base to relatively shallow waters. The BIF samples display
distinctively seawater-like REEs + Y profiles that are characterized by positive La and Y anomalies and HREEs
enrichment relative to LREEs in Post-Archean Australian shale-normalized diagrams. Consistently positive
Eu anomalies are also observed, which are typical of reduced, high-temperature hydrothermal fluids. In addi-
tion, slightly negative to positive Ce anomalies, and a large range in ratios of light to heavy REEs, are present
in the oxide-facies BIF. These characteristics, in combination with consistently positive 05Fe values, suggest
that deposition of the BIF took place along the chemocline where upwelling of deep, anoxic, iron- and silica-
rich hydrothermal fluids mixed with shallower and slightly oxygenated seawater. The ankerite displays highly
depleted 613C values and the carbonate-rich BIF has a high content of organic carbon, suggesting dissimilatory
Fe(II) reduction of a ferric oxyhydroxide precursor during burial of biomass deposited from the water column;
that same biomass was likely tied to the original oxidation of dissolved Fe(II). The fact that the more ferric BIF
facies formed in shallower waters suggests that river-sourced nutrients would have been minimal, thus limiting
primary productivity in the shallow waters and minimizing the organic carbon source necessary for reducing the
hematite via dissimilatory Fe(III) reduction. By contrast, in deeper waters more proximal to the hydrothermal
vents, nutrients were abundant, and high biomass productivity was coupled to increased carbon burial, leading
to the deposition of iron-rich carbonates. The deposition of the Yuanjiacun BIF during the onset of the Great
Oxidation Event (GOE; ca. 2.4-2.2 Ga) confirms that deep marine waters during this time period were still
episodically ferruginous, but that shallow waters were sufficiently oxygenated that Fe(II) oxidation no longer
needed to be tied directly to proximal cyanobacterial activity.

Introduction

THE NORTH CHINA craton is one of the oldest cratonic blocks
in the world, containing rocks as old as ~3.85 Ga (Liu et al.,
2008). The North China craton consists of Archean to Paleo-
proterozoic basement overlain by Mesoproterozoic to Ceno-
zoic cover. Banded iron formations (BIFs) occur extensively
throughout the Archean units of the North China craton, and
four major iron metallogenic provinces have been recognized:
(1) Anshan-Benxi in the northeast, (2) Eastern Hebei in the
north, (3) Wutai-Liiliang in the central part, and (4) Xuchang-
Wuyang-Huoqiu in the south (Zhai and Santosh, 2013). BIFs
within these metallogenic provinces account for more than
60% of iron ore production in China. Many researchers have
focused primarily on their geology, geochemistry, and tectonic
settings (Zhai and Windley, 1990; Shen et al., 2009; Zhang,

 Corresponding author: e-mail, lczhang@mail.iggcas.ac.cn

0361-0128/15/4337/1515-25

1515

XJ.etal, 2011, Dai et al., 2012; Wan et al., 2012; Zhang, L.C.
et al., 2012a). Overall, the BIFs in the North China craton
have five distinctive characteristics (1) most are Archean in
age, with a peak in the Neoarchean (2.55-2.50 Ga); (2) they
commonly occur in successions of supracrustal rocks, mostl
in close association with mafic metavolcanic rocks; (3) they
have generally undergone amphibolite-facies metamorphism,
even up to granulite facies, and display strong deformational
features; (4) iron oxide, quartz, and various silicate minerals
are dominant in nearly all of the BIFs, accompanied by rare
carbonates and sulfides; and (5) they generally formed in asso-
ciation with island arc or back-arc basins (Zhang et al., 2012b).
The Liiliang area is located in the western part of Shanxi
Province, where large amounts of banded iron formation are
exposed, including the Jianshan, Hugushan, and Yuanjiacun
BIFs. Previous work (Shen et al., 1982; Tian et al., 1986; Zhu
and Zhang, 1987; Shen, 1998; Wang et al., 2014, 2015) on
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geologic aspects suggested that the BIFs are Superior type
(e.g., Gross, 1980; see also Bekker et al., 2012) because they are
laterally extensive and closely associated with clastic sedimen-
tary rocks, and likely formed on passive margins. In addition,
based on detailed geochronological studies of the overlying
metavolcanic rocks and interbedded clastic metasedimentary
rocks (Liu et al., 2012; Lui et al., 2014; Wang et al., 2015), the
depositional age of the Yuanjiacun BIF can be constrained to
~2.38 to 2.21 Ga, which contrasts with the general paucity of
giant BIF deposition worldwide during the time interval of
2.4 to 2.0 Ga (Isley and Abbott, 1999; Bekker et al., 2010).
Therefore, this terrane offers the possibility to directly study
the geochemical characteristics of BIF that formed during the
pronounced rise of atmospheric oxygen between 2.4 to 2.2 Ga
(Bekker et al., 2004; Hannah et al., 2004; Konhauser et al.,
2011a).

Despite previous studies of the Yuanjiacun BIF that
focused on the source of the iron (Li et al., 2010; Hou et al.,
2014; Wang et al., 2014), limited information is available on
the paragenetic sequence and depositional environment. In
this regard, we present the first comprehensive set of field and
petrologic data, together with detailed geochemical analyses,
of the Yuanjiacun BIF.

Geologic Background

The basement of the North China craton can be divided
into the eastern and western blocks and the intervening Trans-
North China orogen (Zhao et al., 2005). Basement rocks of
the orogen consist of Neoarchean to Paleoproterozoic tonal-
ite-trondhjemite-granite (TTG) gneisses, supracrustal rocks
(metamorphosed sedimentary and volcanic rocks), syn- to
post-tectonic granites, and mafic dikes (Liu et al., 2011; Zhao
and Zhai, 2013). The Liiliang Complex is situated in the west-
ern portion of the Trans-North China orogen, where large
amounts of Paleoproterozoic supracrustal rocks and granitoid
intrusions are exposed. These supracrustal rock sequences
can be divided into four main groups, consisting of, from bot-
tom to top, the Jiehekou, Liiliang, Yejishan, and Heichashan
or Lanhe Groups (Fig. 1). These sequences were intruded by
the 2182 to 2151 Ma Guandishan-Chijianling TTG gneiss and
the ~1800 Luyashan charnockite (Zhao et al., 2008).

The Liiliang Group is found only in the Jinzhouyu area and
is more than 15,000 m thick (Yao, 1993). It comprises green-
schist to amphibolite facies metamorphosed sedimentary and
volcanic rocks, with BIF occurring in the lower part of the
sequence and metamorphosed volcanic rocks in the upper
part (Liu et al., 2012). This sequence is subdivided into four
major units, from the base to the top, the Yuanjiacun, Pei-
jiazhuang, Jinzhouyu, and Dujiagou Formations. The Yuan-
jlacun Formation is a metasedimentary sequence with BIF
occurring in the lower succession, which is represented by
well-bedded chlorite schist, sericite-chlorite phyllite, sericite
schist, quartzite, and minor carbonaceous chlorite schist (Fig.
9A).

Yu et al. (1997) obtained single-grain zircon U-Pb ages of
2051 + 68 and 2099 = 41 Ma for mafic metavolcanic rocks in
the Jinzhouyu Formation and metarhyolite in the Dujiagou
Formation, respectively. In addition, three radiometric ages
were reported by Geng et al. (2000, 2008), including zircon
U-Pb ages of 2360 + 95 Ma for interlayered intermediate-felsic
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volcanic tuff in the Jinzhouyu Formation and 2175 Ma for
metarhyolite in the Dujiagou Formation, and a whole-rock
Sm-Nd isochron age of 2351 + 56 Ma for mafic metavolcanic
rocks in the Jinzhouyu Formation. Liu et al. (2012) reported
an LA-ICP-MS U-Pb zircon age of 2213 + 47 Ma for a mafic
volcanic rock within the Jinzhouyu Formation. Most recently,
Liu et al. (2014) obtained the youngest detrital zircon age of
~2205 Ma for metasedimentary rocks in the middle part of
the Yuanjiacun Formation, and crystallization ages of 2209 to
2178 Ma for mafic metavolcanic rocks of the Jinzhouyu and
Dujiagou Formations. Moreover, Wang et al. (2015) con-
ducted a similar geochronological study on the metasedimen-
tary rocks intercalated with the Yuanjiacun BIF and obtained
the youngest zircon age (n = 5) of 2384 + 45 Ma. Considering
that there exists a potential depositional gap characterized by
a disconformity between the Peijiazhuang and Jinzhouyu For-
mations (Tian et al., 1986; Yu et al., 1997), we suggest that the
age of the Yuanjiacun Formation is thus constrained to the
Paleoproterozoic (~2.38-2.21 Ga).

Geology and stratigraphy of the Yuanjiacun BIF

Exposed strata in the Yuanjiacun area include Paleopro-
terozoic metamorphosed sedimentary rocks of the Yuanjiacun
Formation of the Liiliang Group and Cambrian-Ordovician
carbonate strata (Fig. 2A). The Yuanjiacun BIF and associated
metasedimentary rocks have undergone lower greenschist-
facies metamorphism (Tian et al., 1986; Yu et al., 1997). The
BIF is commonly interbedded with chlorite schist, and con-
tacts between them are sharp and well-defined with no sign of
grading, erosion, or intermixing. The Yuanjiacun Formation is
unconformably overlain by Middle Cambrian limestone (Fig.
3), at the base of which occur two layers of conglomerate-
type BIF approximately 2 to 14 m stratigraphically apart. The
conglomerate-type BIFs are dominated by poorly sorted,
angular pebbles of well-bedded hematite and quartz rang-
ing from 1 cm to several meters with sand-sized carbonate
cements. These fluvial-alluvial sediments were derived by the
erosion of underlying BIF and were transported over a short
distance by rivers and then were deposited in a paleovalley.
The Upper Cambrian strata consist of thin limestone and
dolomitic limestone.

Based on a regional structural analysis, Tian et al. (1986)
proposed a structural model in which a superimposed fold
series affected the Yuanjiacun BIF. In general, it plunges
south and is part of an inclined structure with dips to the east
and reverses to the west. The exposed strata in the north of
the study area are in the lower limb of the folds, whereas the
upper limb has been eroded. Strata in the south are situated
in the upper limb of the folds, whereas the bottom limb is not
exposed. Faults that occur in the area are interpreted as post-
depositional with little effects on the BIF (Figs. 2A, 3). After
determining the structural framework, Shen et al. (1982) and
Tian et al. (1986) suggested that strata of the Yuanjiacun area
were gradually older from west to east.

Igneous rocks exposed in the study area consist predomi-
nantly of metamorphosed diabase dikes and gneissic granite.
The former commonly intrude the BIF and associated clas-
tic metasedimentary rocks, with widths varying from several
meters to more than 100 m. From north to south, the dia-
base amount increases, the width becomes larger (Fig. 2A),
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F1G. 1. Geologic sketch of the Paleoproterozoic Liiliang Complex (modified from Wan et al., 2000). Insert map shows loca-
tion of the Liiliang Complex (LL) in the North China craton (revised after Zhao et al., 2005). Abbreviations: CD = Chengde,
DF = Dengfeng, FP = Fuping, HA = Huai’an, HS = Hengshan, LL = Liiliang, NH = Northern Hebei, TH = Taihua, WT =

Wautai, XH = Xuanhua, ZH = Zanhuzmg, ZT = Zhongtiao.

and retrograde metamorphism is enhanced. Located in the
northern portion of the Yuanjiacun area, the stocklike gneissic
granite intrudes the BIF and has a sharp contact with sur-
rounding rocks. There are no features indicative of alteration
or contact metamorphism due to the intrusion of the diabase
and granite.

The Yuanjiacun BIF is distributed in a north-northeast—
northeast-east orientation, extending 20.5 km in length and
5.8 km in width. Figure 2A and B only depict the middle part
of this long belt where the BIF is well developed and exposed.
It strikes north-south and north-northeast, dips steeply south-
east or east at 70° to 80° (Fig. 3). Individual layers of the BIF
vary commonly from less than 1 m to 10s of meters in the
section (Fig. 3). Postdepositional deformation is generally

minimal, but with intense folds developed locally. It is note-
worthy that some deformation and tight folds are restricted to
layers of oxide-facies BIF, and grade upward and downward
into adjacent undeformed layers. During subaerial weath-
ering, the outcropping BIF appears to be a predominantly
simple, two-component system composed of quartz and iron
oxides (e.g., martite; Fig. 3). Additionally, a few quartz or cal-
cite veins cut laminations of the BIF.

Three distinctive sedimentary facies are recognized in the
Yuanjiacun BIF on the basis of predominant iron miner-
als within the iron-rich layers: (1) oxide facies, composed of
magnetite and hematite; (2) silicate facies, containing differ-
ent iron silicate minerals due to varying metamorphic condi-
tions; and (3) carbonate facies, in which the most prominent
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FI1G. 2. A. Geologic map of the Yuanjiacun BIF, showing distribution of the BIF and associated clastic and chemical
metasedimentary rocks (modified from Yao, 1993). B. Geologic sketch showing the distribution of various sedimentary facies
of the BIF (modified from Tian et al., 1986). C. Palinspastic map of sedimentary facies in the BIF (modified from Tian et
al., 1986). Scope of this map is restricted at both ends (longitude and latitude) by exploration data for prospecting line V.
To highlight the distribution regularity, we merge the transition facies between oxide and silicate facies into oxide facies, and
merge the transition facies (oxide- and silicate-carbonate facies) into carbonate facies.

carbonate minerals are siderite and ankerite. As the pre-
dominant constituent (>60 vol %) of the Yuanjiacun BIF, the
oxide-facies BIF occurs mainly in the north of the study area
(Fig. 2B), and is here subdivided into two subfacies: hema-
tite (>24 vol %) and magnetite (>36 vol %) iron formations.
The silicate-facies BIF is scattered throughout the region and
makes up ca. 30 vol % of the total BIF, whereas the minor
carbonate-facies BIF (<10 vol %) is found commonly in the
south. In addition to these three main BIF facies, there are
transitional facies. Figure 2C, restored based on features of

the regional tectonic framework (Tian et al., 1986), depicts
the original distribution of various sedimentary facies in the
Yuanjiacun area. The Yuanjiacun BIF is distributed in a north-
south direction with an eastward transition from carbonate
facies through silicate facies to oxide facies.

Overall, the Yuanjiacun Formation in the study area is a
1.5-km-thick succession of metasedimentary rocks (Shen et
al., 1982). Previous detailed field measurement of stratigraphic
sections and compilation of drill hole data for several locali-
ties have spanned over 20 years (1960-1984). In conjunction
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with laboratory determinations and analyses and our current
investigation, a newly synthesized stratigraphic sequence of
the BIF has been constructed. From the base upward, this
sequence is divided into three transgressive-regressive cycles
(Fig. 4). Within each cycle, the major lithologies commence
with coarse- to medium-grained clastic sedimentary rocks,
ie., weakly metamorphosed quartz sandstone or arkose,
where ripple marks and trough crossbeddings are well devel-
oped, indicating deposition above wave base. Stratigraphically
upward, the grain size of these units becomes finer, where the
metasedimentary rocks consist mainly of fine-grained meta-
pelite (quartz-sericite phyllite and chlorite schist), which then
grade upward into chemical sedimentary rocks represented
by iron-bearing quartzite and the BIF with chlorite schist
and lesser amounts of interlayered quartz-sericite schist. In
particular, the quartz grains of these schists are very small
(<0.05 mm) relative to those of metasedimentary rocks in
other units (>0.5 mm; Shen et al., 1982). The chlorite schist
overlying the BIF underlies an upward-coarsening succession
of interlaminated chlorite schist, quartz-sericite phyllite, and
sericite schist. A conformable but sharp contact between the
BIF and these metasediments is common.

Methods

Detailed petrographic examination using transmitted and
reflected light has been carried out to determine the min-
eralogy and paragenesis of all BIF samples collected from
outcrops, drill cores, and exposures in the open pit of the
iron mine. Representative samples, including two iron-rich

bands (YJC1-3 and YJC4-3), were selected for geochemical

analysis. One to 5 g of rock chips from each sample, without
sign of secondary veins or surface weathering, were selected
for analyses. Considering that outcrops of unweathered car-
bonate-facies iron formation are widely scattered, small, and
generally difficult to find, little research has been done on this
lithology.

Major elements for a set of 22 whole-rock samples of BIF
were determined in the Analytical Laboratory at the Beijing
Research Institute of Uranium Geology, using a PW2404 X-ray
fluorescence spectrometer with an analytical error of less
than 5%; the FeO content was obtained by chemical titration.
Trace element concentrations were analyzed at the Institute
of Geology and Geophysics, Chinese Academy of Sciences in
Beijing, using an inductively coupled plasma-mass spectrom-
eter (ICP-MS) Element IT Finnigan instrument. Accuracy on
the measured concentrations is within ~5 to 10%.

Shale-normalized REE patterns (subscript “SN,” normal-
ized to the Post-Archean Australian shale, after McLennan
(1989)) are presented for all BIF whole-rock samples. Because
the chemical behavior of Y is similar to those of the REEs, Y is
inserted between Dy and Ho based on its ionic radius. Thus,
Y and the REEs are considered together (Henderson, 1984;
Bau and Dulski, 1996, 1999). The La anomaly was calculated
using the procedure of Bolhar et al. (2004): (La/La*)sx = [La/
(3Pr-2Nd)]s; the Eu anomaly was calculated as (EwWEu*)sy =
[Ew/(0.67Sm + 0.33Tb)]sn (Bau and Dulski, 1996).

Abundances of total organic carbon (TOC) and isotopic
compositions of organic carbon (0'3Cyry) were measured on
most samples. Aliquots (200 mg) for TOC analysis were first
treated with 10 vol % HCI at 60°C to remove carbonate, and
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FIG. 4. Stratigraphic column of the Yuanjiacun Formation in the Yuanjiacun area, showing three transgressive and regres-

sive cycles (modified after Shen et al., 1982).

then washed with distilled water to remove HCI. Afterward,
the samples were dried overnight (50°C) and then analyzed
using an LECO CS-400 analyzer. Sample splits (300 mg—1.5 g)
for 013C,rg analysis were acidified with 6N HCI in a centri-
fuge beaker to remove carbonates. The decalcified samples
(30-100 mg) + CuO wire (1 g) were added to a quartz tube,
and combusted at 500°C for 1 h and 850°C for another 3 h.

Isotopic ratios were analyzed using cryogenically purified COs
in a Finnigan MAT-253 mass spectrometer and are reported
in standard d-notation relative to the Vienna Peedee Belem-
nite (VPDB) standard. Analytical precision for the 013Crg val-
ues is better than +0.06%o (10).

Carbon and O isotope analyses of ankerite separated from
the BIF were performed using the method described in Chen
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et al. (2005). Isotopic ratios were determined using a Finnigan
MAT 251 mass spectrometer in the stable isotope laboratory
at the Institute of Geology and Geophysics, Chinese Acad-
emy of Sciences, Beijing. Analytical precision is better than
+0.05%0 (10). Carbon and oxygen isotope data are reported
using the standard d-notation, as 013C and 0150 values, based
on the PDB and SMOW scales, respectively.

Iron isotope ratios of magnetite and hematite separated
from the oxide-facies BIF were determined with a Ther-
mo-Electron Neptune multicollector ICP-MS following pre-
viously published methods (Rouxel et al., 2005) at the ALS
Scandinavia Laboratory in Stockholm, Sweden. Iron isotope
values are reported relative to the standard IRMM-14 using
the conventional d-notation. The precision for Fe isotope
analysis was +0.08 %o (20).

Petrography

Oxide-facies BIF

Hematite-rich units: On a microscopic scale, layering in
the Yuanjiacun iron formation is diffuse and, in the hema-
tite-rich oxide facies, consists of alternating quartz- and
hematite-rich microbands (0.05-7 mm thick). The individual
microbands are generally straight and continuous, although
deformation is present locally. Contacts between these two
types of microbands are commonly sharp (Fig. 5A). Typi-
cally, the hematite-rich layers contain a high concentration of
small (0.02-0.1 mm) crystals of microplaty hematite that are
interconnected to form irregular aggregates intergrown with
quartz. The quartz-rich layers are dominated by euhedral to
subhedral quartz crystals (0.2 mm), and subordinate fine-
grained, dusty hematite (<2 um). The dusty hematite crys-
tals form individual grains located at the triple point of quartz
grains (Fig. 5B), or larger isolated tabular crystals truncating
quartz grains (Fig. 5C). In addition, micrometer-sized hema-
tite inclusions occur in places within quartz crystals (Fig. 5B).
Specularite (metamorphic recrystallization product of hema-
tite) is present locally, parallel to or truncating the layering.

Some megascopic hematite crystals (granules?; 0.1-1 mm
in diam) are observed locally in the BIF, iron-bearing quartz-
ite and/or chlorite schist (Fig. 5D). These crystals occur
parallel to the layering or schistosity as defined by chlorite.
Tian et al. (1986) and Zhu et al. (1988) recognized oolitic
and granular iron oxides (hematite and magnetite), 0.2 to
8 mm in diameter, in some outcrops, including close-packed
and lithified mass of ooliths or granules that constitute some
iron-rich layers of the BIF. The interstices of these masses
are typically filled by chert, but generally with a lower iron
content. Crossbedding and graded bedding are present in
some of these BIF samples. Overall, such features are sim-
ilar to those typically found in granular iron formation. It
should be also noted that martite (pseudomorphs of mag-
netite after hematite) commonly forms individual crystals
within the hematite-rich microbands. In some cases, mar-
tite, together with quartz, constitute microbands that alter-
nate with hematite-rich microbands.

Magnetite-rich units: Textures and sedimentary structures
in the magnetite-rich oxide facies are very similar to those in
the hematite-rich units. Magnetite microbands alternate with
quartz micobands, and in places quartz microbands contain
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very fine grained, magnetite-rich laminae (Fig. 5E). Magne-
tite occurs in two forms (1) subhedral grains interconnected
to form irregular aggregates, and (2) very fine grained anhe-
dral to subhedral grains intergrown with mosaic quartz in
the iron-poor microbands. Euhedral quartz grains are locally
truncated by disseminated, coarse-grained magnetite crystals
(Fig. 5F). Sedimentary features such as tabular crossbedding
(Fig. 5G, 1) is rare in the magnetite-rich units. In places, 1- to
2-mm euhedral magnetite crystals are aligned parallel to the
layering (Fig. 5H).

Silicate-facies BIF

The mineralogy of the silicate-facies BIF varies both in
content and proportion due to the presence of various iron-
bearing silicate minerals including stilpnomelane, minnesota-
ite, chlorite, cummingtonite, and actinolite. Pure magnetite
and quartz layers are rare, but locally the quartz layers contain
discontinuous laminations composed of fine-grained euhedral
magnetite. Large amounts of ankerite occur in the silicate-
carbonate- and oxide-carbonate-facies iron formations. It is
noteworthy that some chert pods are found in these types of
BIF (Fig. 6A), having a flat and lenticular form with internal
microbanding. The ends of the pods are not sharply termi-
nated but diffuse into the laminations, as is characteristic of
the iron oxide-rich facies. Compared with chert pods in the
Hamersley and Kuruman BIFs that have rounded termina-
tions (e.g., Trendall and Blockley, 1970; Beukes and Gutzmer,
2008), the chert pods in the Yuanjiacun BIF pinch out as
sharp terminations, which was likely attributed to postdeposi-
tional deformation. Ankerite is abundant in compacted silica-
rich microbands that occur outside of the pods (Fig. 6B-C).

Stilpnomelane is the most common iron silicate within the
BIF. This mineral ranges in length from 0.05 to 0.1 mm and
has a width of 0.01 mm and forms thin, continuous lamina-
tions (Fig. 6D) or very fine grained sheaves and needles in
iron-poor microbands (Fig. 6E). It is closely associated with
quartz, magnetite, and ankerite. Detailed examination of
quartz microbands reveals the presence of numerous minute
and spherical structures or granules (Fig. 7A). The granules
are remarkably uniform in size, typically ~0.5 mm in diam-
eter (range 0.4-1.0 mm). They are composed mainly of stil-
pnomelane, with some quartz and magnetite inclusions, but
nearly all have been completely replaced by carbonate miner-
als and only stilpnomelane relicts are preserved at the edge
of these granules (Fig. 7B). The granules are individually sur-
rounded by quartz (Fig. 7A). Similar occurrences have been
reported in the Brockman BIF, Western Australia (Rasmus-
sen et al., 2013a); the only difference being that the size of
silicate granules in the Yuanjiacun BIF is substantially larger
than that of the microgranules (5-20 um) in the Brockman
BIF. They argued that the microgranular texture developed
due to clumping of amorphous mud (the precursor mineral
of stilpnomelane), forming silt-sized floccules. Those micro-
granules were resedimented by density currents and depos-
ited in lamina sets as the precursor sediments to the BIF. In
our samples, some fine-grained magnetite laminations tran-
sect these granules (Fig. 7C), indicating their secondary origin
with regards to the granules.

Minnesotaite is generally not as abundant as stilpnomelane.
It occurs as fine- to medium-grained needles (0.05-0.2 mm in
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length) scattered within quartz microbands (Fig. 6F), and typ-
ically coexists with quartz, magnetite, and stilpnomelane, and
locally cuts the fine-grained stilpnomelane sheaves. Chlorite is
much more common than minnesotaite, displays a tabular to
platy habit, and occurs with magnetite in thin laminations that
alternate with quartz microbands that contain lesser amounts
of chlorite. Chlorite and relics of stilpnomelane coexist in
places (Fig. 6G).

Amphibole is a minor constituent of the silicate-facies BIF
and commonly coexists with quartz, magnetite, and calcite. In
places, amphibole grains cut stilpnomelane. Cummingtonite
occurs as fine-grained sprays and patches (Fig. 7D), as well
as fine needles that truncate the layering. Euhedral actino-
lite grains form clustered arrangements in quartz microbands
(Fig. 7TE).

Ankerite is present mainly as angular, rhomb-shaped grains
(0.05-mm diam) that are evenly distributed in quartz-rich micro-
bands (Fig. 7F). Less common are small ankerite aggregates,
which are generally rounded and range from 0.01 to 0.02 mm
in diameter (Fig. 7G). The ankerite is locally overgrown by fine-
grained magnetite crystals (Fig. 7F) and also contains inclu-
sions of magnetite (Fig. TH). Veins composed of remobilized
ankerite grains in places truncate the microbanding.

Carbonate-facies BIF

The carbonate-facies BIF is only found in the southern
part of the Yuanjiacun area. Toward the surface, this lithology
changes to limonite and geothite because of strong weather-
ing. As a consequence, fresh outcrops of carbonate-facies BIF
are virtually absent, and the only information comes from
previous studies (Tian et al., 1986; Zhu et al., 1988). The car-
bonate-facies BIF is interlayered with carbonaceous chlorite
schist and stilpnomelane lutite beds, having a thickness from
5 to 20 m. It typically consists of light to brownish gray quartz
microbands that alternate between darker brownish-gray,
carbonate-rich (siderite and ankerite) microbands. Iron oxide
minerals are generally absent, but organic matter and pyrite
are common trace constituents. The siderite crystals form as
subhedral rhomboids, locally showing the development of
weathered rims.

Geochemistry

Major element composition

The major oxide components in the Yuanjiacun BIF are
reported as FeaOsota) (all iron as Fe3+) and SiOg, which range
from 31.84 to 61.58 and 35.66 to 65.36 wt %, respectively
(Table 1). Other oxide contents in the oxide-facies BIF, such
as Al:O3, MgO, and NayO, are generally low (<0.2 wt %).
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The silicate- and transition-facies BIF have higher contents
of MgO (0.21-6.15 wt %) and CaO (0.18-3.39 wt %) than
those of the oxide-facies BIF. In addition, CaO concentra-
tions (1.85-3.39 wt %) in the transition-facies BIF, includ-
ing silicate-carbonate- and oxide-carbonate-facies BIF, are
greater due to higher ankerite contents. Examination of
the variations in AlOs reveals that three samples (YJC3-3,
YJC4-1, and YJC4-4) have contents of >0.4 wt %, which is
attributed to the presence of some Al-rich chlorite; a posi-
tive correlation between Al;O3 and TiO; in these samples
suggests the incorporation of siliciclastic material during
deposition of the BIF.

Trace and rare earth element compositions

With the exception of some transition metals (e.g., Cr, Ni,
and Cu), most trace elements in the Yuanjiacun BIF occur in
low concentrations (<20 ppm; Table 1). In terms of incompat-
ible elements, Hf and Th have average concentrations of 0.07
and 0.16 ppm, respectively; whereas, average contents of Sc
and Zr are 1.3 and 3.1 ppm, respectively. Low abundances
of these elements argue against terrigenous contamination.
Within the Al-rich samples, there is a positive correlation
between contents of these incompatible elements and Al;Os,
similarly suggesting the mixing of clastic material with iron-
rich chemical precipitates.

The Yuanjiacun BIF is characterized by low ZREE + Y,
ranging from 1.34 to 33.2 ppm (Table 1). Post-Archean Aus-
tralian shale-normalized REE + Y patterns are presented in
Figure 8A-D, in which the BIFs are grouped according to
different sedimentary facies. All samples display similar pat-
terns with HREE ((La/Yb)sx <1) and MREE ((Sm/Yb)sx <1)
enrichments relative to LREE, excluding the three samples
(YJC3-3, YJC4-1, and YJC4-4) that are slightly enriched in
LREE. They also show consistently positive La, Eu, and Y
anomalies, except for sample YJC4-4, which lacks positive La
anomalies. In addition, in samples of the hematite-rich oxide
facies there is major variability in light to heavy REE ratios
((La/Yb)sn 0.16-0.74) compared to those of the other BIF
facies. Large positive Eu anomalies ((Ew/Eu®)sy 1.47-3.51)
are observed in the carbonate-rich transition facies.

The discrimination and identification of Ce anomalies is
complicated by possibly anomalous abundances of La. Bau
and Dulski (1996) established a discrimination diagram, based
on combined (Ce/Ce®)sx and (Pr/Pr*)sy values, to distinguish
“real” from “false” anomalies of Ce within BIF. In Figure 9, plots
for late Paleoproterozoic (2.0-1.8 Ga; field A) and Archean/
early Paleoproterozoic (>2.4 Ga) BIFs (field B; Planavsky et al.,
2010; Zhang et al., 2011; Dai et al., 2012), as well as previous
studies on REE systematics of the magnetite-rich oxide facies

F1G. 5. Photomicrographs and field photos, showing representative textures and petrographic relationships among main
mineral phases in the oxide-facies BIF. A. Quartz-rich microbands with scattered crystals of dusty hematite (Hem; 2 gm in
size) and contact between the quartz- and iron-rich microbands that are commonly sharp (reflected light). B. Small hematite
grains found either within or located at triple junctions of quartz (Q) crystals (crossed polarizers). C. Quartz-rich microband
with microplaty hematite crystals cutting quartz grains (reflected light). D. Photographs of chlorite schist in two thin sections,
showing hematite granules (?) occurring parallel to schistosity defined by chlorite. E. Magnetite (Mag) crystals forming either
irregular aggregates in iron-rich microbands or small dispersed grains in quartz-rich microbands (reflected light). F. Large
euhedral and isolated magnetite crystals truncating the banding (crossed polarizers). G. Tabular crossbedding within the BIF
(enhanced with white-dashed lines) with small dip angles; pen is 15.5 cm long. H. Macroscopic magnetite crystals (1-2 mm
in size) occurring parallel to banding. I. Close-up view of crossbedding shown in (G).
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FI1G. 6. Photomicrographs showing typical textures of chert pods in the BIF. A. Discontinuous chert pods in iron-rich
mesobands containing finely laminated magnetite (Mag; plane-polarized light). Ank = ankerite, Q = quartz. B. Very small
amount of ankerite occurs within the chert pods (crossed polarizers). C. Large numbers of ankerite grains occur in quartz-
rich microbands outside of chert pods (crossed polarizers). D-G. Photomicrographs under plane-polarized light showing
representative textures of stilpnomelane (Stp), ferro-talc-minnesotaite (M), and chlorite (Chl) in the silicate-facies iron for-
mation. D. Stilpnomelane microbands truncating quartz and magnetite microbands. E. Stilpnomelane bundles intergrown
with quartz and magnetite, occurring along edges of subhedral quartz crystals. F. Minnesotaite intergrown with magnetite
and quartz in quartz bands, and tabular stilpnomelane replaced by minnesotaite. G. Chlorite intergrown with magnetite and
quartz, occurring either as microbands comprising mainly magnetite and stilpnomelane or scattered anhedral crystals in
quartz bands; note tabular stilpnomelane is locally replaced by chlorite.
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F1G. 7. Photomicrographs and field photos of stilpnomelane (Stp) granules found locally in quartz-rich microbands; nearly all
stilpnomelane granules are replaced by carbonate. A. Calcite (Cal) grains of relatively uniform size, typically ~1-mm diam, along
edges of quartz microbands. Mag = magnetite, Q = quartz. B. Relicts of stilpnomelane preserved at edges of calcite grains, and
stilpnomelane granules containing quartz and magnetite inclusions (crossed polarizers); note tabular stilpnomelane is replaced by
carbonate. C. Finely laminated magnetite penetrating stilpnomelane granules (plane-polarized light). Photomicrographs show-
ing representative textures of cummingtonite (Cum), actinolite (Act), and ankerite (Ank) in the silicate-facies iron formation.
D. Cummingtonite bundles intergrown with magnetite and quartz, and replacing early stilpnomelane (plane-polarized light).
E. Cummingtonite bundles truncating the banding (crossed polarizers). F. Euhedral actinolite intergrown with magnetite,
quartz, and calcite, and replacing early stilpnomelane (plane-polarized light). G. Subhedral ankerite evenly distributed in quartz
microbands; subhedral-euhedral magnetite crystals occur along edges of ankerite (reflected light). H. Microbands comprising
anhedral aggregates of anhedral ankerite and magnetite alternating with quartz microbands (crossed polarizers). I. Ankerite
forming euhedral rhomboids with edges commonly displaying corrosion and containing magnetite inclusions (crossed polarizers).
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TABLE 1. Major Elements (wt %) and Selected Trace Elements (ppm) of the Yuanjiacun BIF

WANG ET AL.

Sample no. YJCI.I  YJCl2  YJCL3  YJCl4  YJCL5  Y[CL6  YJCL7 YJCIS YJCL9  YJC21  YjC22  YJC23
Facies Oxide facies (hematite) Oxide facies (magnetite)

SiOg 48.87 55.75 37.95 48.71 52.04 56.62 48.40 50.00 53.50 65.36 53.34 51.88
AlO3 0.15 0.07 0.07 0.02 0.06 0.05 0.15 0.07 0.03 0.08 0.05 0.05
FesOstotal) 50.49 43.77 61.58 50.94 47.50 42.45 50.63 49.60 46.19 31.84 45.83 47.52
MgO 0.09 0.10 0.11 0.07 0.09 0.12 0.05 0.02 0.02 0.19 0.18 0.11
CaO 0.07 0.07 0.04 0.05 0.05 0.34 0.22 0.11 0.06 1.07 0.20 0.09
Na,O 0.01 0.01 0.02 0.06 0.04 0.06 0.01 0.01 0.01 0.01 0.03 0.02
K20 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.03 0.01 0.01
TiOy 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
P.0s5 0.03 0.01 0.01 0.02 0.01 0.03 0.01 0.04 0.02 0.04 0.11 0.06
LOI 0.29 0.13 0.10 0.02 0.09 0.31 0.44 0.07 0.07 1.37 0.16 0.26
Total 100.02 99.93 99.91 99.91 99.90 100.01 99.93 99.93 99.92 100.00 99.91 100.01
FeO 0.54 0.63 0.62 0.58 0.66 0.59 0.76 0.65 0.98 3.25 3.80 3.96
Li 1.19 0.50 0.65 0.44 0.53 0.57 1.25 1.07 0.62 1.11 0.87 0.53
Be 0.20 0.17 0.19 0.23 0.25 0.29 0.27 0.60 0.40 0.18 0.16 0.16
Sc 0.62 0.74 0.58 0.44 0.49 2.04 0.31 2.63 2.32 0.88 0.67 0.75
\% 19.90 9.24 8.24 5.96 7.43 13.26 6.86 6.54 8.08 2.93 4.23 5.68
Cr 182.55 384.20 350.04 271.72 327.76 341.85 353.34 348.61 571.36 242.69 228.70 233.70
Co 22.92 6.39 6.39 2.28 3.14 8.10 6.12 4.75 541 3.89 4.12 2.68
Ni 13.85 13.94 12.24 9.52 9.98 10.89 13.36 12.53 19.40 11.38 17.87 17.68
Cu 2.00 2.23 2.09 4.10 5.12 12.19 9.99 13.63 8.27 18.41 9.60 4.13
Zn 2.62 1.17 0.98 0.84 0.82 1.97 2.78 1.74 1.78 0.91 0.50 0.84
Ga 1.22 0.72 0.74 0.05 0.13 0.57 0.51 0.94 1.02 0.26 0.28 0.23
Rb 0.92 0.84 0.88 1.35 0.93 0.43 0.95 0.54 0.56 0.11 2.14 8.56
Sr 5.33 3.62 2.52 3.15 3.07 3.29 2.92 5.23 4.03 4.08 3.09 2.89
Zr 2.48 1.59 1.49 0.38 0.57 1.54 1.64 5.34 5.37 0.39 0.56 0.36
Nb 2.08 0.50 0.49 0.07 0.10 0.57 0.25 0.19 0.22 0.08 0.11 0.11
Cs 0.03 0.03 0.06 0.05 0.06 0.03 0.10 0.02 0.01 0.17 0.03 0.02
Ba 3.30 2.65 2.29 3.06 5.69 0.80 4.73 3.40 2.12 2.29 2.67 2.40
La 2.74 1.46 0.93 0.10 0.11 2.06 4.86 2.00 1.31 0.28 0.75 0.65
Ce 4.62 1.90 1.22 0.18 0.15 3.88 7.30 3.36 2.12 0.54 0.94 0.81
Pr 0.70 0.27 0.16 0.03 0.03 0.63 0.86 0.43 0.27 0.10 0.16 0.16
Nd 2.87 1.06 0.55 0.13 0.14 3.05 3.17 1.89 1.26 0.53 0.77 0.90
Sm 0.59 0.23 0.10 0.05 0.05 0.71 0.68 0.47 0.36 0.13 0.13 0.20
Eu 0.19 0.09 0.04 0.03 0.03 0.36 0.30 0.30 0.26 0.07 0.06 0.08
Gd 0.66 0.35 0.12 0.06 0.07 0.98 0.96 0.56 0.52 0.16 0.17 0.32
Tb 0.11 0.07 0.02 0.01 0.01 0.16 0.18 0.09 0.10 0.03 0.03 0.05
Dy 0.71 0.42 0.12 0.07 0.08 1.03 1.18 0.60 0.70 0.15 0.17 0.34
Y 4.53 2.72 1.00 0.55 0.57 8.25 9.67 4.33 5.82 1.10 1.45 2.88
Ho 0.17 0.11 0.03 0.02 0.02 0.24 0.28 0.13 0.17 0.03 0.04 0.08
Er 0.51 0.31 0.08 0.05 0.05 0.70 0.71 0.37 0.48 0.09 0.13 0.23
Tm 0.07 0.05 0.01 0.01 0.01 0.10 0.09 0.05 0.07 0.01 0.02 0.03
Yb 0.52 0.33 0.09 0.06 0.05 0.69 0.59 0.39 0.49 0.09 0.13 0.22
Lu 0.08 0.05 0.02 0.01 0.01 0.11 0.09 0.06 0.08 0.01 0.02 0.04
Hf 0.04 0.03 0.02 0.00 0.01 0.02 0.04 0.06 0.05 0.01 0.01 0.01
Ta 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Pb 0.51 0.21 0.16 0.27 0.28 0.51 0.83 0.67 0.47 0.40 0.29 0.22
Th 0.04 0.02 0.03 0.01 0.01 0.05 0.16 0.04 0.05 0.01 0.02 0.02
U 0.83 0.45 1.15 0.65 0.66 0.71 0.90 2.20 1.93 0.01 0.04 0.08
2REE +Y 19.07 9.40 4.51 1.34 1.38 22.94 30.92 15.04 14.02 3.33 4.95 7.00
Y/Ho 27.11 25.90 35.75 28.84 31.67 33.79 34.67 32.82 34.25 33.33 35.24 35.12
Pr/Yb 1.36 0.82 1.75 0.51 0.58 0.90 1.46 1.11 0.56 1.20 1.27 0.71
(La/Yb)sx 0.39 0.33 0.74 0.13 0.16 0.22 0.61 0.38 0.20 0.24 0.44 0.21
(Sm/Yb)sn 0.57 0.36 0.57 0.48 0.53 0.52 0.58 0.61 0.38 0.79 0.52 0.45
(La/La*®)sn 1.04 1.40 1.07 1.23 1.34 1.61 1.20 1.44 1.81 1.98 2.18 21.04
(Y/Y*)sn 1.04 1.03 1.39 1.22 1.21 1.31 1.34 1.23 1.34 1.27 1.38 1.37
(Pr/Pr*)sn 1.11 1.09 1.16 1.05 1.15 1.03 1.05 1.00 0.97 1.04 1.05 0.98
(Ce/Ce*) 0.77 0.70 0.72 0.81 0.60 0.78 0.82 0.83 0.82 0.72 0.62 0.59
(Ew/Eu*® ) 1.45 1.43 1.70 2.28 2.23 2.14 1.76 291 2.78 2.38 2.18 1.70
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Sampleno.  YJC3-1  YJC32  YJC3:3  YJC34  YJC35 Y|G4l YJCA2  YJC43  Y]CA4 YjC45
Oxide-carbonate
Facies Silicate facies Silicate-carbonate facies facies
SiOs 42.74 47.98 49.80 45.63 47.70 44.73 44.66 35.66 55.50 40.30
AlyOs 0.02 0.03 2.38 0.05 0.04 0.43 0.11 0.06 1.68 0.15
FeaOsitotal) 52.91 48.17 39.98 53.39 4723 44.32 50.30 55.75 34.01 54.14
MgO 2.65 2.63 3.69 0.21 3.14 6.15 0.87 1.30 2.41 0.84
CaO 1.07 0.26 0.19 0.18 1.22 2.44 1.85 3.39 2.13 2.37
Na,O 0.03 0.04 0.06 0.04 0.02 0.04 0.10 0.03 0.08 0.01
K20 0.01 0.01 0.33 0.02 0.01 0.18 0.04 0.01 0.52 0.01
MnO 0.05 0.03 0.07 0.01 0.05 0.16 0.05 0.06 0.08 0.05
TiOg 0.01 0.01 0.11 0.01 0.01 0.02 0.02 0.01 0.04 0.01
P205 0.13 0.09 0.02 0.09 0.04 0.11 0.07 0.11 0.05 0.11
LOI 0.39 0.68 3.26 0.27 0.42 141 191 3.59 3.18 1.56
Total 100.01 99.91 99.90 99.90 99.87 99.98 99.97 99.96 99.68 99.55
FeO 16.90 15.38 20.50 8.97 16.65 18.45 12.32 15.20 14.35 15.55
Li 0.26 0.25 0.68 0.61 0.47 0.37 0.21 0.20 1.15 1.47
Be 0.37 0.34 0.56 0.76 1.17 0.48 0.47 0.36 0.57 0.44
Sc 0.18 0.39 3.49 0.46 0.16 0.52 4.90 3.88 2.02 0.40
\% 8.59 2.84 23.88 5.90 3.36 4.27 8.05 5.85 17.82 5.78
Cr 258.97 203.65 105.58 260.87 76.06 184.65 175.76 192.92 175.13 219.08
Co 14.43 2.51 3.42 2.60 0.78 2.62 6.39 5.83 3.45 2.95
Ni 11.78 15.27 20.44 8.55 5.45 11.61 11.49 17.18 14.20 8.64
Cu 0.42 0.02 4.70 3.10 2.58 0.37 2.49 2.88 16.88 9.73
Zn 1.84 1.65 14.43 1.98 4.21 13.93 2.17 3.86 6.31 3.58
Ga 0.50 0.23 3.32 0.38 0.28 0.54 1.18 0.69 4.31 0.05
Rb 6.57 0.32 25.33 4.20 1.30 0.05 0.83 1.48 45.43 0.56
Sr 7.57 3.18 22.45 5.16 17.40 15.36 18.04 16.27 50.58 16.21
Zr 0.25 0.30 25.33 0.13 0.30 3.45 1.07 0.85 14.67 0.88
Nb 2.00 0.21 1.67 0.22 0.12 0.17 0.63 0.50 0.76 0.20
Cs 0.08 0.07 4.16 0.59 0.23 1.18 0.89 0.12 8.51 0.12
Ba 3.72 3.03 25.44 2.29 17.78 23.88 3.87 3.37 26.14 3.04
La 0.59 0.54 5.97 0.28 2.18 3.30 0.76 0.56 5.92 3.17
Ce 0.90 0.77 10.75 0.46 3.58 4.56 1.25 0.88 11.28 6.20
Pr 0.14 0.11 1.30 0.10 0.42 0.56 0.18 0.16 141 0.95
Nd 0.64 0.53 4.86 0.51 1.89 2.42 0.81 0.80 5.35 4.67
Sm 0.13 0.11 0.80 0.15 0.41 0.36 0.15 0.21 0.99 1.17
Eu 0.09 0.07 0.21 0.10 0.22 0.13 0.12 0.18 0.28 0.55
Gd 0.20 0.17 0.66 0.18 0.52 0.40 0.21 0.29 0.91 1.32
Tb 0.03 0.03 0.09 0.04 0.09 0.06 0.03 0.05 0.13 0.19
Dy 0.23 0.21 0.51 0.23 0.65 0.40 0.25 0.32 0.79 1.12
Y 2.21 1.81 3.15 1.52 5.24 3.24 2.06 2.74 4.94 8.17
Ho 0.06 0.05 0.11 0.06 0.17 0.10 0.07 0.08 0.17 0.26
Er 0.18 0.16 0.34 0.17 0.48 0.29 0.20 0.23 0.46 0.70
Tm 0.03 0.02 0.05 0.02 0.07 0.04 0.03 0.04 0.06 0.09
Yb 0.19 0.16 0.43 0.18 0.47 0.29 0.22 0.26 0.42 0.69
Lu 0.03 0.03 0.08 0.03 0.08 0.05 0.04 0.04 0.07 0.11
Hf 0.01 0.01 0.68 0.00 0.01 0.09 0.02 0.02 0.40 0.02
Ta 0.00 0.00 0.12 0.01 0.00 0.01 0.01 0.00 0.09 0.01
Pb 0.39 0.30 0.92 0.39 2.05 0.45 0.64 0.63 1.25 1.63
Th 0.01 0.01 1.57 0.03 0.05 0.22 0.06 0.02 0.86 0.13
U 0.00 0.01 0.28 0.03 0.02 0.02 0.03 0.03 0.21 0.05
2REE +Y 5.65 4.76 29.30 4.01 16.46 16.20 6.37 6.82 33.19 29.37
Y/Ho 36.83 33.44 2791 27.62 31.36 32.12 31.66 35.14 28.70 32.04
Pr/Yb 0.75 0.70 3.06 0.55 0.89 191 0.84 0.61 3.34 1.39
(La/Yb)sx 0.23 0.25 1.04 0.12 0.34 0.83 0.26 0.16 1.04 0.34
(Sm/Yb)sn 0.36 0.35 0.95 0.44 0.44 0.62 0.34 0.41 1.20 0.87
(La/La®)sn 1.65 1.85 1.00 2.75 1.77 1.79 1.48 2.30 0.95 1.72
(Y/Y?®)sn 1.48 1.36 1.05 1.08 1.27 1.29 1.28 1.38 1.07 1.22
(Pr/Pr*)sn 1.04 1.02 1.06 1.05 0.95 0.99 1.03 1.03 1.07 1.00
(Ce/Ce*)s 0.72 0.72 0.89 0.64 0.86 0.76 0.78 0.68 0.90 0.82
(Ew/Eu*® ) 2.72 2.45 1.45 2.64 2.34 1.69 3.46 3.51 1.47 2.29

Notes: Total Fe reported as FezOs; (Pr/Pr)sy = [2Pr/(Ce + Nd)]sx; (Ce/Ce®)sx =

(O67Sm + 033Tb>]51\, (Y/Y°) SN = [2Y/<Dy + HO)]SN

[2Ce/(La + Pr)]sn; (La/La*) s =

[La/(3Pr — 2Nd)]sn; (EWEW®) sy = [Ew/
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in the Yuanjiacun BIF (Wang et al., 2014), are included. It is
evident that the behavior of Ce is complex, showing both posi-
tive and negative Ce anomalies for the oxide-facies BIF.

Organic carbon, carbonate carbon, and
oxygen isotope compositions

Carbon isotope ratios of organic carbon and contents of total
organic carbon (TOC) in the BIF samples are listed in Table 2.
TOC ranges from 0.01 to 0.34 wt %, with significantly higher
contents in the transition-facies BIF. Carbon isotope ratios of
organic matter (013C,g) are rather uniform, varying from —26.07
to X19.15%o, with a mean of —23.87%o. There does not appear
to be a relationship between TOC and 613Crg. The 6150 values
for the ankerite in the BIF range between 12.67 and 16.72%o;
013C values vary from —7.84 to —6.04%o (Table 3). The range of
0'3C values of the BIF carbonate overlaps those measured for
the other iron formations but is more depleted in 0'3C relative
to Ca-Mg carbonate rocks (Table 4). In contrast, the 0150 val-
ues of carbonates in the Yuanjiacun BIF are much lower than,
for example, those associated with the early Paleoproterozoic
Kuruman and Griquatown BIF in South Africa (Table 4).

Iron isotope composition

Iron isotope data for the magnetite- and hematite-rich,
oxide-facies BIF are presented in Table 5. Previous data are
also included (Hou et al., 2014). Magnetite grains from ten
samples yielded 6°Fe values from 0.35 to 0.89%o, with an aver-
age of 0.65%o. Hematite grains from five samples yielded 6°Fe
values varying from 0.40 to 1.09%o, with an average of 0.60%o.

Discussion

Mineral paragenesis and evolution

Petrographic and geochemical data presented here for the
Yuanjiacun BIF allow us to establish different generations
of mineral formation during diagenesis and metamorphism.

TABLE 2. Total Organic Carbon (TOC) and Carbon Isotope Ratios of
Organic Carbon for the Yuanjiacun BIF

Sample no. TOC (wt %) 0Corg(%0)
YJCI-1 0.02 -24.02
YJC1-2 0.02 -24.03
YJC1-3 0.05 NA
YJC1-4 0.04 -25.64
Y[C1-7 0.01 NA
YJC2-1 0.06 -19.15
YJC2-2 0.03 —24.44
YJC2-3 0.01 -23.78
Y]C2-4 0.04 NA
YJC2-5 0.05 NA
YJC3-1 0.03 -24.17
YJC3-2 0.02 -24.53
Y]C3-3 0.06 NA
Y]C3-4 0.04 -24.95
Y]C3-5 0.04 NA
YJC4-1 0.15 -26.07
Y[C4-2 0.27 23.86
Y]C4-3 0.34 -21.81
YJC4-4 0.19 NA
YJC4-5 0.21 NA

Notes: Some samples were not analyzed (NA) for isotope compositions of
organic carbon
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TaBLE 3. Carbon and Oxygen Isotope Composition of Ankerite in
the Yuanjiacun BIF

Sample no. 03Cppp(%o) 0130spow(%o)
1 -6.63 13.64
2 -6.32 13.94
3 —6.56 14.13
4 -6.77 13.55
5 -7.24 13.73
6 —6.96 12.67
7 -6.04 15.32
8 -7.58 14.74
9 -7.84 16.67
10 -7.15 16.72

Notes: PDB = Pee Dee Belemnite; SMOW = standard mean ocean water

As in most BIF, microcrystalline quartz is the most abun-
dant mineral. This is not surprising, given that silica concen-
trations in the Precambrian oceans would have been much
higher (~2 mM) than today (~0.1 mM), due to the absence
of silica-secreting organisms before the Phanerozoic (Sievier,
1992; Konhauser et al., 2007). Silica precipitation in the Pre-
cambrian oceans could have been induced by evaporative- or
temperature-induced supersaturation (Garrels, 1987; Posth et
al., 2008) or coprecipitation with iron minerals (Ewers, 1983;
Konhauser et al., 2007). In the case of the latter, Fischer
and Knoll (2009) proposed a model whereby dissolved silica
(Si(OH)4) was absorbed onto ferric oxyhydroxides, such as
ferrihydrite (Fe(OH)s), to form a siliceous ferric hydroxide
precursor that sank to the seafloor, together with organic mat-
ter. At the seafloor, oxidation of that organic matter, coupled
to dissimilatory Fe(III) reduction, could have liberated some
iron, leading to the formation of iron-poor layers (Nealson
and Myers, 1990) as follows:

CHsCOO™ + 8Fe(OH)3
- 8Fe?+ + 2HCO; + 150H™ + 5H;0. (1)

During burial diagenesis, there also may have been verti-
cal escape of silica, which reprecipitated at sediment-water
interface, yielding BIF with a higher silica content (Trendall
and Blockley, 1970). Alternatively, Krapez et al. (2003) and
Pickard et al. (2004) have suggested that all chert in BIF is
the siliceous equivalent of modern-day seafloor hardgrounds,
in which silica replaced precursor sediment at or below the
sediment-water interface. The presence of three-dimensional
and microscale lenticularity of chert and relics of precursor
sediment within lamina sets and discontinuous bands, as well
as erosion surfaces on bedded cherts, show that chert has a
replacement origin and formed during early diagenesis, prior
to compaction. In either case, high seawater concentrations of
silica are needed for incorporation into the original sediment
to yield the high SiOs observed in the Yuanjiacun BIF.
Hematite displays textural diversity, including anhedral
aggregates, and xenomorphic and microplaty grains (Fig.
5A-B). In iron-rich marine environments, the biotic or abi-
otic oxidation of dissolved Fe(II) leads to the production
of Fe(III) oxyhydroxides (Konhauser et al., 2011b). These
poorly crystalline Fe phases (e.g., ferrihydrite) can transform
into hematite (via dehydration), and goethite and lepidocroc-
ite (through Fe(II)-catalyzed transformation), depending on
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TABLE 4. Carbon and Oxygen Isotope Variations in Carbonates from Selected, Essentially Unmetamorphosed Iron Formations

BIF sequence 0180smow(%0) 013Cppp(%o0) Reference

Kuruman and Griquatown Iron Formations, South Africa 19.05~22.25 —8.42~-5.45 Beukes et al. (1990)
Limestone and dolomites at same above location 20.09~26.89 -2.8~-0.1 Beukes et al. (1990)

Kuruman and Griquatown Iron Formations, South Africa 16.1~21.90 —14.8~-7.46 Kaufman (1996)

Kuruman and Griquatown Iron Formations, South Africa 19~21 -12~-2.6 Heimann et al. (2010)
Brockman Iron Formation, Dales Gorge Member, Western Australia 17.6~21 —7.96~-6.92 Kaufman et al. (1990)
Brockman Iron Formation, Dales Gorge Member, Western Australia NA -15~-6.5 Craddock and Dauphas (2011)
Wittenoom Dolomite, Hamersley Basin NA -1.8~-0.13 Craddock and Dauphas (2011)
Yuanjiacun Iron Formation 12.67~16.72 —7.84~-6.04 This study

Notes: Some samples were not analyzed (NA) for oxygen isotope compositions; PDB = Pee Dee Belemnite, SMOW = standard mean ocean water

pH and solution chemistry (Posth et al., 2014). As previously
observed by Schwertmann and Murad (1983), crystallization
of ferrihydrite at pH 7-8 is the major pathway for hematite
formation. The euhedral hematite crystals in the Yuanjiacun
BIF (Fig. 5C) are interpreted as having formed from the
low-grade metamorphic crystallization of smaller hematite
grains. In general, the preservation of hematite-rich units
represents sediment buried in which molar Fe(III)/C,y ratios
far exceeded the 4/1 molar ratio associated with dissimilatory
Fe(III) reduction, because only a small amount of organic
carbon, along with sufficient primary Fe(OH)s, was required
for the magnetite formation during diagenesis (Konhauser et
al., 2005). Consequently, either (1) all of the biomass was oxi-
dized, leaving behind a residue of ferric oxyhydroxide (Kon-
hauser et al., 2005); or (2) there was minimal burial of organic
carbon when the precursor ferric oxyhydroxide phases pre-
cipitated (Beukes et al., 1990). Based on the low TOC content
in the hematite-rich unit, either option is possible.

Two main types of magnetite are found in the Yuanjiacun
BIF, namely minute subhedral crystals that form aggregates
or massive monomineralic laminae (Fig. 5E), and larger
euhedral and isolated crystals that truncate quartz grains (Fig.
5F). The euhedral magnetite is paragenetically late and is
regarded as a metamorphic recrystallization product, whereas

TABLE 5. Fe Isotope Data for the Yuanjiacun Oxide-Facies BIF

Sample no. Mineral O%6Fe(%o0) 05Fe(%o)
YJC13-46 Magnetite 0.58 + 0.03 0.89 = 0.05
YJC13-49 Magnetite 0.35 + 0.02 0.54 + 0.03
YJC13-59 Magnetite 0.84 + 0.02 1.26 + 0.03
YJC-04! Magnetite 0.89 + 0.04 1.30 = 0.09
YJC-13! Magnetite 0.63 = 0.10 0.96 =+ 0.09
YJC-14! Magnetite 0.76 + 0.02 1.11 + 0.13
YJC-20! Magnetite 0.58 + 0.02 0.86 = 0.10
Yjc-21! Magnetite 0.70 + 0.02 102+ 0.11
YJC-22! Magnetite 0.68 = 0.05 1.02 + 0.09
YJC-23! Magnetite 0.52 + 0.06 0.80 + 0.13
YJC1-1 Hematite 0.40 + 0.03 0.57 = 0.05
YJC1-3 Hematite 0.41 + 0.02 0.59 + 0.03
YJC1-8 Hematite 1.09 + 0.04 1.59 + 0.05
YJC1-8r2 Hematite 1.09 + 0.02 1.59 + 0.03
YJC-12! Hematite 0.41 = 0.06 0.61 = 0.07
YJC-24! Hematite 0.72 + 0.02 1.06 + 0.06

I Data from Hou et al. (2014)
21 in sample name denotes a replicate digestion and analysis of the same
sample

the aggregates may have formed earlier during diagenesis. In
either case, the magnetite is unlikely to represent a primary
precipitate. There are at least three plausible mechanisms
responsible for the formation of magnetite:

1. Reduction of Fe(III) oxyhydroxide via dissimilatory
Fe(III) reduction, which is the generally accepted model
based on theoretical, experimental, and petrographic support
(Lovley, 1993; Frost et al., 2007; Johnson et al., 2008; Pecoits
etal., 2009; Li et al., 2011, 2013). Dissimilatory Fe(III) reduc-
tion can produce large Fe isotope fractionations between
Fe(III)soli) and Fe(II)(q with variably depleted 66Fe values
in the generated dissolved phase (Beard et al., 1999; Crosby et
al., 2007). Laboratory experiments of magnetite formation by
dissimilatory Fe(III) reduction also demonstrate that isotopic
exchange between magnetite and Fe(II)(,q may be rapid, and
that on a mass-balance basis, the bulk 05°Fe value of magne-
tite is largely inherited from the precursor ferric oxyhydrox-
ide minerals (Johnson et al., 2005). In general, partial Fe(III)
reduction by dissimilatory Fe(III) reduction would likely
produce low 0%Fe values, typically —0.5 and -2.5%o0 lower
than those of the initial ferric oxyhydroxides (Johnson et al.,
2008). However, if complete conversion occurs, the §%Fe val-
ues of magnetite produced by dissimilatory Fe(III) reduction
will be identical to those of the ferric oxyhydroxide precur-
sors. Interestingly, magnetite in the Yuanjiacun oxide-facies
BIF has consistently positive 05Fe values, similar to those of
hematite. This pattern suggests that the magnetite may have
inherited the isotopic composition of the ferric oxyhydroxide
precursors, followed by complete conversion to magnetite
through dissimilatory Fe(III) reduction. The low organic car-
bon content in the oxide-rich BIF samples further supports
the premise that any oxidizable organic carbon deposited with
the ferric oxyhydroxide precipitates was consumed during dis-
similatory Fe(III) reduction.

2. Magnetite can be the metamorphic by-product of a reac-
tion between hematite and siderite, at temperatures of 480°
to 650°C and pressures of 4 and 15 kbars (Koziol, 2004):

FGCOB(siderite) + Fe203(hematite)
= FeBO4(magnetite) + COs. (2)

Tian et al. (1986) suggested that the peak P-T conditions for
the formation of the chlorite schist associated with the BIF
are 2 to 3 kbars and 400° to 450°C, which would have been
insufficient for the above reaction to take place. However, the
oxidation of dissolved Fe(II), or of Fe(II) minerals such as
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siderite, could also drive magnetite production and possibly
produce methane in the process (French, 1971) under burial
conditions of 450°C and 2 kbars (McCollom, 2003):

12FeCOs3 + 2H20 - 4Fe304 + 11CO2 + CHy. (3)

Accordingly, this process could be responsible for formation
of the magnetite overgrowths on ankerite (Fig. 7F).

3. The reactions between Fe(II)-rich hydrothermal fluids
(<200°C and HsS poor) and preexisting hematite could form
magnetite (Ohmoto, 2003) in environments of limited organic
carbon supply. Reaction of dissolved Fe(II) with ferric oxy-
hydroxide has been shown to yield isotopically heavy oxide
phases through the preferential sorption of *Fe onto Fe oxide
surfaces (Icopini et al., 2004). In a similar manner, low 05Fe
values predicted for Archean seawater may reflect preferen-
tial sequestration of 5Fe on ferric oxyhydroxides (e.g., Rouxel
et al., 2005). Therefore, it is also possible that the positive
056Fe values observed in magnetite from the Yuanjiacun BIF
were generated via a hydrothermal Fe2+ component (6%Fe ~
0%o) reacting with precursor ferric oxyhydroxide precipitates
(05Fe > 0%o).

Ankerite is commonly associated with the silica-rich micro-
bands. Although some ankerite may have formed penecon-
temporaneously with early ferric oxyhydroxide precipitates,
petrographic evidence suggests that ankerite growth occurred
during diagenesis. For example, ankerite is not found within
hematite and magnetite grains, whereas small magnetite
grains occur as inclusions within the ankerite (Fig. 7TH).
Ankerite is also preferentially concentrated where several Fe
oxide layers coalesce due to burial compaction, forming irreg-
ular aggregates that distort the primary microlamination (Fig.
7G). Furthermore, the edges of ankerite commonly display
corrosion gulfs resulting in xenomorphic morphology (Fig.
TH). These features imply a late-stage growth of the mineral.
One possible reaction is via siderite dissolution and ankerite
precipitation (Pecoits et al., 2009; Li, 2014):

2FeCO3 + Ca2+ - CaFe(COz3)s + Fe2+. (4)

The highly negative 0'3C values of ankerite (average
—6.91%o) in the Yuanjiacun BIF, which are consistent with
previously determined 0'3C values of siderite in the Yuanjia-
cun carbonate-facies BIF (average —7.1%o; Tian et al., 1986),
strongly suggest that precursor siderite formed by dissimi-
latory Fe(III) reduction (e.g., Kaufman, 1996; Beukes and
Gutzmer, 2008). Moreover, the Fe oxide-facies BIF in the
Yuanjiacun sequence contains similar AlO3 concentrations
but less organic carbon than the carbonate-rich BIF (Table 2),
which is attributed to effective degradation of organic matter
in an oxygen-bearing water column before it could be incor-
porated into the sediment. An alternative interpretation is that
hematite-rich BIF was only preserved if the organic carbon
influx was low relative to ferric oxyhydroxide accumulation.
Under conditions of complete ferric oxyhydroxide reduction,
two sources of C are required for siderite formation:

4Fe(OH); + CH2O + 3HCO3
- 4FeCO3 + 30H™ + TH:0. (5)

The excess HCOs- required in this reaction likely came
from seawater infiltration into soft sediment, below the sea-
water/sediment interface (Heimann et al., 2010). The isotopic
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composition of HCOs-1in seawater is assumed to have a §13C
value of 0%o (Faure, 1986; Fischer et al., 2009; Bekker et al.,
2013; Smith et al., 2013), and we assume that organic carbon
(CH20) input to the seafloor had a 6'3C value of —-24%o, based
on the average 6'3C value for organic carbon in the Yuanjia-
cun BIF. For the above reaction (5), the lowest possible 13C
value is ca. —6%o for siderite whose Fe was entirely sourced
by dissimilatory Fe(III) reduction. The majority of 613C val-
ues for ankerite in transition-facies BIF scatter about the 6'3C
value predicted by this reaction, suggesting near-complete
reduction of Fe(OH); by abundant 3HCO3. Formation of sid-
erite (now ankerite), relative to magnetite, is favored at high
Pco, (Beukes and Gutzmer, 2008). The close spatial relation-
ship between these two minerals in the carbonate-rich BIF
(Fig. TH) suggests that pore water Pco, may have fluctuated
locally between the stability fields of magnetite and siderite.
In addition, it is also in open diagenetic environments of the
compacted mesobands that the excess organic carbon may be
available, such that dissimilatory Fe(III) reduction could eas-
ily take place, thus explaining the presence of considerable
amounts of ankerite on the outside of chert pods (Fig. 6C).

The depletion in 0'50 values of ankerite in the BIF rela-
tive to that of other BIFs (Table 4) can be explained through
metamorphic reequilibration or interaction with meteroric
water, as indicated by independent evidence that metamor-
phism (Miyano and Beukes, 1984) in the metasedimentary
rocks associated with the Yuanjiauen BIF exceeded 170°C (Yu
etal., 1997) and the fact that interbedded quartz has low 0150
values ranging between 10.4 and 13.2%o (Hou et al., 2014).

The most common iron silicates in the BIF are stilpnomelane
and chlorite. Stilpnomelane is a characteristic mineral of iron
formations that have undergone low- to medium-grade meta-
morphism (Klein, 2005). It is likely that stilpnomelane was
derived from an Fe-rich, but Al-poor silicate precursor such
as nontronite, which is itself readily synthesized at low tem-
perature from amorphous ferric oxyhydroxides and dissolved
silica under anoxic conditions (Dekov et al., 2007; Rasmussen
et al., 2013a; Bekker et al., 2013):

2Fe(OH)s + 4Si(OH)4
- FesSis010(0H)s - 10H-0. (6)

Precursors to chlorite may have been aluminous detrital clay
minerals that recrystallized to chlorite during metamorphism.
The coexistence of some chlorite and relics of stilpnomelane
(Fig. 6G) further suggests that chlorite can be produced by the
reaction between stilpnomelane and original Al-rich detritus.
Among the Fe-rich silicates in the Yuanjiacun BIF, min-
nesotaite and amphibole are generally not as abundant as
stilpnomelane. These two minerals typically cut fine-grained
sheaves of stilpnomelane (Figs. 6F, TD-E), suggesting that
stilpnomelane became unstable and was then partially trans-
formed into late-stage minnesotaite and amphibole during
metamorphism. In addition, calcite is commonly intergrown
with amphibole (Fig. 7E). Thus, it is possible that amphibole
is also a reaction product of iron-rich carbonates (e.g., fer-
rodolomite) and quartz, together with calcite (Klein, 2005).

Marine redox structure

The three BIF samples (YJC3-3, YJC4-1, and Y]JC4-4) con-
tain distinct signatures of terrigenous input, as reflected by
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the high modal content of chlorite, and by high but variable
concentrations of AlbOs, HFSEs (e.g., Zr, Hf), and strong
positive correlations between AlOs, TiOz, and HFSEs. These
detrital components within the silicate-facies BIF exclude an
abyssal plain fraction because of the low expected influx of
allochthonous detritus in such settings (Haugaard et al., 2013).
Moreover, the presence of oolitic/granular hematite (Tian et
al., 1986) argues for a shallow-water environment. Therefore,
a favored depositional site for these samples is more proximal
to the paleoshoreline, possible on the shallow shellf.

The REE patterns of relatively siliciclastic-free BIF have
frequently been used as a qualitative proxy of paleoseawater
redox conditions (Bau, 1999; Slack et al., 2007; Pecoits et al.,
2009; Planavsky et al., 2010; Haugaard et al., 2013). Moreover,
the REEs + Y in BIF are generally regarded as being immo-
bile during most geologic processes (e.g., Bingen et al., 1996),
and effects of metamorphism on the REE distribution in BIF
have been found to be only of minor importance in most cases
(Bau and Dulski, 1996). Accordingly, the distribution of Y and
REEs observed in the detritus-free Yuanjiacun BIF samples
reflects those present in the primary marine precipitates. In
this context, the BIF samples display consistently positive
La and Y anomalies, depletion of LREEs and MREEs rela-
tive to HREEs, and superchondritic Y/Ho ratios (>26); these
collectively are features typical of modern seawater (Fig. 8).
The positive Y anomalies in the BIF are distinct from those
of slowly growing, modern marine hydrogenetic ferromanga-
nese deposits that have negative Y anomalies, instead being
more similar to rapidly precipitated, modern marine hydro-
thermal ferromanganese deposits. We thus infer that BIF pre-
cipitation occurred very rapidly and that the scavenged REE
were not in exchange equilibrium with ambient seawater (see
Bau and Dulski, 1996). Rapid precipitation strongly favors
a scenario for deposition of the BIF in which precipitation
occurred due to upwelling of reduced ferruginous waters into
an oxygenated shallow-water setting.

In contrast to modern seawater, the various Yuanjiacun BIF
facies display positive Eu anomalies, which were sourced from
high-temperature (>350°C) hydrothermal fluids effused after
alteration of ocean-floor basalt (Fig. 8; Beukes et al., 1990;
Bau, 1993; Bau and Dulski, 1996; Kato et al., 1998). This pro-
cess suggests one of the following scenarios (1) much of the
water column in the basin contained hydrothermally derived
REEs; (2) the hydrothermal fluids welled up onto the shelf,
perhaps as part of a plume (Isley, 1995), which facilitated BIF
precipitation, i.e., the BIF did not precipitate from ambient
seawater; or (3) hydrothermal vents were proximal to the site
of BIF deposition. In any case, enhanced magmatic activ-
ity (e.g., during eruption of large igneous provinces) would
have created the ferruginous redox conditions in the oceans
that promoted large-scale transport of dissolved iron (Bekker
et al., 2010, 2013). In addition, such processes would have
caused marked sea-level rise and transgressions, which in turn
favored deposition of BIF on drowned, sediment-starved,
continental shelves (e.g., Isley and Abbott, 1999).

The redox-sensitive REEs, Eu and Ce, are often used to
provide insights into the redox state of ancient seawater, and
also the level of atmospheric oxygenation at that time (e.g.,
Frei et al., 2008). Modern oxygenated seawater shows a strong
negative Ce anomaly and LREE depletion relative to HREE,
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using REE data that are normalized to the composition of
average shale. By contrast, suboxic and anoxic waters lack
negative Ce anomalies (German and Elderfield, 1990; Byrne
and Sholkovitz, 1996) and display elevated LREE to HREE
ratios. The cause of REE patterns in oxygenated seawater is
oxidation of trivalent Ce that greatly reduces Ce solubility,
resulting in preferential removal onto Mn-Fe oxyhydroxides,
organic matter, and clay particles. Additionally, light REEs rel-
ative to heavy REEs are preferentially removed onto Mn-Fe
oxyhydroxides and other reactive surfaces due to differential
REE particle reactivity linked with REE carbonate complex-
ation (Planavsky et al., 2010). In suboxic and anoxic waters,
negative Ce anomalies are absent, or are locally positive due
to the reductive dissolution of Mn-Fe oxyhydroxides below
the redoxcline, resulting in an increased ratio of LREEs to
HREEs (German et al., 1991; Sholkovitz et al., 1992). More-
over, based on experimental results, there is negligible oxida-
tive scavenging of Ce onto ferric oxyhydroxide surfaces, unlike
Mn(IIIIV) oxides at pH conditions >5 (Bau, 1999; Ohta and
Kawabe, 2001). Therefore, ferric oxyhydroxides qualitatively
record Ce anomalies from the water column from which they
precipitated, whereas Mn(III/IV) oxides are influenced by
preferential Ce scavenging (Planavsky et al., 2009).

In combination with previous REE data for the Yuanjiacun
magnetite-rich units (Wang et al., 2014), the Yuanjiacun BIF
samples display a shift from positive or nonexistent to slightly
negative Ce anomalies (Fig. 9), indicating the presence of a
strong redoxcline (Planavsky et al., 2010). Specifically, the
presence of small negative Ce anomalies in the hematite-rich
units may imply mildly oxidizing conditions in shallow waters,
due to limited Ce oxidation and sorption onto Mn oxyhydrox-
ides. However, the remaining BIF samples lack significant
Ce anomalies, suggesting that the BIF formed mainly in low
oxygen environments, below, or at, the redoxcline. The posi-
tive Eu anomalies in the BIF are consistent with widespread
anoxia (Kamber and Webb, 2001).

Variability in ratios of light to heavy REE ((La/Yb)sx) in
samples of the Yuanjiacun BIF might also reflect formation
below, or at, a redoxcline (Wang et al., 2014). Redox-depen-
dent Mn cycling in the suboxic zone can dramatically alter
REE patterns by decreasing the level of light REE depletion
(German and Elderfied, 1990). This interpretation implies
that precipitation of iron occurred in water masses having a
varying contribution of REEs from the dissolution of Mn oxy-
hydroxides. The lower detrital element concentrations (e.g.,
AlbO3) and lack of correlation between ratios of LREEs to
HREEs and AlOs rule out the possibility that the siliciclastic
input is the predominant control over the trivalent REE pat-
terns (Planavsky et al., 2009).

It is worth noting that except for the slightly negative Ce
anomalies (Fig. 9), the REE patterns of the Yuanjiacun BIF
are similar to those of late Paleoproterozoic (<2.0 Ga) iron
formations, but differ from those in iron formations prior
to the GOE (Planavsky et al., 2010). The large range of Ce
anomalies and ratios of LREEs to HREEs in the BIF might
reflect varying effects of the precipitation/dissolution of a Mn
oxyhydroxide shuttle, from shallow-water oxidized settings to
deeper water-reducing environments (Wang et al., 2014).

Iron isotopes in BIF have been used to trace Fe cycling
and fingerprint redox processes that led to deposition of BIF
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(Johnson et al., 2003, 2008; Rouxel et al., 2005; Anbar and
Rouxel, 2007). The most common mechanism proposed for
accumulation of iron-rich components in BIF is the oxida-
tion of hydrothermally sourced Fe(II)(.q) (Klein, 2005), which
should produce a 0%Fe value of ca. 0%o, or slightly nega-
tive (—0.5%o; Johnson et al., 2008; Planavsky et al., 2012a).
Iron oxyhydroxides that prec1p1tated under fully oxygenated
conditions are expected to have the same d%6Fe value as the
dissolved iron sources, because of nearly complete Fe(II) oxi-
dation and Fe(III) mineral precipitation. In contrast, partial
Fe(II) oxidation produces iron oxyhydroxides with positive
0%Fe values relative to the Fe(II) source. The presence of
positive 65Fe values for hematite and magnetite in the Yuan-
jiacun oxide-facies BIF (Table 5) thus points to incomplete
Fe(II) oxidation, which by extension, suggests deposition
under conditions of low oxygenation.

BIF depositional model

Detailed lithostratigraphic information (Shen et al., 1982;
Tian et al., 1986; Zhu et al., 1988) in combination with geo-
chemical data permit us to reconstruct a potential depositional
model for the Yuanjiacun BIF (Fig. 10). The system tract for
this BIF begins near shore with thickly bedded, wave-rip-
pled, and cross-stratified quartz sandstone that was deposited
above normal wave base (Fig. 4). The distribution of lithologic
units in upward-fining increments indicates that hematite-
magnetite (oxide facies) BIF and associated meta-arenites
and shales mark the beginning of transgression, whereas the
oolitic/granular hematite (Zhu et al., 1988) is indicative of
deposition in near-shore, shallow waters. The fact that the
iron formations form the base of coarsening-upward progra-
dational increments of sedimentation also implies that they
were likely deposited most distal from siliciclastic input dur-
ing transgression. Close examination of the vertical facies of
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the Yuanjiacun BIF reveals that the hematite-magnetite facies
typically grades upward into magnetite-silicate and silicate-
siderite facies, indicating that carbonate-rich iron formation
was likely deposited in the most distal part of the depositional
basin, during peaks of transgression, followed shoreward by
hematlte -magnetite facies iron formation. This distinct ver-
tical facies change is also observed laterally, from west to
east, i.e., the iron mineral assemblage changes from siderite
through silicate into magnetite and hematite iron formations
(Fig. 2C).

The alternating iron- and silica-rich microbands in the
BIF, without indication of current activity, could reflect
stable basinal conditions with precipitation occurring below
storm-wave base (ca. 200 m), which is the average depth of
the modern storm-wave base (Boggs, 1995). However, the
local presence in the Yuanjiacun oxide-facies BIF of current-
generated structures, such as crossbedding and granular tex-
tures (Tian et al., 1986) indicates that this facies formed in
somewhat shallower environments at depths where storm-
wave currents could occasionally rework bottom sediments. It
should be noted that the carbonate-facies BIF is closely asso-
ciated with the beds of stilpnomelane lutite (Fig. 4), which
may represent ferruginized felsic pyroclastic material (Zhu
et al., 1988). Additionally, positive Eu anomalies in the car-
bonate rich iron formation are more pronounced than those
in the oxide- and silicate-facies BIFs (Table 1). This pattern
suggests that hydrothermal fluids related to volcanic events
influenced the entire depositional environment for iron, and
that the carbonate-facies BIF was more likely to have been
deposited closer to submarine hydrothermal vents.

The Yuanjiacun BIF displays a clear REE signature indic-
ative of basin-scale redox stratification and Fe(III) formation
under varying redox conditions (Fig. 10). Specifically, a wide
range of true Ce anomalies, varying from slightly negative to
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Beukes and Gutzmer (2008) and Ohmoto (2003), respectively; reaction (4) is modified from Heimann et al. (2010). Reaction
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positive, or nonexistent, and range of LREE to HREE ratios
present in the oxide-facies BIF, indicate that this facies
formed in both mildly oxic shallow seawater and deeper
anoxic waters, in contrast to the silicate- and carbonate-
facies BIF's that lack Ce anomalies and thus likely formed in
relatively deep, reducing waters. A dynamic redoxcline must
have separated the oxic upper part of the water column from
suboxic to anoxic deeper parts. This redox stratification, in
combination with the formational age of the Yuanjiacun BIF
(~2.38-2.21 Ga; Liu et al., 2012; Liu et al., 2014; Wang et
al., 2015), is consistent with global atmospheric oxygenation
that occurred between 2.4 and 2.2 Ga (Bekker et al., 2004;
Konhauser et al., 2011a).

The actual mechanism of Fe(II) precipitation to form the
ferric oxyhydroxide precursors to BIF remains a subject of
debate. One possibility is the abiotic oxidation of Fe(II) by
the Oz produced by cyanobacteria (Cloud, 1968; Klein and
Beukes, 1993), which may have played a role in depositing
ferric oxyhydroxides in parts of the Yuanjiacun oxide-facies
BIF in shallow oxic environments. Alternatively, the direct
oxidation of Fe(II) by ancient microorganisms could have
taken place by microaerophilic Fe(II) oxidizers, using cya-
nobacterially-produced Oz as an electron acceptor (Emerson
and Revsbech, 1994; Konhauser et al., 2002), or anoxygenic
phototrophic Fe(II) oxidizers that use light to oxidize Fe(II)
in the absence of Oz (Kappler et al., 2005; Posth et al., 2008).
The stratigraphy and lateral facies reconstruction of the Yuan-
jiacun BIF suggest that most of this iron-rich sequence was
deposited below storm-wave base, but this model does not
constrain where the initial Fe(II) oxidation took place. In
other words, Fe(II) would have been oxidized in the photic
zone, and the resultant ferric oxyhydroxide particles would
then have fallen through the water column to the seafloor,
irrespective of whether that setting represented very shallow
or deep waters. However, what is telling is that a biologically
mediated Fe(II) oxidation process must have required suffi-
cient nutrients to support the microbial biomass.

Within iron formation beds, the lateral facies changes are
well represented by the presence of ferric oxyhydroxides
with minor silica occurring most distal from volcanic centers
or hydrothermal vents, versus the carbonate (siderite)- and
silicate-rich assemblages that formed more proximal to the
inferred vent sites (Fig. 10). The decrease in carbonates and
increase in magnetite and hematite toward the former shore-
line (i.e. more distal from hydrothermal vents) suggests that
the supply of organic carbon to the sediment decreased in this
direction (Beukes and Gutzmer, 2008; Kshler et al., 2013).
This interpretation is in contrast to previous models of BIF
deposition, such as for the 2.46 Ga Kuruman Iron Formation
in South Africa, in which hematite represents the most deep
water facies where organic carbon supply was so low that dis-
similatory Fe(III) reduction did not occur, while siderite pre-
cipitated in a near-shore setting where organic carbon supply
was abundant (Beukes et al., 1990). These different models
can be explained by the location of primary productivity. In
the Kuruman Iron Formation, the BIF conformably underlies
shallow-water, organic-rich carbonates and shales, suggesting
that the carbon source came from areas of high photosyn-
thetic primary productivity and abundant nutrients on the
shallow carbonate shelf, and by extension, that the nutrients
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for the microbial mats (e.g., chemolithoautotrophic iron-oxi-
dizing bacteria) had a terrestrial source. By contrast, primary
productivity in the Yuanjiacun basin seems to have been more
prevalent in deeper water settings, implying that nutrients
(e.g.,V, Fe, Co, and Zn) were most likely sourced from marine
hydrothermal vents. Therefore, in settings proximal to vent
sites, organic matter supply outpaced degradation, and more
organic matter thus reached the sediment surface, resulting
in effective dissimilatory Fe(III) reduction and the forma-
tion of early diagenetic siderite and magnetite. By contrast,
depositional areas more distal from vent sites had very low
primary organic productivity, allowing ferric oxyhydroxides to
accumulate on the seafloor of the depository, to be later trans-
formed into hematite and/or magnetite (Fig. 10). Perhaps the
most intriguing aspect of this model is that the shallow waters
did not contain an abundant plankton biomass, and if this was
the case, then the most likely oxidant for the oolitic/granular
hematite (Tian et al., 1986), and parts of hematite-rich BIF,
was Os. This interpretation suggests that oxidation of Fe(II)
was indirectly linked to cyanobacteria, and that the cyanobac-
teria were not necessarily abundant at the site of Fe(II) oxi-
dation. In other words, the shallow waters were sufficiently
oxygenated at this time such that any shallow-water Fe(II)
was rapidly oxidized.

Silica would have been introduced together with ferrous iron
from hydrothermal deep water (Bekker et al., 2013; Hou et
al., 2014), and its precipitation is brought about by a decrease
in temperature in the zone where the slightly warmer water
mixes with cold ambient seawater (Beukes and Gutzmer,
2008). But given that ambient seawater in the Precambrian
had a high silica content (e.g., Siever, 1992), hence in settings
distal from hydrothermal vents—Ilike that for the Yuanjiacun
BIF—a local seawater source for the silica is also possible. In
addition, we propose that in environments of low organic car-
bon burial, in the presence of dissolved Fe(II) (Harder, 1976,
1978), nontronite (precursor to stilpnomelane) is readily pre-
cipitated from mixtures of amorphous iron oxyhydroxides and
silica under low-temperature anoxic conditions, resulting in a
scattered distribution of the silicate-facies BIF between the
oxide- and carbonate-facies BIFs.

The Yuanjiacun BIF and global environmental conditions

Previous studies have concluded that giant iron formations
(210,000 Gt) were not deposited between ca. 2.4 and 2.0 Ga
(e.g., Bekker et al., 2010). Iron formations of this time period
are distinctly different in scale (i.e., smaller), and in most cases
their depositional settings are similar to those of Archean
BIF. It seems that from ca. 2.4 to 2.0 Ga, either the deep-
ocean redox state was too oxidized, relative to the magnitude
of hydrothermal input, to have the ferruginous deep waters
needed to promote the formation of giant BIF's, or that marine
sulfate levels were high enough so that the sulfide produced
during bacterial sulfate reduction exceeded the hydrothermal
Fe(II) supply, with the result that iron sulfides precipitated
instead of iron oxides (see Kump and Seyfried, 2005). Several
independent lines of evidence point toward high sulfate levels
(>2.5 mM) during the Lomagundi Event at 2.22 to 2.11 Ga
(Bekker et al., 2006; Schroder et al., 2008; Planavsky et al.,
2012b; Scott et al., 2014), consistent with the idea that growth
of the marine sulfate reservoir challenged the hydrothermal
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iron flux, and ultimately exerted a first-order control on the
distribution and abundance of iron formations.

Oolitic hematitic ironstones of the Paleoproterozoic Time-
ball Hill Formation in South Africa were deposited in shal-
low-water, above fair-weather wave base (Schweigart, 1965;
Dorland, 1999). Few geochemical data are available for this
unit, partly because it contains significant amounts of silici-
clastic material. Its deposition at ca. 2.32 Ga (Hannah et al.,
2004; Rasmussen et al., 2013b) may coincide with a magmatic
event at that time (e.g., Berman et al., 2005; Hartlaub et al.,
2007). However, the significance of this magmatic event is
poorly known. Another possible BIF that was deposited in
this time interval is the 2.3 Ga Hotazel Formation in South
Africa, although its depositional age remains controversial
(Gutzmer and Beukes, 1997). Tsikos and Moore (1997) con-
ducted geochemical studies on 12 samples of iron formation
from this BIF and found an absence of positive Eu anomalies
and negative Ce anomalies. However, by using the approach
of Bau and Dulski (1996) to discriminate true Ce anomalies,
we find that only two of the 12 Hotazel BIF samples have
Ce anomalies, both of which are slightly negative. Because
most of the data for these samples lack Tb values, we cannot
calculate Eu anomalies. Nonetheless, the original calculation
method indicates that some samples have slightly positive Eu
anomalies (shale-normalized basis). Hence, we suggest that
the REE patterns of the Hotazel BIF are similar to those of
the Kuruman BIF, except for lower Eu anomalies in the for-
mer (Bau and Dulski, 1996). The presence of these Eu anom-
alies implies a dilute hydrothermal signature rather than an
oxygenated state for the coeval deep ocean at ca. 2.3 Ga.

The ~2.38 to 2.21 Ga Yuanjiacun BIF is likely to be the
largest (>1,000 Gt) and most extensive BIF known during this
globally, BIF-poor time interval. This BIF is likewise associ-
ated with transgression and consists of three upward-deepen-
ing to upward-shallowing sequences that were deposited in a
continental shelf environment. Significantly, the Yuanjiacun
BIF displays prominent positive and negative Ce anomalies
and large shale-normalized ratios of LREEs to HREEs, which
are essentially absent in pre-GOE iron formations (Planavsky
et al., 2010). These features suggest that the ancient ocean
at that time was redox-stratified, from oxic shallow waters to
deeper anoxic waters. This marked redox stratification con-
trasts with the widespread, low-oxidizing potential that existed
in the pre-GOE ocean. The presence of consistently positive
Eu anomalies is also important, indicating that the global
ocean was dominated by a high-temperature hydrothermal
flux at that time. Episodic delivery of Fe from hydrothermal
fluids into the oceans could have had dramatic impacts on
ocean productivity and ecosystem structure.

Deposition of the Yuanjiacun BIF occurred sometime dur-
ing the GOE, but predates the largest positive carbon isotope
excursion in Earth’s history, the 2.22 to 2.11 Ga Lomagundi
Event, which appears to be related to high burial rates of
organic carbon and associated oxygen release to the atmos-
phere (e.g., Schidlowski et al., 1976; Karhu and Holland, 1996;
Bekker et al., 2001; Bekker and Holland, 2012). The gaps in
the record of major Superior-type iron formations deposition
at 2.3 to 2.2 Ga closely coincide with inferred pauses in global
plate tectonic activity (Silver and Benn, 2008; Condie et al.,
2009). The diagnostic REE pattern and geologic features
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observed in the Yuanjiacun BIF may, therefore, indicate that
significant parts of the shallow oceans were already oxygen-
ated by ~2.3 Ga and that Fe(II) was soluble only in lower
reduced waters of local basins overwhelmed by a relatively
intense hydrothermal flux of reduced components such as Fe,
Mn, and H,S.

During the Lomagundi carbon isotope excursion, sedimen-
trary sequences such as those containing hematitic oolites and
hematite-rich sandstones in South Africa (e.g., Silverton For-
mation; Schweigart, 1965) and on the Kola Peninsula in Russia
(Kuetsjirvi Sedimentary Formation; Akhmedov, 1972a) were
attributed to be deposited in shallow-marine environments.
The BIFs deposited during the 2.22 to 2.11 Ga Lomagundi
excursion include those within the Ijil Group, Mauritania
(Bronner and Chauvel, 1979), and the Lomagundi Group,
Zimbabwe (Master, 1991). The former belongs to the 2.20 to
2.10 Ga Birimian basin in West Africa, which also contains
iron and manganese formations in the Francevillian basin,
Gabon, and in the Nigerian schist belts. The latter developed
within the ca. 2.2 to 2.1 Ga Magondi belt. During the same
time period, several volcanic-hosted iron formations were
deposited in Brazil (e.g., Aimbé Formation, Guarinos Group;
Resende and Jost, 1995; and Itapicuru Complex of the Rio
Itapicuru greenstone belt; Dalton de Souza et al., 2003) and
Norway (Iddjajav’ri Group, Karasjok greenstone belt; Often,
1985).

Immediately after the Lomagundi carbon isotope excursion,
small, volcanic-hosted iron formations in North America (e.g.,
Homestake Iron Formation, Black Hills, South Dakota; Frei
et al., 2008) and Finland (Paakola, 1971; Laajoki and Saikko-
nen, 1977) were deposited in several basins. Oolitic hematitic
ironstone also formed within the Kolasjoki Formation, Kola
Peninsula, Russia (Akhmedov, 1972b). Taken together, these
data are tentatively interpreted as recording dynamic ocean
redox conditions that were constructed in the aftermath of the
GOE, with periodic upwelling of iron into shallow-water set-
tings above storm and fair-weather wave base. Interestingly,
the 2.1 to 2.0 Ga BIF in the Black Hills displays REE patterns
similar to those of the Yuanjiacun BIF, in which both posi-
tive and negative Ce anomalies are present (Frei et al., 2008).
These features in the Black Hills BIF have been attributed to
supergene oxidative processes and the oxygenation of bottom
seawaters (Frei et al., 2008). This explanation has not been
tested so far and requires further consideration.

An exciting, and perhaps unexpected, finding to come out
of recent studies on secular trends in trace metal contents of
BIF (and black shale) is that Earth’s redox fabric may have
been more complicated than previously thought. For example,
Partin et al. (2013a, b) have shown that directly following a
dramatic increase in the oceanic U reservoir during the GOE,
this reservoir decreased significantly after 2.10 Ga, result-
ing in U contents in BIF and shales that are only marginally
higher than those of pre-GOE levels. Given that the oxygen
content of the atmosphere directly controls U supply via oxi-
dative weathering, this decrease in U contents could be due
to a subsequent drop in the level of atmospheric oxygenation
following the Lomagundi Event. It certainly seems plausible
that the burial of organic carbon associated with oxygen pro-
duction during the Lomagundi Event later became an oxygen
sink as the organic matter became oxidized, driving oxygen
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to low levels that may have persisted for hundreds of million
years (Bekker and Holland, 2012; Canfield et al., 2013).

In summary, our observations are consistent with a model
wherein the presence of BIF between 2.3 and 2.0 Ga sug-
gests a redox-stratified ocean during and immediately after
the GOE, and that the presence of hematite granules (Tian
et al., 1986; Zhu et al., 1988) implies a high oxidizing poten-
tial of shallow-water environments. The bottom waters were
reduced and sulphur poor, and Fe(II) that was introduced via
hydrothermal emanations also would have maintained high
iron levels in the waters of local basins.

Conclusions

Integration of sedimentologic, petrographic, geochemical,
and isotopic data indicates that the ~2.38 to 2.21 Ga Yuan-
jiacun BIF formed in the upper oxygenated photic zone of
a predominantly ferruginous deep ocean. Iron could have
been precipitated inorganically through reaction with photo-
synthetically derived free oxygen in shallow waters, while in
deeper water environments, under microaerobic conditions,
chemolithoautotrophic Fe(II)-oxidizing or photoferrotrophic
bacteria facilitated the deposition of ferric oxyhydroxides. The
lateral and vertical facies changes in the Yuanjiacun BIF are
represented by oxide-facies BIF near shore, and carbonate
(siderite)- and silicate-facies assemblages in deeper waters.
The fact that the more ferrous BIF facies formed in deeper
waters (which implies dissimilatory iron reduction via organic
carbon oxidation) suggests that primary productivity was
likely higher offshore than near the continents. Given the low
clastic contribution to the BIF, the source of nutrients for the
plankton might have come from submarine hydrothermal flu-
ids. If these assumptions are correct, then this model further
suggests that the shallow waters were already sufficiently oxy-
genated such that Fe(II) oxidation near shore was not directly
tied to the presence of local cyanobacteria. Results of this
study of the Yuanjiacun BIF therefore might represent direct
proof for the expansion, at ~2.38 to 2.21 Ga, of oxygen oases
into more oxygenated surface oceans.
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