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ABSTRACT OF THE THESIS

Iron Isotopes and Rare Earth Element Patterns of the
Neoproterozoic Fulu Formation, South China:
Implications for Late Proterozoic Ocean Chemistry

by

Elizabeth Goldbaum

Master of Science, Graduate Program in Geological Sciences
University of California, Riverside, August 2014
Dr. Timothy Lyons, Chairperson

The Neoproterozoic Era, from around 1000 to 570 million years ago, witnessed the
widespread deposition of Iron Formations (IFs) in close association with global
glaciations. These IFs record distinct iron isotope and rare earth element patterns that
allow us to reconstruct their depositional environment. The Fulu Formation of South
China is a regional example of a global phenomenon. The Fulu was deposited
immediately following the breakup of the Supercontinent Rodinia, which provided a
restricted rift basin and contributed to an ample supply of iron. Specifically, iron isotopes
and rare earth element profiles point to hydrothermally sourced iron in an oxygen-limited

environment as the major driver of deposition for the Fulu Formation.
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1. Introduction

The Neoproterozoic Era witnessed dramatic climatic changes including a global
freeze that likely glaciated vast portions of the continents and oceans, even at low
elevations and latitudes (Harland 1964; Kirschvink 1992; Hoffman et al., 1998). Plunging
temperatures were likely initiated by the breakup of the supercontinent Rodinia, which
rapidly pulled carbon dioxide out of the atmosphere through extensive weathering
reactions involving newly exposed continental crust (Hoffman 1999). Tied to the
widespread glaciations are Iron Formations (IFs), which record the local and regional
conditions of deposition and can capture isotopic and elemental records that broadly
elucidate seawater chemistry. Neoproterozoic IFs (NIFs) mark a resurgence in large-scale
deep water iron deposition following a billion-year-long mid-Proterozoic lull.

Recent research (Planavsky et al. 2011; Poulton and Canfield 2011; Lyons et al.
2014) has indicated the persistence of ferruginous (iron-rich, oxygen depleted) conditions
throughout much if not most of the Proterozoic, implying that exceptional and likely
episodic iron inputs from glacial and hydrothermal sources were key in stimulating and
sustaining NIF formation, with the latter enhanced at times of low sulfate in the ocean
(Kump and Seyfried 2005).

NIFs are often associated with glaciogenic lithologies (Klein and Beukes 1993;
Klein and Ladeira 2004; Baldwin et al. 2012), and it is generally accepted that the
widespread Neoproterozoic glaciations played a key role in the distribution and

deposition of these [Fs—although the cause-and-effect relationships are not well



understood. Specifically, the environmental conditions, iron sources, and formation
mechanisms leading to NIFs are still highly debated.

NIFs hold great potential as windows to Neoproterozoic ocean chemistry. They
have relatively simple mineralogies dominated by authigenic mineral phases (Klein and
Beukes 1993), making them useful geochemical archives because their mineralogical and
isotopic properties speak to local and regional environmental conditions—and because
the scavenging capacity of primary iron oxides can track ocean chemistry more broadly
(e.g., Bjerrum and Canfield 2002; Konhauser et al. 2007; Konhauser et al. 2009).

Measuring major and trace element compositions, iron isotope properties, and rare
earth element (REE) patterns adds constraints to the depositional model of NIFs. Iron
isotopes (Johnson et al. 2008; Halverson et al. 2011) and REEs have the potential to
indicate ocean redox conditions and iron sources for Banded Iron Formations (BIFs)
(Klein and Ladeira 2004; Baldwin et al. 2011) and IFs (Derry and Jacobsen 1990).

The present study adds to the discussion a uniquely comprehensive sample set
from the Neoproterozoic Fulu Formation of South China with the aim of revisiting the
factors controlling its deposition as well as its regional and possibly global implications.
The Fulu Formation was deposited as glaciers retreated within the Yangze Platform at the
termination of the first global Neoproterozoic glaciation—the Sturtian—and is the
youngest member of the Jiangkou Group, deposited between roughly 720—-663 Ma
(Zhang et al. 2011). We have used iron isotopes, rare earth elements, and trace and major

element chemistry to identify a depositional environment in a restricted rift basin with an



ample supply of hydrothermal iron under partially reducing conditions—with the
possibility of additional iron inputs via glacial sources.

The eventual demise of IFs near the end of the Neoproterozoic Era coincides
generally with increasing, albeit still vacillating, oxygen levels in the ocean and
presumably the atmosphere (Sahoo et al. 2012) and the emergence and diversification of
animals—suggesting an important cause-and-effect relationship among dramatic climate
change, biospheric redox, and the rise of complex life.

2. Background

2.1. Neoproterozoic Iron Formations

Between 717 and 635 Ma, the Neoproterozoic Era likely experienced at least two
episodes of globally extensive glaciations (Hoffman et al. 1998; Hoffman and Schrag
2002; Rooney et al. 2014). Extensive continental ice cover and a suppressed hydrologic
cycle may have limited riverine sulfate delivery to the ocean (Hurtgen et al. 2002), which
would have enhanced iron availability in the anoxic deep ocean. Iron reaches the ocean
through hydrothermal activity, continental weathering, dust deposition, and glacial
debris, among other routes (Raiswell and Canfield 2012). Models of NIFs often provide
evidence of a mixture of hydrothermal and detrital sources of ferrous iron (Cox et al.
2013); however, the relative influence of each can vary among sites.

IFs and specifically BIFs associated with the first and likely largest glaciation are
found all over the world (Klein 2005; Cox et al. 2013) including the Rapitan IF in Canada
(Young 1976), the Urucum IF in Brazil (Klein and Ladeira 2004), and the Chestnut Hill

IF in the United States of America (Gates and Volkert 2004), to name a few. NIFs do not



share the distinct, well defined banding of Archean and Paleoproterozoic BIFs; instead,
banding within NIFs tends to show poorly developed layers of hematite and chert (Cox et
al. 2013). The fractions of iron existing as hematite can reach 50 weight percent, and
organic carbon contents are typically insignificant (Hoffman et al. 2011). Accessory
minerals occur primarily as mica, chlorite, and quartz. Some NIFs, including those in the
Jacadigo Group in Brazil, contain high concentrations of manganese (Klein and Ladeira
2004), although most NIFs are predominantly composed of ferruginous laminated
siltstone.

NIFs are largely associated both spatially and temporally with submarine mafic
volcanoes (Bekker et al. 2010) and are found in basins within the supercontinent Rodinia
as well as rift basins on its margins. NIFs can be linked to the continental rifting of
Rodinia, which occurred between 830 and 740 Ma (Li et al. 2004), based on their
thickness patterns and frequent associations with volcanic rocks (Yeo 1981).
Furthermore, their REE signatures suggest deposition in restricted basins with local
hydrothermal sources of iron (Derry and Jacobsen 1990); the universally high iron and
silica contents of NIFs are consistent with a hydrothermal origin (Gurvich 2006) through
the reaction of seawater with basalt-related sediment (Bischoff and Dickson 1975). It is
also possible, however, that inputs of glacially sourced iron oxyhydroxides contributed to
the elevated concentrations of iron within the Neoproterozoic Ocean (Baldwin et al.
2012), leading to uncertainties about the overarching source-sink relationships. The

glaciers likely scoured the continents and held abundant iron-rich sediments (Swanson-



Hysell et al. 2010), which, in tandem with low sulfate and increased iron input, could
have initiated and maintained a ferruginous Neoproterozoic ocean (Canfield et al. 2008).
Iron oxyhydroxides, the precursor to the iron oxides we find in NIFs, likely
originated from an encounter between dissolved ferrous iron and a local, limited oxidant
(Hoffman et al. 1998), or possibly through oxidation by anoxygenic photosynthesis
(photoferrotrophy) (Konhauser et al. 2002). NIFs may have precipitated during the rapid
retreat of globally distributed glaciers, as seawater newly exposed by melting sea ice
encountered the oxygenated atmosphere (Kirschvink 1992, Klein and Beukes 1993,
Hoffman et al 1998). They may also have deposited during the glaciation, as oxic
subglacial meltwater met the underlying ferrous water (Hoffman 2005). In regions with
thin glacial and sea ice cover, possibly just prior to melting, enough light may have been
able to penetrate the ocean, enabling photoferrotrophy (Garrels et al. 1973; Hartmann
1984; Widdel et al. 1993; Konhauser et al. 2005), which would anaerobically oxidize
ferrous iron by using Fe*" as an electron donor in lieu of H,O, producing ferric iron.
Growing evidence points to a deep ferruginous ocean of the Neoproterozoic Era
(Canfield et al. 2008) with parallel indications of increased dissolved ferrous iron
availability due to the relatively low levels of sulfate (Canfield et al. 2004) and often
limited supplies of the organic matter required by bacteria to reduce sulfate to hydrogen
sulfide, which can remove dissolved iron through pyrite formation. The strong depletion
in sulfate during global glaciations allowed hydrothermal iron to build in concentration
without risk of precipitation as FeS and FeS,. The ocean's low sulfate content likely

created a more iron-rich hydrothermal system, which greatly enhanced iron solubility in



the Neoproterozoic Ocean (Kump and Seyfried 2005), helping to pave the way for NIF
deposition.
2.2. Geologic Setting.

Neoproterozoic formations from South China have much in common with those
from eastern Australia and western Laurentia, leading to hypotheses of one large
Neoproterozoic basin (Eisbacher 1985). According to the “missing-link” hypothesis,
South China likely sat between Western Laurentia and Eastern Australia within Rodinia
(Figure 1) (Li et al. 1995), because of incongruities between crusts of East Australia and
Laurentia, similarities in the Neoproterozoic stratigraphy of South China, southeastern
Australia, and western Laurentia (Eisbacher 1985), and resemblances between crusts of

the Cathaysia Block of southeastern South China and southern Laurentia (Li et al. 2008).

Major rifting during the late mid-Proterozoic to early Neoproterozoic set the
tectonic scene for deposition of Neoproterozoic IFs. Ultramafic volcanic rocks formed
concurrent with the rifting, prior to IF deposition (Zhang et al. 2011). Volcanism, climate,
and sedimentologic controls were conducive to the formation of IFs. The first global
glaciation of the Neoproterozoic, often referred to as the Sturtian Glaciation, also carries
the name Nanhua Glacial Epoch when in reference to glacial rocks of South China (Jiafu
et al. 1987). The Fulu Formation likely deposited in the Nanhua Rift Basin, which was
closely tied to mafic volcanism (Tang et al. 1987). The Fulu is underlain by pebble-
bearing sandy slate and diamictite and was initially considered an interglacial deposit
(Jiafu et al. 1987) until it was reassigned as a waning glacial deposit, with the overlying

Datangpo Formation identified as the interglacial interval (Zhang 2003).



The Fulu Formation is part of the Sinian System on the Yangtze platform in South China
(Figure 2). The passive margin on the Yangtze platform formed as it broke away from the
supercontinent Rodinia.

Between around 1140 and 900 Ma, the Yangtze and Cathaysian plates collided
along the southeastern margin of the Yangtze region (Li et al. 2008). The Nanhua rift
began around 820 Ma at the marginal area of the plate (Wang and Li 2003). Between
830-795 Ma and 780-745 Ma, two instances of volcanic magmatic activity occurred (Li
et al. 2003); the first started just before the rift, peaking immediately prior to the rift, and
the second accompanied the main rifting stage. The Neoproterozoic strata were deposited
within basinal facies in the southeast part of the Yangtze block following the breakup.

The Sinian System is made up of four unconformity-bounded sequences: the
oldest contains the Baizhu and Hetong formations, the next consists of the Sanmenjie and
Gongdong formations, the third is defined by the Chang’an and Fulu formations, and the
youngest sequence comprises the Nantuo tillites and the Doushantuo and
Dengying/Laobao formations of Ediacaran age (Wang et al. 2002). The Chang’an and
Fulu formations are likely correlated with the Sturtian glaciation in Australia, as well as
the last rift phase in southeastern Australia, which took place during the Sturtian period
of glaciation (Preiss 2000). The Fulu formation corresponds to the waning cycle of the
Sturtian glaciation, which likely occurred around 662.4 +/- 3.9 Ma, having lasted around
55 Ma (Rooney et al. 2014).

2.3. Iron isotopes



The magnitude of iron isotope fractionations due to redox changes eclipses all
other fractionations associated with iron cycling (Johnson et al. 2008b). Iron enters the
ocean in a variety of ways, but important to the Neoproterozoic Era are glacial and
hydrothermal routes. Isotope fractionations track processes that control inputs and
outputs of iron to the ocean, including biological cycling and associated redox changes
and mineral speciation (Johnson et al. 2002).

Dissolved surficial ferrous iron is often oxidized by biologic and abiologic
processes that result in ferric oxides, such as hematite, goethite, and magnetite, which
often show enrichments in the heavier iron isotope (Johnson et al 2008a). Aqueous iron
species or minerals that contain solely ferric iron have higher 8°°Fe values than those of
mixed ferric and ferrous iron (Johnson et al. 2008b). For example, samples with hematite
and magnetite that have high 8°°Fe values may have originated from reservoirs
dominated by photosynthetic iron oxidation (Johnson et al. 2004), however, iron isotopes
cannot readily distinguish between biotic and abiotic oxidative pathways because the
fractionations for each are very similar (Anbar 2004).

Although 8°°Fe values cannot reveal oxidative pathways unambiguously, they can
uncover differences in the amount of available oxidants relative to the supply of
dissolved iron (Figure 3) (Li et al. 2013). Ferrous iron emanating from hydrothermal
vents, as well as ferrous iron resulting from dissimilatory iron reduction (DIR), is
characterized by near zero to negative 8 °Fe values, respectively. Upon oxidation, the
resulting iron oxyhydroxides record a new 8 °Fe value reflecting the redox change and,

often, the size of the dissolved iron reservoir. Under partially oxidizing conditions, the



resulting iron oxyhydroxides show high 8°°Fe values relative to the low 8 °Fe of the
residual ferrous pool. The iron oxyhydroxides undergo dehydration to eventually bury as
hematite while maintaining the large initial 8°°Fe value (Li et al. 2013). NIFs
predominately record high 8°°Fe and &°'Fe values, reaching 8°'Fe values of +1.2%o in the
Rapitan (Halverson et al. 2011), suggesting deposition under oxygen-limited conditions
(partial oxidation) possibly in association with a comparatively large marine reservoir of
dissolved iron (Halverson et al. 2011).

2.4. Rare earth elements

Rare earth elements (REEs) often play an important role in efforts to elucidate
marine geochemistry. Specifically, relative concentrations between heavy (HREEs) and
light (LREEs) provide ocean redox constraints (Goldstein and Jacobsen 1988), and
europium and cerium can yield telltale anomalies, relative to average crustal sediments,
under particular source and redox conditions (Elderfield and Greaves 1982). Positive
europium anomalies reflect contributions from high-temperature hydrothermal fluids
(Bau and Dulski 1999), and negative cerium anomalies reflect oxidized marine waters
(German and Elderfield 1990).

Archean IFs are enriched in Eu relative to the other REEs, which means Eu
existed as Eu”" in addition to Eu’"; modern seawater lacks this Eu enrichment (Fryer
1976) because under oxic conditions, hydrothermal vent fluids are a sink for seawater
REEs due to their co-precipitation with Fe oxides (Kamber and Webb 2001). During the
Neoproterozoic, scavenging of divalent Eu from hydrothermal fluids onto iron

oxyhydroxides was likely a major control on limiting the large Eu flux from



hydrothermal vents to the ocean (Derry and Jacobsen 1990). The reducing state of
hydrothermal solutions (Bowers et al. 1985) and the stability fields of Eu species
(Sverjensky 1984) indicate that divalent Eu is the stable form of Eu in reducing
hydrothermal fluids until Eu encounters and is heavily diluted by ambient seawater. Once
Eu is oxidized to Eu’", it behaves similarly to other REEs (Bryne et al. 1988). Marine
REE patterns without a prominent Eu anomaly also reflect inputs of dissolved and detrital

REEs from riverine sources originating from the continents (Elderfield 1988).

Negative Ce anomalies reflect oxic seawater; when oxidized, less soluble Ce*" is
preferentially scavenged by Mn particles, crusts, and nodules (Piper 1974; Elderfield et
al. 1981) and Fe-Mn oxides coating sediment particles, leaving a relative Ce deficiency in
the seawater host. By contrast, suboxic and anoxic waters do not contain noteworthy
negative Ce anomalies because of reductive dissolution of settling Mn-Fe-rich sediments
and can even show positive anomalies marking the preferential transport and release of
Ce from oxic to anoxic waters (German et al. 1991; Byrne and Sholkovitz 1996;
Planavsky et al. 2010).

The modern ocean contains REE patterns that are noticeably HREE enriched,
consistent with the prevailing oxic conditions; light REEs attach preferentially to Mn-Fe
oxyhydroxides and other reactive surfaces because of differences in REE particle
reactivity (Elderfield and Greaves 1982). Overall REE patterns remain fairly constant
throughout time, with the exception of HREE or LREE enrichment as well as europium

and cerium anomalies.
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Hydrothermal plumes often contain an enrichment of up to 1000 times the REE
concentrations of seawater (Michard et al. 1983). REEs within hydrothermal plumes
experience removal processes such as scavenging and co-precipitation onto iron oxides
(Klinkhammer et al. 1983). As the hydrothermal plumes rise above their venting site they
are diluted by the surrounding seawater by a factor of roughly 10,000 and then further
diluted as the plume spreads laterally (Mitra and Elderfield 1994). Iron oxyhydroxides
co-precipitate and scavenge hydrothermally derived REEs; resulting REE patterns show
enrichment in the light REEs and a large positive Eu anomaly (Mitra and Elderfield
1994).

The fate of hydrothermally emitted REEs is dependent on the amount of jointly
released hydrothermal iron. REE/Fe ratios can indicate various scenarios: the vent fluid
REE/Fe can be equal to that of the iron oxide precipitate, the vent fluid ratio can be
greater than the iron oxide REE/Fe, and finally the vent fluid REE/Fe can be less than the
sediment ratio (Olivarez and Owen 1989). These relationships will guide our use of REE
to illuminate conditions of, and controls on, NIF production in South China—as
particularly related to overarching Fe availability and the relative magnitude of
hydrothermal inputs.

When the vent fluid ratio is equal to the iron oxide ratio, it is probable that iron
oxide precipitates are co-precipitating or scavenging REEs quantitatively. If precipitates
remove all the REEs, surrounding seawater remains unaffected. Under conditions in
which the vent fluid REE/Fe is greater than the precipitate REE/Fe, some of the REEs

were able to escape iron oxide scavenging, or the iron content was low enough to limit

11



potential REE removal (Olivarez and Owen 1989). The REEs that emit from
hydrothermal vent sites often do not affect overall REE concentrations within marine
waters because the REEs are entirely scavenged by the iron oxyhydroxides at the site of
venting (Ruhlin and Owen 1986; Olivarez and Owen 1989), especially during the
Neoproterozic Era, which likely saw exceptionally high iron contents in hydrothermal
vents (Kump and Seyfried 2005).

3. Methods and Materials
3.1. Samples

We obtained Neoproterozoic IF and BIF samples from the South China Fulu
Formation. We visited three outcrop localities: the Mengzhai and Fengmu sections in
Sanjiang County, Guangxi Province, and the Jiangkou section in Dongkou County,
Hunan Province. Samples from Jiangkou, Fengmu, and the Mengzhai sections are

denoted as SCF (South China Fulu), SCF — 2, SCF — 3, respectively.

Samples were cut on a diamond saw to remove weathered surfaces. The
homogenous and banded samples were powdered in a ceramic ball mill. A Dremel rotary

tool with a diamond tip was used to target and powder individual bands.

3.2. Mineralogical analysis

X-Ray Diffraction (XRD) was performed at Rensselaer Polytechnic Institute with
a Bruker D8-Discover diffractometer. Powdered samples were loaded onto disks and
analyzed with a Cu sealed-tube X-ray source. Every sample, as well as individual bands

within certain samples, underwent XRD analysis.
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A Nova NanoSEM450 Schottky Field Emission Scanning Electron Microscope
(SEM) at University of California, Riverside, was used to obtain detailed mineralogical
images and compositions. The SEM combines high and low voltage ultra-high resolution
capabilities with low-vacuum, high resolution imaging systems. Integrated Energy
Dispersive X-ray Microanalysis (EDS) and an Electron Backscattered Diffraction system
(EBSD) from Oxford Instruments provided qualitative and quantitative chemical analysis
and image capture. The EBSD used X-ray spectral mapping to identify mineral phases
and map elemental distributions. Sections were prepared for seven samples, including at
least one from each of the three outcrops, and were analyzed on the SEM.
3.3. Total acid digests

100-200 mg of sample powder was combusted in a muftle furnace at 550°C for 8-
12 hours. The ashed sample was then transferred to a 15 ml Teflon vessel along with 5 ml
of concentrated nitric acid and 1 ml of concentrated hydrofluoric acid. Samples were
sonicated and then heated inside a dry-down box at 120 C for at 8 — 12 hours. After the
powders dissolved, the Teflon vessels were uncapped, which allowed the solution to
evaporate, leaving a damp sample residue behind. Aqua Regia was then added to the
Teflon vessels at a ratio of 1 ml of HNO; to 3 ml of HCI. Samples were sonicated and
then heated for 8 — 12 hours. When undigested particles remained after the initial Aqua
Regia addition, the entire Aqua Regia process was repeated. Once the powders were
completely digested, the samples were brought up to approximately 5 ml with 2% HNO:s.
The resulting solutions were analyzed on an Agilent 7500ce ICP-MS at University of

California, Riverside, to determine elemental data.
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3.4. Iron isotope analyses

Processing of digested samples was undertaken in a clean laboratory at the
Laboratory of Geochemistry and Cosmochemistry, Institut de Physique du Globe de
Paris. The digested powders, in 2% trace metal grade nitric acid, were transferred to
Teflon beakers and evaporated to dryness. They were twice acidified with mixtures of
HCI-HNOs and evaporated to ensure that all Fe was in the ferric state before loading on
the resin. All samples were then dissolved in 6 M HCI before the ion exchange
chromatography. The following ion chromatography procedure was performed twice for
each sample to ensure separation of Fe from matrix elements. Bio-Rad Poly-Prep
columns were filled with 1 mL anion exchange resin (AG1-X8 200-400 mesh chloride
form). The resin was cleaned three times with 10 ml H,O and 5 ml 1 M HNO:;. It was
then preconditioned in HCl medium by running 10 ml H,O, 10 ml 0.4 M HCI, 5 ml H,O
and 2 ml 6 M HCI. Half of the sample solution (250 ml) was loaded on the column in 6
M HCI (containing between 10 and 500 mg of Fe). Matrix elements were eluted with 8
ml 6 M HCI, whereas Fe(IIl) is strongly adsorbed on the resin and is quantitatively
retained. Fe was subsequently eluted in 10 ml 0.4 M HCIl, with a procedural yield of
>94%. The Fe blank level of the present procedure has been evaluated by systematic
analyses of one blank in each sample series, prepared as described above but without any
sample powder or solution. The blank was always below 40 ng Fe (average ~30 ng), thus
representing less than 0.4 % of the bulk Fe.

Iron concentrations and isotopic compositions were measured using a Neptune

ThermoFischer MC-ICP-MS (Multiple Collector Inductively Coupled Plasma Mass
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Spectrometer) at the Laboratory of Geochemistry and Cosmochemistry. Isotopic ratios
are expressed using the standard & notation: °°Fe = (*°Fe/’ 4FeSample/S6Fe/54FeStandard—
1)*1000, expressed in per mil (%o) and relative to the IRMM-014 standard, also referred
to as IFG (Anbar 2004)

3.5. Rare earth element analyses

Analyses of REEs were carried out at Yale University on a ThermoElectron Inc.
Element2 inductively coupled plasma mass spectrometer (ICP-MS). Digested solutions in
2% trace-metal grade nitric acid were introduced to the plasma via a Cetac Apex
desolvating nebulizer to minimize isobaric interferences, such as 135Bal60" on 151Eu".
Ba and Ce spikes were aspirated periodically to monitor the formation of Ba and REE-
oxides. Ba-oxide formation was insignificant. REE-oxides constituted less than 4% of the
total REE concentration. 5 ppb of internal standard were added to each sample to correct
for fluctuations of the plasma during analysis. For REE, we used Specpure plasma
solution standards, and background intensities were measured by aspirating 5% HNO3
blanks.

Accuracy of the analysis is conservatively around 10%, and the REE ratios are
likely accurate within 10% based on standard and sample duplicates throughout the
analytical run. REE data were normalized using Mud from University of Queensland
(MuQ), which is a shale composite, because it contains an upper-continental crust value
unaffected by diagenesis.

4. Results and Discussion

4.1. Mineral Compositions

15



Geochemical studies of IFs often emphasize whole-rock approaches, which
include both iron and chert bands in a single sample. For this study, however, we found it
useful to separate the bands for analysis of solution chemistry and mineralogies to better
understand the conditions that gave rise to these unique sediments. We used XRD and
SEM, applied to individual bands, to explore mineralogical relationships in detail.

We identified hematite (Fe’*,03) as the primary iron oxide mineral and quartz
(S10,) as the primary chert layer component throughout all the samples based on XRD
analysis. Hematite has been recognized previously as the predominant iron oxide in NIFs
(Klein and Beukes 1993). Although magnetite (Fe* ,Fe’ 04) was not identified as a
primary mineral in any of the samples, it is likely it to be present in small amounts in
samples of the Jiangkou section, which reacted slightly to a magnet. Magnetite has not
been reported as the primary iron-bearing phase in NIFs except in metamorphosed
deposits (Cox et al. 2013). For example, minor magnetite has been identified in the
Neoproterozoic Chestnut Hill Formation (Gates and Volkert 2004), the Arabian-Nubian
Shield (Ali et al. 2009; Basta et al. 2011), and the Braemar iron formation in South
Australia (Lottermoser and Ashley 2000). These low occurrences of magnetite in NIFs
indicate that they have not encountered much metamorphism.

EBSD analyses on the SEM identified hematite as the dominant iron-bearing
mineral in each sample analyzed, supporting the XRD analyses. EBSD analyses also
provided detailed mineralogical maps from which we could identify specific accessory

minerals such as mica, biotite, albite, and chlorite, which may indicate that the Fulu
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formation incorporated minor amounts of metamorphosed minerals that may have formed
during the rifting of Rodinia, just prior to the Fulu’s deposition.

We processed a representative set of samples, including at least one from each of
the three outcrop localities through SEM EBSD analyses to map their mineralogical
makeup. Among the broadly representative samples chosen, SCF 2-21 contains an iron
oxide-dominated band alongside a thicker, relatively iron-depleted chert band (Figure
4A). Accessory minerals can be identified by the gray levels in Figure 4B; they are
mostly mica, biotite, and chlorite in this sample. The iron-poor layer is almost exclusively
quartz and contains chlorite and biotite as accessory minerals. The bright spots in the
SEM picture in Figure 4B highlight the iron oxide (hematite) minerals; the darkest gray
represents quartz grains, and the varying lighter grays depict the accessory minerals, such
as mica, chlorite, and biotite. The thin section in Figures 4A shows generally poor
banding with darker iron-oxide bands alternating with lighter sandy or silty chert bands.
4.2. Jiangkou Formation

The Jiangkou section is from the base of the Fulu Formation directly overlying
the glacial, diamictite-abundant Chang’an deposits. The section is specifically located at
27°11°36 N, 110°24°51 E and is predominately massive with some rare chert nodules and
beds of diamictite, indicating an interstadial environment. The stratigraphic column of the
Jiangkou (Figure 5A) shows mostly fine-grained siltstone and sandy shale, along with
massive ironstones. The collected samples were mostly homogenous in composition.
None of the Jiangkou samples showed banding, although some sand samples contained

clasts of glacially delivered lonestones. The Jiangkou’s deep water setting likely
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prevented the banding we see in the shallower Fengmu and Mengzhai sections, which
took advantage of variations in the availability of oxygen (Cloud 1973) and light
(Konhauser et al. 2007) as the glaciers retreated at the surface of the ocean.

Redox is the strongest control over the behavior of iron in terms of its isotopic
and mineralogical properties. Iron is soluble in reducing environments as Fe**; reactions
with oxygen cause iron to precipitate out of solution in its Fe*" form either as an iron
oxyhydroxide or iron oxide.

Fer/Al ratios can reveal iron enrichments that strongly suggest iron-rich anoxic
depositional conditions, and these enrichment patterns can be assessed against a baseline
of detrital/continental sources that are often remarkably consistent in terms of their bulk
Fe properties, with Fet/Al ratios close to 0.5+0.1 (Lyons et al. 2003; Lyons and
Severmann, 2006; Raiswell et al., 2008). High Fer/Al ratios seen throughout the samples
argue for syngenetic or authigenic enrichment in the water column or sediments,
respectively. For example, high Fer/Al ratios for the Jiangkou section, often about two
times the values for continental sources, (Figure 5C), when combined with low degrees
of pyritization, are diagnostic of ferruginous (iron-rich, sulfide-poor) depositional
conditions (Lyons and Severmann 2006). In the presence of dissolved sulfides, iron will
precipitate as pyrite or its ‘FeS’ precursors. Figure 5B shows relatively low Mn contents,
from 0.03 to 0.10 weight percent, higher Al concentrations, ranging from 2 to 5 weight
percent, and high iron contents, from 3 to 24 weight percent.

The high §°°Fe values (Figure 5D) point to relatively oxygen-limited conditions in

predomininately ferruginous waters with an ample source of iron (discussed in more
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detail in Synthesis section). More specifically, the large inferred fractionations in the
oxide phases are consistent with partial Fe oxidation, and the positive relationship
between Fer/Al and §°°Fe values (Figure 8B) points to a direct relationship between
reservoir size and resulting fractionations. Higher 5°°Fe values presumably resulted from
an ample pool of iron. We suggest that hydrothermal plumes, with minor input from
glacially delivered iron, likely emitted abundant reduced iron-rich fluids that interacted
with minimal oxygen to form iron oxyhydroxides with high 5 °Fe values. Variations in
8°°Fe values were small, indicating similar iron sources throughout the section and the
likelihood of a persistently abundant Fe reservoir. The positive correlation between Ti
and Al points to inputs of detrital sediments decoupled from the possible hydrothermal
contributions. The high Fe/Al and Fe/Ti ratios are consistent with a hydrothermal source
for iron against a background of detrital sedimentation (Bostrom et al. 1969).

All the samples from the Jiangkou contain positive shale-normalized (SN) Eu
anomalies (Eu/Eu*), calculated as Eusny/0.66Smsny+0.33Tbsn), which considers the
slight positive seawater Gd anomaly (Planavsky et al. 2010). The Jiangkou section lacks
the cross-stratification and ripple marks of the shallow Fengmu and Mengzhai sections,
and shows distinct positive Eu anomalies, ranging from 2.52 to 4.17 (Figure S5E and 9A),
suggesting deposition in a deeper setting with a proximal hydrothermal source.

The Jiangkou samples lacked any significant shale-normalized Ce anomaly
(Ce/Cesny *) (Figures 8A and 9A), measured as (Cesny/0.5Prsn)+ 0.5 Lagn)). Pr
anomalies (Pr/Pr*), calculated by (Prsn)/(0.5Cesn) + 0.5Nd(sn))) work with Ce/Cesny *

to differentiate between positive La and true negative Ce anomalies (Figure 8A) (Bau and
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Dulski 1996; Planavsky et al. 2010). A lack of negative Ce anomalies provide further
evidence for minimal oxygen concentrations during NIF genesis, consistent with our
argument for partial Fe oxidation yielding large Fe isotope fractionations and thus
relatively heavy 8 °Fe values.

4.3. Fengmu Formation

The Fengmu section is located between the Jiangkou and Mengzhai sections at 25°57°29
N, 109°38’17 E and contains abundant sandstone that is dominated by sand grains, fine
grain sizes, and quartz grains with clasts of lonestones. We observed well-defined BIFs,
massive facies, and siderite-rich sands (Figure 6A). Hematite is prevalent throughout the
section with shale layers that reflect the detrital sediment inputs delivered via wind or
rivers. The section is underlain by over 100 m of sand, the upper 100 m of which contains
intervals of lamination.

The Fer/Al content (Figure 6C) is high, as are the 5 °Fe values (Figure 6D), which
indicate abundant iron availability in an oxygen-limited environment. Similarly, the
positive relationship between 8°°Fe and Fer/Al reveals reducing conditions with high iron
contents. Here too we suspect hydrothermal sourcing into an anoxic environment. Figure
6B depicts variations in weight percents of Mn (black squares), ranging from 0.01 to 0.14
wt%, Al (grey circles), incuding values from 2.10 to 5.68 wt%, and Fe (black triangles),
which range from 1.75 to 38.89 wt%.

4.4. Mengzhai Formation
The Mengzhai section is the shallowest deposit—Ilocated at 25°52°01 N,

109°27°39E. The Mengzhai contains a thin, ooid- and calcite-rich carbonate base about
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Imeter thick; very fine sand separates the two main intervals of sample collection.
Banding was prevalent in most of the iron-rich samples, and detrital grains were
extremely fine, bordering on mud-sized (Figure 7A). The samples are very hematite-rich;
the iron-rich bands contained showed the highest Fer/Al ratios and highest °°Fe values
relative to the Jiangkou and Fengmu sections (Figures 6C and D). Samples from the
carbonate base yielded very low 8°°Fe values, which is typical for carbonates, reflecting
low amounts of detrital Fe (Johnson et al. 2008a). Iron oxide samples towards the top of
the Mengzhai section showed a positive correlation between &°°Fe and Fer/Al (Figure
8D)—consistent with the notion of relatively large expressed Fe fractionations under Fe-
replete conditions versus lower net fractionations when Fe is more limiting. Figure 7B
depicts weight percents of Mn (black squares), which ranges from 3.06 to 54.00 wt%, Al
(gray circles), including values 0.07 to 5.74 wt%, and Fe, which ranges from 0.01 to 0.30
wt%.

The REE distribution for the Mengzhai section lacked both a positive Eu anomaly
and a negative Ce anomaly (Figure 7E and 9 B), possibly suggesting glacial sourcing of
reduced iron oxyhydroxides. However, input from glaciers was likely overwhelmed by
input from hydrothermal fluids that experienced significant seawater dilution and/or the
possibility of high REE/Fe vent fluids that emplaced under predominately reducing
conditions. The positive relationship between Ti and Al point to detrital inputs; the high
Fe/Al and Fe/Ti values point to a hydrothermal source of iron that encountered and

incorporated relatively minor amounts of detrital material.
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5. Synthesis
5.1. Iron Isotopes

NIF deposition requires an iron source capable of providing abundant iron; glacial
sources and hydrothermal vents are often implicated because each can provide large
amounts of reduced iron. During dissimilatory iron reduction (DIR) of glacially delivered
Fe(III) from iron oxyhydroxides, microbes use organic carbon as an electron donor to
reduce Fe(IlI), releasing Fe(Il) with 8°°Fe values up to 3%o lower than the initial Fe(III)
(Crosby et al. 2005; Berquist and Boyle 2006). The low 5°°Fe value of DIR-derived
ferrous iron often translates to lower 8°°Fe values in resulting iron oxides (Johnson et al.
2008) (Figure 3).

Hydrothermally delivered iron contains §°°Fe values close to 0%o, perhaps around
-0.23%o (Severmann et al. 2004); however, upon oxidation, Fe(IIl) shows a strongly
positive 8°°Fe value via instantaneous fractionation, with net fractionation also reflecting
the reservoir properties (Figure 3). Isotopic fractionation between the initial Fe*" and the
resulting ferric oxide/hydroxide can be around +1.5%o at room temperature (Johnson et
al. 2008). The oxidation pathway does not define the magnitude of fractionation, since
anaerobic photosynthetic Fe*" oxidation (Croal et al. 2004), acidophilic iron-oxidizing
bacteria mediated oxidation (Balci et al. 2006), and UV-photo oxidation (Staton et al.
2006) do not differ significantly in their resulting 8°°Fe values. In the absence of reservoir
effects, ferric oxide/hydroxides show the maximum fractionation and have 8°°Fe values

that are roughly 1.5%o greater than those of the initial Fe*",
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For the IFs of the Fulu formation, which deposited during the waning period of
the Sturtian glaciation, it is possible that bacterially reduced dissolved Fe(II) oxidized to
Fe(IIT) once the ice withdrew (Baldwin et al. 2011) or the fluids were otherwise exposed
to oxygen or light. However, influence from DIR was likely overwhelmed by input from
hydrothermal vents due to the lack of organic matter (Halverson et al. 2011) and
exceptionally high 8°°Fe values in the Fulu Formation—as further supported by our REE
data at the Jiangkou section.

The observed variations in 8°°Fe values (Figures 5D, 6D, and 7D) throughout the
sections correlate to banding and mineralogies; the iron oxide bands contained higher
8°°Fe values than their chert-rich neighbors. 8°°Fe values throughout the sections were
high, indicating a similar source of iron with persistently low oxygen and high Fe
availability. 8°°Fe variations that track inferred water depths were not as pronounced as
variations in Fer/Al ratios: however, there was a positive relationship between the total
concentration of iron and the 8°°Fe value.

8°°Fe values were obtained for a variety of samples, including individual bands
within BIFs. Trends in the Fengmu section among similar bands, i.e. iron-rich layers
(Figure 6D), showed a slight decrease in 8°°Fe moving up the section, similar to trends
seen in the Rapitan formation (Halverson et al. 2011), likely influenced by slightly more
abundant available oxidants approaching the ocean’s surface. The shallower sections
likely encountered higher contents of oxygen and more direct exposure to light as their
icy cover began to retreat. Our 8°°Fe values concentrated in the positive range, with a few

exceptions in the Mengzhai section between -0.13%o and -0.05%o—predominately in
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samples containing carbonate. Values for §°°Fe were generally high, with extremes
among the iron-rich bands of Mengzhai section BIFs that reach +1.80%o, also seen in
previous research on the Fulu (Bin et al. 2010). The very large 8°°Fe values of the
Mengzhai and Fengmu sections are found within the iron oxide bands of BIFs. The iron-
rich bands contain the highest Fer/Al values of all samples throughout the three sections;
it is possible that these iron oxide bands record periods of intense ferrous iron buildup
during deposition of chert layers, culminating in rapid oxidation as an iron oxide with
minimal available oxygen.

Magnetite may have slightly lowered 8°°Fe values for the Jiankou section within
some samples. Although the deeper Jiangkou setting likely encountered very low oxygen
contents, hematite is isotopically heavier than co-existing magnetite by 0.1-0.4%o in
8°°Fe within individual samples (Li et al. 2013). Positive correlations between Fer/Al and
8°°Fe (Figures 8B and D) imply a positive relationship between high iron concentrations
and low oxygen potentials.

Iron formations should capture the 8°°Fe values of the initial dissolved iron source
when oxidation is complete (Planavsky et al. 2011), as we see near the Rainbow
hydrothermal vent along the Mid-Atlantic Ridge (Severmann et al. 2004). In contrast,
partial oxidation when Fe*" supplies exceed oxygen availability results in large net
fractionations. Specifically, partial microbial and abiotic Fe*" oxidation produces Fe’*
oxides dominated by heavy iron isotopes, and IFs with heavy isotopic signatures likely
reflect abundant hydrothermal iron delivery to sulfur-depleted, oxygen-limited oceans

(Rouxel et al. 2005).
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5.2. Rare Earth Element Patterns

The REE profiles for the Jiangkou (Figure 9A) and Mengzhai (Figure 9B) are
remarkably different. The prominent positive Eu anomaly in the Jiangkou section is
absent in the Mengzhai section, although both sections do not show negative Ce
anomalies. Their shared lack of negative Ce anomalies and their enrichment in lighter
REE:s indicate that they deposited under conditions with minimal oxygen, also evidenced
by the positive 8°°Fe values throughout all the sections and the implicit partial oxidation
of dissolved Fe. Their very different Eu patterns illuminate the different paths the iron
oxyhydroxide particles, the intermediate species between dissolved ferrous iron and final
iron oxides, may have taken upon precipitation from a hydrothermal vent.

High iron concentrations were favored in the Neoproterozoic ocean as a result of
the very minor sulfate content, which elevated the Fe/S; in hydrothermal vents (Kump
and Seyfried 2005). Just prior to the deposition of the Fulu Formation, Rodinia broke up,
supplying the ocean with abundant hydrothermally derived iron (Tang et al. 1987). The
hydrothermally sourced iron may have far out-supplied its co-emitted REEs, leading to
significantly lower vent fluid REE/Fe ratios. Once the entire input of hydrothermal REEs
co-precipitated with the iron oxides or was scavenged by iron oxides, depositing as the
Jiangkou section, excess iron was able to travel further and precipitate in the presence of
seawater-sourced REEs (Olivarez and Owen 1989), leaving the Mengzhai section with a
seawater-like REE profile.

If the REE/Fe ratio of hydrothermal vent fluids were closer to 1, it would indicate

that all iron oxyhydroxides precipitated with or scavenged REEs close to the vent. The
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Jiangkou section deposited in a deep-water setting distant and likely somewhat isolated
from the Fengmu and Mengzhai sections. The prominent Eu anomaly carried by the
samples within the Jiangkou section indicates that hydrothermal iron likely co-
precipitated with and quickly scavenged REEs from hydrothermal fluids, travelling only
a short distance through oxygen-depleted water—resulting in retention of the reduced,
divalent form of Eu and a record of positive Eu anomalies. Eu anomaly values become
more seawater-like with increasing distance from the source (Isley 1995), and so the
strong diluting capabilities of seawater may fingerprint the distance traveled from plume
prior to deposition. By this argument, the Mengzhai section strata was deposited further
from the vent than the Jiangkou section and lost its positive Eu anomaly through seawater
dilution. Positive Eu anomalies have also been identified in the Serid6 Belt in Northeast
Brazil and explained by close proximity to hydrothermal vents in anoxic deep waters
(Sial et al. 2014).

The high Fe/S, ratio of hydrothermal fluids (Kump and Seyfried 2005) lends
support to the notion of a lower vent fluid REE/Fe ratio. The proximal precipitates may
have been able to scavenge all vent-sourced REEs efficiently, with the result that the
Jiangkuo samples captured hydrothermally derived REEs and deposited in a deeper
setting within a short distance from the vent source—yielding a positive Eu anomaly. The
Mengzhai samples, by contrast, bear the signature of hydrothermal Fe but seawater REE
and thus lack a positive Eu anomaly.

Research implicating glacially delivered iron as the primary iron source for the

Neoproterozoic Rapitan formation cites a nonexistent positive Eu anomaly and
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consequent ocean oxygenation to eliminate possible hydrothermal vent fluid inputs
(Baldwin et al. 2012). However, this research fails to identify a negative Ce anomaly,
which would diagnose oxygenation (Baldwin et al. 2012), or explain observed high 5°°Fe
values, which point to oxygen limitation. The Rapitan formation’s lacking Eu anomaly
has been attributed to low temperature hydrothermal fluids, which provide ample ferrous
iron without a positive Eu imprint (Halverson et al. 2011).
6. Future Work

The Jiangkou and Mengzhai sections deposits geographically bookend the
Fengmu section REE analyses are needed for this section to better understand the REE
signatures and their relationships to hydrothermal Fe sourcing. For example, we might
expect intermediate signals given the sections geographic position between the other two.
If the Fengmu section show a slightly diluted Eu anomaly, less than that of the Mengzhai
section, it is likely that seawater dilution played a significant role in determining REE
patterns. However, if the Fengmu lacks any Eu anomaly, similar to the Mengzhai, the
vent fluids would have been exceptionally high in iron relative to REEs and thus able to
supply two of the sections with iron lacking a hydrothermal REE imprint with possible
glacial influences.
7. Conclusion

The Fulu Formation deposited post Rodinia rifting. The rifting phase likely led to
an increase in the iron flux to the ocean that eventually became iron formations. In
addition to the rifting, low riverine sulfate delivery to the ocean resulting from the global

glaciations (Hurtgen et al. 2002), as well as low sulfur availability due removal from the
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surface reservoir via subduction of sedimentary sulfides (Canfield 2004), led to reduced
sulfate levels in the Neoproterozoic and favored redox conditions of midocean ridges
hydrothermal systems that produced vent fluids with very high iron concentrations
(Kump and Seyfried 2005).

Mantle plume events can also stimulate BIF deposition by elevating the iron flux
into the ocean through submarine hydrothermal processes as well as favor the formation
of intracratonic rift basins for deposition (Isley and Abott 1999). The glacially induced
challenge to continental weathering placed a higher importance on hydrothermal sources
of iron, with relatively minor input from glacially sourced iron oxyhydroxides that
underwent dissimilatory iron reduction (Baldwin et al. 2012).

Hydrothermal iron likely sourced the vast majority of iron that made up the Fulu
Formation, with the Jiangkou section bearing the telltale fingerprint of hydrothermally
emitted REEs. The Mengzhai, in its more distal setting, possibly encountered seawater
dilution or domination by seawater REEs that lacked a Eu anomaly. Exceptionally iron-
rich hydrothermal vent fluids would have very low REE/Fe ratios, conducive to forming
a deeper proximal Jaingkou section with a hydrothermal REE pattern and a more distal
Mengzhai section with a seawater REE pattern.

Positive iron isotope signatures throughout the NIFs indicate a partially reducing
environment that was gradually exposed to increasing amounts of oxygen and sunlight as
overlying ice cover waned. Neoproterozoic Iron Formations mark the end of voluminous,
widespread iron formations and hint at the rise of atmospheric oxygen, ocean ventilation,

and the emergence and diversification of animals that followed—albeit still under very
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dynamic redox conditions (Sahoo et al. 2012). Understanding the depositional controls on
NIFs is a crucial step towards illuminating the precise relationships among the final
appearance of iron formations, related tectonic controls, and the ultimate rise in

atmospheric oxygen and proliferation of complex life.
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Figure 1. Possible reconstruction of the supercontinent Rodinia; “Missing-Link” model,

which places South China (the “missing-link”) between East Australia and Laurentia

within Rodinia. From Li et al. (2008)
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Figure 4. Thin section and SEM EBSD images from the Fengmu section (A) Sample SCF
2-21, bar is Smm. (B) Sample SCF 2-21, bar is 50 nm. (B) provides a detailed
mineralogical look at a typical iron-rich layer, represented by the dark lines in (A).
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Figure 5. (A) Stratigraphic column for the Jiangkou section; depth profile constant

throughout each graph. (B) Elemental profiles by weight percent for Mn (black squares),
Al (grey circles), and Fe (black triangles). (C) Fer/Al ratios (black diamonds) (D) 5°°Fe
values (horizontal lines). (E) Ce anomaly values (grey circles) and Eu anomaly values
(black squares).
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Figure 9. (A) Rare earth element pattern for the Jiangkou section; values are normalized
to shale and plotted on a logarithmic scale. (B) Rare earth element pattern for the
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