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Abstract To evaluate the mechanics of mid-Proterozoic environmental iron transport and deposition,
we coupled microscale textural and bulk rock magnetic techniques to study the ~1.4-Ga lower Belt

group, Belt Supergroup, Montana and Idaho. We identified a pyrrhotite-siderite isograd that marks
metamorphic iron-bearing mineral reactions beginning in subgreenschist facies samples. Even in the
best-preserved parts of the basin, secondary overprints were common including recrystallization of
iron-bearing sulfides, base metal sulfides, and nanophase pyrrhotite. Despite these overprints, a record of
redox chemistry was preserved in the early diagenetic framboidal pyrite and detrital iron oxides including
trace nanoscale magnetite that remained after sulfidization in anoxic and sulfidic sedimentary pore

fluids. Based on these results, we interpret the Belt Basin as having oxic waters, at least in shallow-water
environments, with no indication of abundant ferrous iron in the water column; this is consistent with the
cooccurrence of early eukaryotic fossils within the same strata.

Plain Language Summary Observing iron chemistry and mineralogy in sedimentary rocks is
one of the primary methods for understanding ancient redox environments; today, iron is poorly
soluble in seawater due its high dioxygen levels, but some iron-based metrics suggest that ocean and
lakes were rich in soluble iron for a billion years after the rise in atmospheric oxygen 2.3 Ga. Using a
novel approach for evaluating iron environmental processes, we analyzed the iron-bearing minerals
within 1.4-Ga rocks and were able to untangle which minerals were primary, containing information
about the ancient environment, and which minerals were secondary, telling the story of later alteration
through fluids carrying new elements into the rock or higher temperatures/pressures from burying
the sediments. Primary detrital iron minerals implied that the Belt Basin waters were oxygenated, at
least in shallow-water environments, contrary to prior work but consistent with the rich fossil record of
eukaryotes in the same strata.

1. Introduction

Understanding redox conditions and processes during Proterozoic time is important for understanding the
emergence of eukaryotes and complex multicellular life since both depend on O, for biosynthesis and
metabolic processes (Embley & Martin, 2006; Summons et al., 2006). Iron is the most abundant transition
metal at the Earth's surface, and observations of its chemistry and mineralogy in sedimentary rocks have
been utilized for decades to understand ancient environmental redox processes as it cycles between +II
and +I1I valence states (e.g., Cloud, 1968). More recently, the bulk sequential extraction technique of iron
speciation has dramatically altered views on Proterozoic geochemistry, revealing a complex picture of pre-
dominately anoxic iron-rich (i.e., ferruginous) conditions with additional oxic and anoxic H,S-rich (i.e.,
euxinic) environments varying in time, geography, and water depth (Poulton & Canfield, 2011; Sperling
et al., 2015). However, postdepositional processes especially diagenetic and metamorphic formation of car-
bonates and iron sulfides can affect iron speciation proxy data (Slotznick, Eiler, & Fischer, 2018). In order
to address these issues, we took an approach that is sensitive to the redox state of iron within samples
while also preserving textural data to understand how and when the iron-bearing minerals formed—
chemical imaging techniques including energy dispersive spectroscopy (EDS) and synchrotron X-ray
absorption spectroscopy paired with sensitive bulk rock magnetics. To gain understanding of postdeposi-
tional processes, we applied these methods to a location with well-known metamorphic gradients: the
mid-Proterozoic Belt Supergroup.
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Figure 1. Map showing extent of the Belt Supergroup in the United States and Canada and prior metamorphic zone contours (Duke & Lewis, 2010) with new
pyrrhotite-siderite isograd based on samples from the lower Belt group shown with mineralogical color coding highlighting iron mobility during low-grade
metamorphism. Stratigraphic nomenclature varies across the sampled formations of the Belt Basin, but they are correlated in broad (in)formally defined groups.
Here stratigraphy representing nomenclature for western Montana and northern Idaho (specifically from Plains, Montana) is shown correlated to stratigraphy
on the east side of Glacier National Park and stratigraphy near the Black Butte Deposit, the latter representing nomenclature for the entire Helena Embayment
(rocks surrounding and east of Helena, Montana). Note the thickening of the sedimentary strata to the west; the western section has a distinct scale bar from
the two eastern sections. Stratigraphic data are from Cressman (1989), Slotznick et al. (2015, 2016), Winston (2007), Winston and Link (1993), and U-Pb zircon dates
of tuffs, sills, and flows are summarized in Evans et al. (2000).

The Belt Supergroup, dated between 1470 and 1401 Ma (Evans et al., 2000), is an extensive mid-Proterozoic
sedimentary succession, exposed across parts of Montana, Idaho, Washington, Alberta, and British
Columbia (Figure 1). Over 18 km thick, it contains a mixture of siliciclastic and carbonate rocks (Winston
& Link, 1993). The strata also preserve a record of the mid-Proterozoic biosphere with diverse microfossils
and macrofossils, some of which are interpreted to be early eukaryotes (e.g., Adam et al., 2017). Regional
metamorphic gradients exist due to burial and contact metamorphism, ranging from sub-biotite facies in
Glacier National Park and the Helena Embayment to garnet facies by Lake Pend Orielle to staurolite facies
near batholiths in Idaho (Duke & Lewis, 2010; Figure 1).

We focused on green, gray, and black shales, siltstones, and sandstones of the lower Belt Supergroup in the
United States, which have been previously studied to understand mid-Proterozoic redox conditions. Based
on sulfate concentrations, sulfur isotopes, nitrogen isotopes, organic-carbon richness, early diagenetic
sulfide-hosted base metal deposits, and basin-wide laminations reminiscent of modern euxinic basins, many
previous studies suggested a stratified euxinic basin with oxic surface waters (e.g., Luepke & Lyons, 2001;
Lyons et al., 2000; Present et al., 2017; Stiieken, 2013). However, contrary to these proxies, iron speciation
results suggested predominantly ferruginous water column conditions with episodic euxinic events
(Planavsky et al., 2011). Extracted iron attributed to carbonate salts and magnetite were the main contribu-
tors resulting in this ferruginous interpretation. Our study sheds light on this geochemical conclusion,
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highlights useful caveats in interpreting iron speciation results, and untangles a complex history of iron
mineralization in this basin to arrive at more accurate paleoredox interpretations.

2. Coupled Textural and Bulk Methods
2.1. Belt Supergroup Samples

A total of 63 samples was analyzed from all units of the lower Belt Supergroup (except the carbonate Altyn
Formation) and the overlying red and green siliciclastic units of the lower Ravalli Group, spanning a range of
metamorphic grades and paleowater depths; photographs, descriptions, and GPS information can be found
in Table S1 and Figure S1 in the supporting information and Slotznick et al. (2015, 2016). Within the sub-
biotite zone, we controlled for mineralogical variations due to lithologic differences by sampling
stratigraphically correlated members of the Appekunny Formation across Glacier National Park
(Slotznick et al., 2016) and focusing on the lower Newland Formation across the Helena Embayment.

2.2. Microscale Textural Analyses

When investigating rocks that have undergone diagenesis and metamorphism, it is necessary to observe
samples at a microscale to connect chemistry and mineralogy with petrographic textures within the rocks
and to ordinate mineralization using crosscutting relationships. First, all samples were made into thin or
thick sections and studied using transmitted and reflected optical microscopy. Further petrographic obser-
vations were made on select samples in the Caltech GPS Division Analytical Facility using the Zeiss
1550VP field emission scanning electron microscope with a Robinson-type backscatter electron detector
for imaging. This instrument contains a paired Oxford X-Max SDD X-ray energy dispersive spectrometer
system used to determine X-ray spectra of elemental abundance and HKL electron backscatter diffraction
(EBSD) system used to determine structural information. Quantitative chemical information for formula
derivation was determined using a JXA-8200 electron probe microanalyzer (EPMA).

In addition to these more conventional textural analyses, we used Caltech's ultrahigh resolution scanning
SQuID microscope to create 2-D images of the magnetic field (sensitivity of 0.1 nT) at a resolution of
40-130 pm after giving samples a saturation magnetization in order to identify ferromagnetic minerals
texturally. We also performed synchrotron-based X-ray spectroscopy at the Stanford Synchrotron
Radiation Lightsource. High-energy X-ray fluorescence (XRF) imaging was performed on thin and thick
sections using energies from 20,200 to 10,000 eV at beam line 10-2 to characterize elemental abundances
including trace metals over large regions in 30- to 35-um pixels. Standards for quantification were run at
each beam time session with the same collection parameters. Synchrotron-based X-ray absorption near-edge
spectroscopy (XANES/XAS) was paired with XRF and elemental imaging using beam lines 14-3 and 2-3 at
energies centering around the sulfur absorption edge (2,472 eV) and the iron absorption edge (7,112 eV),
respectively. XANES was performed in fluorescence mode at specific 2- to 4-um-sized spots to determine
the chemical form of elements (oxidation state, orbital electronics, type, and number of neighbors).
Differences in the shape and K-edge of these absorption spectra can distinguish between a wide range of
Fe- and S-bearing minerals (Fleet, 2005; O'Day et al., 2004). Chalcopyrite and pyrrhotite have sufficiently
similar S K-edge spectra that high-energy XRF and EDS were applied to confirm the presence of these miner-
als. Additionally, XRF maps were collected at multiple excitation energies over the XANES spectrum, and
images differentiating between phases, coordination environment, and redox state were created by fitting
the endmember spectra of different minerals from the sample to the XRF maps (e.g., Mayhew et al.,
2011). The six to seven energies chosen for S XRF maps were 2,469.5, 2,470 (not always used), 2,471,
2,472.5, 2,476, 2,482.5, and 2,490 eV and for Fe XRF maps were 7,115, 7,120, 7,122, 7,125, 7,127, and
7,130 eV. At beam line 14-3, the monochromator energy was calibrated by setting the first thiol peak of a
sodium thiosulfate powder to 2,472.02 eV. At beam line 2-3, the monochromator energy was calibrated by
setting the inflection point of a metallic Fe foil to 7,112 eV. XRF elemental maps were processed using the
MicroAnalysis Toolkit (Webb, 2011), and XAS data were processed using SIXPACK (Webb, 2005).

2.3. Rock Magnetic Experiments

On the same sample used for textural analyses and/or on a neighboring specimen, nondestructive bulk rock
magnetic experiments were performed to observe fundamental magnetic properties that can distinguish
between different magnetic minerals (e.g., Peters & Dekkers, 2003). Rock magnetic experiments were
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performed on all samples at the Caltech Paleomagnetics Laboratory using a 2G Enterprises SQuID
magnetometer following the RAPID protocols and analyzed using the RAPID Matlab scripts (Kirschvink
et al.,, 2008). Our protocol includes measurements of alternating field demagnetization of the natural
remanent magnetization, rotational remanent magnetization acquisition and demagnetization (Potter &
Stephenson, 1986; Snowball, 1997; Suzuki et al., 2006; Thomson, 1990), anhysteretic remanent magnetiza-
tion acquisition and demagnetization, isothermal remanent magnetization (IRM) acquisition and demagne-
tization (coercivity spectra; Heslop et al., 2002; Robertson & France, 1994), and backfield IRM acquisition. At
the Institute for Rock Magnetism at the University of Minnesota, hysteresis loops and direct current demag-
netization measurements were also measured on all specimens at room temperature using a Princeton
Measurements Vibrating Sample Magnetometer in order to characterize mineralogy (e.g., Roberts et al.,
2006; Tauxe et al., 1996), grain size, and magnetite abundance. Using the Quantum Designs Magnetic
Property Measurement System at the Institute for Rock Magnetism, select samples were cooled to 10 K
under a variety of applied fields to confirm the presence of ferromagnetic minerals using unique low tem-
perature transitions (e.g., Aubourg & Pozzi, 2010; Besnus & Meyer, 1964; Frederichs et al., 2003; Liu et al.,
2006; Rochette et al., 1990; Verwey, 1939). Specifically, each sample was cooled in a 2.5-T field from 300
to 10 K, then the field was turned off, and remanence measurements were made upon warming (field-cooled
low-temperature saturation IRM). Next, the sample was cooled to 10 K with no applied field, at 10 K it was
pulsed with a 2.5 T field, and then remanence measurements were made upon warming (zero-field-cooled
low-temperature saturation IRM). Finally, the sample was pulsed with a 2.5-T field at 300 K before cooling
to 10 K and warming back to 300 K during which remanence measurements were collected (room tempera-
ture saturation IRM).

2.4. Results

Mineralogical results from the lower Belt Supergroup samples are summarized in Figure 1 with additional
minerals listed in Table S2. The detailed rock magnetic data, presented in Figures S2-S4, and XANES data
(Figure S5) were utilized to make these mineral identifications. Additional identifications were made using
EDS, EBSD, and EPMA—examples of these microscale textural analyses including multiple energy XRF
maps can be seen in Figures S10-S18.

3. Metamorphic and Diagenetic Overprints

By analyzing correlated strata across known metamorphic gradients, we were able to demarcate a new iron-
mineral isograd, as well as note changes to other iron-bearing minerals that occurred through progressive
diagenesis/metamorphism. Recognized in both Glacier National Park (Slotznick et al., 2016) and in the
Helena Embayment, pyrrhotite and siderite appear only in lower Belt rocks in the western halves of these
subbasins (Figure 1). Abundant pyrite, but no pyrrhotite, is present in the lower Belt units to the east of
the isograd, suggesting a metamorphic transformation. Pyrrhotite formation can begin at 75-200 °C from
the metamorphic transformation of pyrite and either desulfurization or the addition of iron from neighbor-
ing iron-bearing minerals or from externally supplied iron-rich fluids (Hall, 1986; Kissin & Scott, 1982).
Similarly, siderite identified magnetically using its diagnostic low-temperature transition (Housen et al.,
1996) is only found in samples in the western halves of Glacier National Park and the Helena
Embayment, while Fe-rich dolomite was identified chemically using EDS and EPMA across these subbasins
(Tables S2 and S3). Small, submicron domains of siderite appear to have formed as iron was repartitioned in
carbonates or was added from iron silicates, iron sulfides, or iron-rich fluids during burial metamorphism
(e.g., French, 1973; Kholodov & Butuzova, 2008). Based on textures and mode of occurrence, we interpret
pyrrhotite and siderite as secondary products resulting from burial metamorphism. The pyrrhotite-siderite
isograd occurs well below the biotite zone, highlighting that these iron mineral reactions occurred in rocks
of very low metamorphic grade (<350 °C, 2.0-2.5 kbar; Duke & Lewis, 2010; Eslinger & Savin, 1973)—in
rocks that would not be typically considered “metamorphosed.”

Pyrrhotite and siderite were also observed through the biotite zone/greenschist facies rocks (Duke & Lewis,
2010) further west in the basin. Additional iron mineral transformations were indicated by the appearance of
iron calcium aluminosilicates (epidote or pumpellyite) and iron titanium oxides with trace Mn (ilmenite or
titanomagnetite; Figure 2c). The textural data suggest metamorphic formation of these phases from Fe-rich
dolomite and titanium oxides, respectively, due to their decreased occurrence in western samples (Table S2)

SLOTZNICK ET AL.

3117



Geophysical Research Letters 10.1029/2018GL081496

LUHNENER

Figure 2. Textural examples from lower Belt samples using backscatter electron imaging, reflected light microscopy, or energy dispersive X-ray spectroscopy
overlain on backscatter electron images, all field-oriented unless otherwise stated. (a) Recrystallized framboidal iron sulfides in the Newland Formation
(T095-389), (b) pyrite disaggregated framboids from the Appekunny Formation, east Glacier National Park (GP14-35) with arrow pointing in field up-direction,
(c) FeTiMnO grain and surrounding coarse-grained matrix from the Prichard Formation (BS13-37), (d) small pyrite grains within calcite nodule rimmed by chlorite
with arrows pointing out Fe-dolomite and zoned calcite/Fe-dolomite grains in the Appekunny Formation, west Glacier National Park (GP14-27), (e) dolomite
(Dol) rimmed by Fe-bearing dolomite (Fe-Dol) in the Appekunny Formation, east Glacier National Park (GP14-35), and (f) Fe-bearing dolomite cements in the
Newland Formation (T112-334).

with additional iron sources including silicates, oxides, sulfides, and/or external fluids (e.g., Bishop, 1972;
Ferry, 1988; Muffler & White, 1969). Pyrite recrystallization occurred across the entire Belt Basin, as most
of the pyrite occurs in large euhedral grains crosscutting fine-grained sedimentary particles and matrix
minerals (e.g., Figures S12 and S17). However, there is a notable increase in grain size to the west, seen in
both the matrix minerals and in the iron oxides and sulfides (from <50 pm to >1 mm, compare Figures
S10-S12 to S13-S15 to S16-S18). Rock magnetic analyses also revealed the recrystallization of magnetite
into other ferromagnetic minerals with increasing metamorphism (Figure S2), highlighting the mobility
of iron in greenschist facies rocks.

Quantitative analysis of synchrotron XRF maps highlighted similar amounts of iron and base metals across
the basin (Table S4 and Figures S6-S9); this is consistent with the redistribution of metals by the pervasive
diagenetic basinal brines identified in previous studies (Gonzalez-Alvarez & Kerrich, 2010; Gonzélez-
Alvarez et al., 2006). Even in the sub-biotite zone, electron and X-ray spectroscopy identified common Cu,
Pb, Zn, and Ag sulfide-bearing minerals (Figures S10-S18). Multiple sulfide phases often occur within the
same sedimentary nodule emphasizing that recrystallization of pyrite incorporated trace metals. Chlorite
and calcite rims observed around base-metal-bearing pyrrhotite and pyrite nodules on the west side of
Glacier National Park (Figures 2d and 3) highlight additional redox reactions that moved iron from
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Figure 3. Textural analysis of sample GP12-8, west side of Glacier National Park revealing a metamorphic pyrrhotite recrystallized nodule with chalcopyrite
and sphalerite inclusions and later chlorite replacing part of the original nodule. (a) Reflected light microscopy, (b) energy dispersive X-ray spectroscopy,

(c) multiple energy X-ray fluorescence maps fit using X-ray absorption near-edge spectra (Figure S13) at sulfur energies and (d) at iron energies, (e) electron
backscatter diffraction point mineral identifications on backscatter electron image (patterns in Figure S13), and (f) electron probe microanalyzer point mineral
identifications on backscatter electron image (exact formulas in Table S3).

sulfides to silicates and carbonates. To the east of the pyrrhotite-siderite isograd, rock magnetic experiments
identified nanophase pyrrhotite (i.e., pyrrhotite below the micron-size-threshold for ferromagnetism) in
almost all lower Belt samples (Figure 4a) suggesting metamorphic pyrrhotite formation had begun in
small domains within pyrite. The movement of iron from pyrite to other phases—or out of the system
entirely—will affect iron speciation data and complicate interpretations of paleoredox (Slotznick, Filer, &
Fischer, 2018).

We observed substantial amounts of Fe-bearing dolomite within the Helena Embayment and Glacier
National Park in addition to the siderite in western samples, and textures indicated that these phases are
space-filling cements or secondary diagenetic transformations with zonation related to burial diagenesis
(Figures 2d-2f). Therefore, we interpreted the Fe-bearing carbonates in the best-preserved lower Belt sam-
ples as indicative of a suite of postdepositional processes—there are no textural observations that indicate
the formation and transport of these phases in the water column. Their presence skews iron speciation
results toward incorrectly implying ferruginous conditions (Slotznick, Eiler, & Fischer, 2018).

4. Primary Mineralogy and Paleoredox Processes

With an appreciation for the substantial suite of processes that altered iron mineralogy after deposition in
the Belt Basin, we focused on the least-metamorphosed and least-altered samples to elucidate the primary
mineralogy and paleoredox conditions during deposition. Pyrite is present in almost all of the sampled lower
Belt rocks, although it is often recrystallized with its petrogenesis uncertain. However, in the best-preserved
rocks of the lower Belt group, there are small aggregates of euhedral pyrite grains similar to the pyrite
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Figure 4. Rock magnetic measurements on samples where magnetite is the predominant ferromagnetic mineral. (a) Measurements after room temperature satura-
tion magnetization (RTSIRM) during cooling and warming as well as measurements upon warming of low temperature saturation magnetization after either
cooling in a field or cooling in zero field on a sample from the east side of Glacier National Park (GP12-1) identify magnetite and suggest the presence of nanophase
pyrrhotite (also Figures S3b and S3e). (b) Day Plot for grain size implies that most of the magnetite is pseudo-single-domain (PSD, 0.1 to 20 um; Day et al., 1977;
Dunlop, 2002). (c) Fuller test for nature of magnetization distinguishes whether the natural remanent magnetization (NRM) is a weak detrital magnetization or
a stronger authigenic chemical magnetization based on comparison to experimental magnetizations and empirical calibrations (Fuller et al., 2002); it highlights
that most of the magnetite is detrital in the GNP and HE regions whereas a metamorphosed, garnet zone sample from Idaho as well as one from the Black Butte
Deposit have authigenic magnetite. Mag. = magnetization; SD = single-domain; MD = multidomain; SP = superparamagnetic; M5 = remanent saturation
magnetization; Mg = saturation magnetization; H., = coercivity of remanent magnetization; H. = coercivity; GNP = glacier National Park; HE = Helena
embayment; IRM = isothermal remanent magnetization; ARM = anhysteretic remanent magnetization.

framboids known to grow in modern organic-rich sediments (Figures 2a and 2b). Further, based on modern
surveys and hydrodynamic calculations of suspension and settling (Wilkin et al., 1996), their large size
implies these pyrite textures formed in sedimentary pore fluids. Other macroscopic and microscopic
textures such as differential compaction, pyritic debris flow clasts, and detrital pyrite tube structures
emphasize the early timing of pyrite mineralization (Figure S19; Present et al., 2017).

One of the most interesting results was the ubiquity of magnetite in all samples from the lower Belt (other
than the red Appekunny Member 1) based on rock magnetic analyses (Figures 4 and S2-S4). In many sam-
ples from the east side of the Glacier National Park and Helena Embayment regions, magnetite is the only
ferromagnetic mineral present other than minor goethite from surface weathering (Table S2, exceptions
include massive sulfide zones and red strata). A Day Plot of the magnetite-bearing samples indicated that
the magnetite grain size is typically between 0.1 and 20 pum (pseudo-single-domain; Day et al., 1977;
Dunlop, 2002; Figure 4b). The Fuller test results indicated that the magnetite in these regions is detrital
in origin (Fuller et al.,, 2002; Figure 4c). Magnetite abundance, calculated by comparing the mass-
normalized saturation magnetization with that of pure magnetite (Klein et al., 2014), in all lower Belt sam-
ples is approximately 1-8 ppm (Table S5); this is much lower than the 0.08 to 0.7 wt% magnetite inferred
from the iron speciation extraction for magnetite in samples from the same formation (Planavsky et al.,
2011; see supporting information; Algoe et al., 2012; Burton et al., 2006; Raiswell et al., 2011; Reinhard
et al., 2009; Reuschel et al., 2012; Slotznick, Swanson-Hysell, & Sperling, 2018). We therefore interpret
the magnetite as detrital grains that remained after incomplete reaction with porewater sulfide to form
pyrite. Directly overlying the lower Belt strata, the Grinnell Formation and the Spokane Formation are
large deposits of shallow-water hematite-rich siltstone and shale; Appekunny Member 1 within the lower
Belt also contains strata rich in ferric phases. Paleomagnetic field tests indicate that these phases are syn-
depositional (Elston et al., 2002) and highlight the oxic nature of shallow-water environments in the Belt
Basin. Based on our analyses, detrital magnetite also served as an important flux of highly reactive iron to
the basin; its preservation suggests water column and pore fluid chemistry was not rich enough in either
H,S to scavenge all of the highly reactive iron to form pyrite or ferrous iron to recrystallize the detrital
magnetite to chemically precipitate authigenic magnetite (Canfield & Berner, 1987; Skomurski et al.,
2010) although protection of the magnetite by armoring could aid in preservation as well (Chang et al.,
2016). Early diagenetic pyrite framboids and Fe-dolomite diagenetic cements in the lower Belt samples
highlight the presence of anoxic and sulfidic pore fluid conditions; these euxinic conditions potentially
extended into deep portions of the water column in downdip settings in the Helena Embayment and
further to the west.
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5. Implications for the Biosphere

Our detailed microscale textural and bulk magnetic case study of the mid-Proterozoic Belt Supergroup high-
lights the value of chemical imaging and rock magnetic techniques to peel away metamorphic and diage-
netic alteration to assess primary mineralogy and paleoredox processes. The oxygenated waters suggested
by our results would have been able to support the early eukaryotic biosphere fossilized in the same strata
(Adam et al., 2016; Adam et al., 2017). Almost all eukaryotes today contain mitochondria, and comparative
biology of extant groups suggests that this was also true of their last common eukaryotic ancestor (Embley &
Martin, 2006). Mitochondrial electron transport chains are anchored in a very high-potential version of aero-
bic respiration by A-family heme-copper O, reductases (Wikstrom et al., 2015). This mitochondrial aerobic
respiration pathway is at home in oxic environments (>0.01 present atmospheric O, levels; Fenchel &
Finlay, 1995).

Although it is expected that ferrous iron would dominate the compositions of seawater in the absence of life
(Walker & Brimblecombe, 1985), upon the rise of atmospheric O, ~2.3 Ga, riverine input of detrital iron
oxides and sulfate would have increased substantially as seen in the Belt Supergroup (this study; Present
etal., 2017). Due to sulfate reduction outpacing iron delivery, all large modern anoxic basins are also sulfidic,
for example, the Black Sea and Cariaco Basin (Lyons & Severmann, 2006). Our study suggests iron delivery
and dissolution chemistry in the Belt Basin was very similar to water bodies today and deep waters could
have become anoxic and euxinic, but there is no indication of abundant ferrous iron in the water column.
The often complex petrogenesis of carbonates, a common mineral in the fine-grained rocks typically targeted
for iron speciation, means iron-bearing carbonates do not necessarily indicate a ferruginous water column. If
the processes responsible for iron mineralization in the Belt Basin are common to sedimentary basins, then it
might be valuable to reexamine specific data sets throughout Earth history to test ferruginous redox interpre-
tations and revisit hypotheses that invoke dominant ferruginous conditions during mid-Proterozoic time.
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