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Fluctuations in Precambrian atmospheric
oxygenation recorded by chromium isotopes
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Geochemical data1–4 suggest that oxygenation of the Earth’s atmo-
sphere occurred in two broad steps. The first rise in atmospheric
oxygen is thought to have occurred between 2.45 and 2.2 Gyr
ago1,5, leading to a significant increase in atmospheric oxygen con-
centrations and concomitant oxygenation of the shallow surface
ocean. The second increase in atmospheric oxygen appears to have
taken place in distinct stages during the late Neoproterozoic era
( 800–542 Myr ago)3,4, ultimately leading to oxygenation of the
deep ocean 580 Myr ago3, but details of the evolution of atmo-
spheric oxygenation remain uncertain. Here we use chromium
(Cr) stable isotopes from banded iron formations (BIFs) to track
the presence of Cr(VI) in Precambrian oceans, providing a time-
resolved picture of the oxygenation history of the Earth’s
atmosphere–hydrosphere system. The geochemical behaviour of
Cr is highly sensitive to the redox state of the surface environment
because oxidative weathering processes produce the oxidized
hexavalent [Cr(VI)] form. Oxidation of reduced trivalent
[Cr(III)] chromium on land is accompanied by an isotopic frac-
tionation, leading to enrichment of the mobile hexavalent form in
the heavier isotope. Our fractionated Cr isotope data indicate the
accumulation of Cr(VI) in ocean surface waters 2.8 to 2.6 Gyr ago
and a likely transient elevation in atmospheric and surface ocean
oxygenation before the first great rise of oxygen 2.45–2.2 Gyr ago
(the Great Oxidation Event)1,5. In 1.88-Gyr-old BIFs we find that
Cr isotopes are not fractionated, indicating a decline in atmo-
spheric oxygen. Our findings suggest that the Great Oxidation
Event did not lead to a unidirectional stepwise increase in atmo-
spheric oxygen. In the late Neoproterozoic, we observe strong
positive fractionations in Cr isotopes (d53Cr up to 14.9%),
providing independent support for increased surface oxygenation
at that time, which may have stimulated rapid evolution of
macroscopic multicellular life3,4,6.

The mobile Cr(VI) anion (HCrO4
2) is the most thermodynamically

stable Cr form in equilibrium with present-day air. Oxidation of
Cr(III) to Cr(VI) in soils depends upon the co-occurrence of Cr(III)
(bound most commonly as FeCr2O4) and manganese oxides (catalys-
ing Cr(III) oxidation). Once mobilized during oxidative weathering,
Cr(VI) is mobile as either chromate (CrO4

22; alkalic pH) or bichro-
mate (HCrO4

2; acidic pH) ions, entering the oceans via riverine trans-
port7. There is a considerably smaller input of Cr from atmospheric
and hydrothermal vent sources. In today’s oceans, total dissolved Cr
concentrations are in the range of 2 to 10 nM with a relatively short
residence time of ,2.5 to 4 3 104 years8.

Cr(VI) can be reduced to Cr(III) by microbes9 and by aqueous
Fe(II) or Fe(II)-bearing minerals10 (see equation (1)). Indeed, the
oxidation of Fe(II) (aq) by Cr(VI) proceeds faster than with oxygen,
even under well-aerated, high-pH conditions11. This means that in
the presence of Fe(II), Cr(IV) is efficiently reduced to Cr(III). The

Cr(III) is subsequently and effectively scavenged into Fe(III)–Cr(III)
oxyhydroxides12 owing to the very low solubility of Fe,Cr(OH)3

solids13. Some Cr(III) can be regenerated and lost from sediments
as a result of Fe oxide reduction, but, as on land, the Cr(III) is
reoxidized rapidly14 to Cr(VI) in a catalytic reaction with MnO2

(ref. 7):

Cr(VI) (aq) 1 3Fe(II) (aq) R Cr(III) (aq) 1 3Fe(III) (aq) (1)

At equilibrium, the Cr(VI)O4
2– anion is enriched by up to 7% at

room temperature in 53Cr compared to coexisting compounds con-
taining Cr(III) (we use the delta notation relative to the certified
National Bureau of Standards Cr reference standard SRM 979,
defined as d53Cr 5 1,000 3 [(53Cr/52Cr)sample/(

53Cr/52Cr)SRM 979)2 1)
(see ref. 15). Therefore, subsurface aqueous environments will have
positive d53Cr values16. Although the isotopic composition of Cr in sea
water has not yet been measured, the positive groundwater Cr(VI)
signal should be transferred to the sea, because subsequent adsorption
of Cr onto particles (as might occur in soils and rivers) produces no
isotope effect17. The microbial reduction of Cr(VI) generates isotopic
shifts of up to 24.1%, comparable to those produced during abiotic
reduction9,10. This will potentially enrich the heavier isotope in the
remaining, unreacted, dissolved Cr(VI). However, because of the effi-
cient sequestration of Cr(VI) during Cr reduction and subsequent
precipitation of Cr(III) with Fe-oxyhydroxides, the stable Cr isotope
signatures of chemically precipitated Fe(III)-rich sediments should
mirror the sea water from which the Fe oxides precipitated. The
surface chemistry of Cr and its stable isotope geochemistry are
summarized in Fig. 1.

The prerequisite for Cr isotopes to record the presence of Cr(VI) in
sea water is a predominance of dissolved Fe(II), which acts as the
reductant. Therefore, the isotopic composition of Cr in ancient iron-
rich sediments should provide a first-order proxy for the presence of
Cr(VI) in ancient surface waters, and thus the history of the oxidative
weathering of Cr on land. This approach should be relatively insensi-
tive to the type of iron-rich chemical sediments and the palaeoenvir-
onment in which these were deposited.

Oxidation and solubilization of Cr from soils is strongly depend-
ent on the presence of MnO2, which is stable under elevated oxygen
fugacities, so the pathway of Cr to the oceans in the early Precambrian
would have been limited by the absence of Mn(IV) under low atmo-
spheric oxygen pressures. The geochemical behaviour of Cr in sea
water is therefore highly sensitive to levels of atmospheric oxygen (see
Supplementary Information for further details).

We analysed d53Cr values of numerous Precambrian BIFs
(Supplementary Table 1), from which we delineate six stages of Cr
cycling (Fig. 2). During stage 1, comprising BIFs deposited during
the Archaean from 3.7–2.8 Gyr, the d53Cr values are unfractionated
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compared to the Earth’s high-temperature igneous reservoirs18. This
indicates a lack of oxidative continental weathering during most of the
Archaean. In stage 2, during the latest Archaean and before the Great
Oxidation Event (GOE) in the early Proterozoic (,2.8–2.45 Gyr ago),
four out of seven BIFs show positively fractionated d53Cr values of
10.04 to 10.29% (Fig. 2, Supplementary Table 1). We interpret these
enrichments to reflect transient occurrences of slightly elevated oxygen.
This is consistent with Mo concentration and S isotope evidence for
ephemeral surface water (and possibly atmospheric) oxygenation in
the run-up to the GOE1,5,19–22, although our results would suggest that
Cr(VI) was mobilized up to 300 Myr before the GOE.

Stage 3, from ,2.45 to 1.9 Gyr, is defined by rare BIF deposition,
particularly during the GOE itself. This apparent absence of BIFs could
reflect a transition from Fe-rich to Fe-poor oceans. It is interesting that
the BIFs just predating the GOE (the youngest samples in stage 2
deposited about 2.5–2.4 Gyr ago) show little Cr enrichment, and were
presumably deposited just before the GOE and the associated rise in
atmospheric O2. Major BIFs were again deposited in North America,
India and Australia23 at around 2.1 Gyr (our samples come from South
Dakota and the Bastar Craton, Supplementary Table 1). These stage 3
BIFs display some positived53Cr values when compared to the range of
magmatic values and compared to stage 1 BIFs (Fig. 2), and roughly
coincide with BIFs characterized by positively fractionated d56Fe
values2 of sedimentary pyrite, interpreted to reflect an increase in
the precipitation of iron sulphides relative to iron oxides in a redox
stratified ocean. These fractionated Cr isotopes follow the GOE by
some 200 to 300 Myr and would be consistent with concomitant ele-
vated levels of atmospheric oxygenation. However, measured Cr frac-
tionations are lower than the elevated fractionations observed in stage
2, a time where consensus would argue for very low levels of atmo-
spheric O2 punctuated by occasional ‘whiffs’ of oxygen19–21. As we shall
see below, there is evidence that atmospheric oxygen declined after the
GOE. Therefore, lower fractionations in late stage 3 could, in part, have
resulted from a return to reduced oxygen levels.

Indeed, the oldest of our stage 4 samples, which come from the
Gunflint Iron Formation (Ontario, Canada), do not show any
positively fractionated d53Cr values (Fig. 2; Supplementary Table 1).
This is further evidence for a decrease in atmospheric oxygen after
the GOE. Supporting evidence for low atmospheric oxygen comes
from the precipitation of iron oxides in the high-energy near-shore
region as observed in the 1.88-Gyr-old Gunflint Iron Formation24. This
required the transport of dissolved Fe21 over a broad continental shelf
to the palaeoshoreline and atmospheric O2 concentrations no greater
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Figure 1 | Schematic of the surface chemistry of chromium. (1): Oxidation
of Cr(III) in soils is catalysed by MnO2 and positively fractioned Cr(VI)10,16

enters the aquatic phase (groundwater, rivers) mainly as HCrO4
2

complexes, and eventually enters the ocean. (2): Abiotic reduction of Cr(VI)
by upwelling Fe(II)10 is efficient, fast and complete. (3): Subsequent
scavenging of Cr by Fe–Cr oxyhydroxides is a major removal pathway of Cr
into the sedimentary environment. The positively fractionated Cr
(d53Cr < 20.3% to 4.9%; this study) in BIFs and Fe-rich cherts thereby
mirrors the riverine Cr(VI) input. Biotic (bacterial) reduction of Cr(VI) has
recently been reported with Cr isotopic shifts (D53CrCr(III)–Cr(VI)) of up to
24.1% (ref. 9). Adsorption and complexation of Cr(III), and to a lesser
extent Cr(VI), on or with organic and inorganic particles is not accompanied
by Cr isotopic shifts17. Cr(III) input into sea water by hydrothermal vents is
considered small and the Cr isotopic composition of this fraction possibly
reflects the d53Cr values of ,0.15% typical of magmatic high-temperature
reservoirs18. Back-transformation of Cr(III) to Cr(VI) from sediments to sea
water is again only possible when catalysed by MnO2.
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Figure 2 | Graph showing the key aspects of the
Precambrian history of hexavalent chromium in
sea water. d53Cr values (grey filled diamond
symbols) for BIF versus age (22 localities in total;
high values up to 14.9% from Neoproterozoic
Fe-rich cherts plot outside the graph; data in
Supplementary Table 1). Six stages (separated by
dashed vertical lines) are identified and
compared to the ocean deep water
chemistry27.The light-grey shaded fields depict
the first and second GOE, respectively, as defined
by other redox-sensitive tracers. Open diamonds
designate data from the upper Gunflint Iron
Formation (Ontario, Canada) which is
transitional into the overlying Rove Formation
(detail in Fig. 3). The horizontal rectangular field
outlines the d53Cr values of magmatic Cr(III)-
rich ores and minerals formed under high
temperatures18. Data are reported using the delta
notation relative to the certified National Bureau
of Standards Cr reference standard SRM 979 (see
Methods). Error bars associated with the
individual symbols for d53Cr values are ,0.1%
(2s level; full analytical data are available in
Supplementary Table 1).
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than about 0.1% of the present levels25. Furthermore, we speculate that
reduced oxygen levels may have inhibited the weathering flux of
sulphate to the oceans, encouraging the return of marine ferruginous
conditions and BIF deposition. Does this mean that oxygen concen-
trations were reduced to levels comparable to the early Archaean? We
see no evidence to suggest this. Mass independent sulphur isotope
fractionations persist through the Archaean26, but are not observed
in stage 4 sediments25. We suggest that chromium systematics are very
sensitive to oxygen, but not linearly so, such that factors controlling
MnO2 availability (as it relates to Cr(III) oxidation) might also be
important. More work on these systematics will settle this issue.

Higher 53Cr isotope values are observed during the very final stages
of Gunflint deposition (open diamonds), implying a subsequent
increase in oxygen concentrations (Fig. 3; Supplementary Table 1).
This represents the time immediately before the likely development
of widespread sulphidic oceanic conditions, which are thought to have

persisted throughout much of the Mesoproterozoic27–29. The tradi-
tional explanation for the development of sulphidic conditions calls
for an increase in the flux of sulphate to the oceans (and hence
increased rates of sulphide production by bacterial sulphate reduction)
due to enhanced oxidative weathering of continental sulphide minerals
as a result of the GOE27. It has never been clear, however, why it would
take several hundred million years for the sulphide flux to overwhelm
the hydrothermal Fe(II) flux, thus allowing sulphidic conditions
eventually to develop at ,1.84 Gyr (ref. 29). Our Cr isotope data
implies that atmospheric O2 concentrations fluctuated over this
period, and the onset of sulphidic conditions at ,1.84 Gyr is a con-
sequence of an increased sulphate flux arising owing to a previously
unrecognized rise in atmospheric O2 during the final stages of
Palaeoproterozoic BIF deposition.

Stage 5, between ,1.8 and 0.75 Gyr, comprises the Mesoproterozoic
period in which sulphidic oceans predominated27 and during which
BIF deposition was largely prevented because of the preferential titra-
tion of Fe21 by HS2.

Stage 6 comprises the late Neoproterozoic era between ,750 Myr
and the Precambrian–Cambrian boundary at 542 Myr. BIFs deposited
during this stage include the 755–730-Myr-old Rapitan BIF, deposited
in a glaciomarine setting during the early Cryogenian (‘Sturtian’)
glaciation, and BIF- and Fe-bearing cherts of the ,570–550-Myr-
old Yerbal and Cerro Espuelitas formations (Arroyo del Soldado
Group, Uruguay) which were deposited after the Gaskiers glaciation30.
All of these BIFs record strongly positively fractionated Cr isotopes,
with d53Cr values ranging from 0.9% to 4.9%. These high values
provide independent support for Late Neoproterozoic oxygenation,
which further points to a causal link between this oxygenation and the
emergence of the Ediacara biota3 and bilateral motile animals.

Our Cr isotope record provides new and complementary insights into
the history of Precambrian biospheric oxygenation. The data highlights
fine-scale fluctuations in the oxygenation of the ocean and atmosphere
through time, and we foresee that combining Cr isotope systematics
with information from other redox-sensitive elements, such as C, S, Fe
and Mo, will greatly enhance our understanding of the complex history
of chemical and biological evolution on the early Earth.

METHODS SUMMARY

Individual mesobands of BIF samples were isolated from one-centimetre-thick

slices of hand specimens or drill core pieces and subsequently milled in an agate

mortar. Rock powder aliquots (amounts adjusted to yield 2–5 mg Cr in the final

separate) were spiked with an adequate amount of a 50Cr–54Cr double spike and

digested in HF:HNO3 mixtures in closed teflon vials on a hot plate at 150 uC. The

samples were then taken up in 6 M hydrochloric acid and passed through an

exchange column charged with 6 ml Dowex AG 1 3 12 anion resin to remove Fe.

Oxidation of Cr(III) to Cr(VI) in dilute hydrochloric acid was then achieved by

addition of (NH4)S2O8 as an oxidizing agent on a hot plate at 130 uC. In a second

chromatographic separation, the dilute Cr(VI) solutions were processed over

chromatographic columns charged with Dowex AG 1 3 8 anion resin. Release of

Cr from the anion resin was achieved by reduction to Cr(III) with the help of 2 M

nitric acid and hydrogen peroxide. All Cr isotope measurements were performed

on a IsotopX/GV IsoProbe T thermal ionization mass spectrometer equipped

with eight Faraday collectors that allow simultaneous collection of all four chro-

mium beams (50Cr1, 52Cr1, 53Cr1, 54Cr1) together with 49Ti1, 51V1 and 56Fe1

as monitors for small interferences of these masses on 50Cr and 54Cr. Cr separates

were measured from Re-filaments at 1,000–1,100 uC and loaded with ultraclean

water into a mixture of 3 ml silica gel, 0.5ml 0.5 M H3BO3 and 0.5 ml of 0.5 M

H3PO4. Every separate was analysed up to six times with minimum 52Cr beam

intensities of 400 mV. Data are reported relative to the certified Cr isotope

standard NIST SRM 979 (see online-only Methods). Within-run precisions of

the sample d53Cr values were 60.08% (2s) or better.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Individual mesobands of BIF samples were isolated from one-centimetre-thick

slices of hand specimens or drill core pieces and subsequently milled in an agate

mortar.

For trace elemental analyses, the rock powders were attacked in HBr, dissolved

with HF and HNO3 during addition of HBO3 (ref. 31), and then dried and re-

dissolved in HNO3. Trace-element concentrations were determined by solution

ICP-MS (inductively coupled plasma mass spectrometry) with a Perkin Elmer

ELAN 6100 DRC spectrometer at the Geological Survey of Denmark and

Greenland (GEUS), using international standards for calibration. For a comparison

of GEUS analytical results on some standards with published values, refer to table 1

in ref. 32.

Rock powder aliquots (amounts adjusted to yield 2–5mg Cr in the final separate)

were spiked with an adequate amount of a 50Cr–54Cr double spike and digested in

HF:HNO3 mixtures in closed PFA vials on a hot plate at 150 uC. After drying down,

the residues were taken up in aqua regia and reheated to 170 uC for a couple of
hours to destroy fluoride complexes that may have formed during the digestion.

After renewed drying down, the sample was then taken up in 6 M hydrochloric acid

for the Cr extraction.

We used an anion exchange chromatography technique adapted from previ-

ously published methods33,34 with few modifications to separate the Cr of natural

samples from the other matrix elements. First, because of the high iron contents

of our BIF, we passed the solutions through a cation exchange column charged

with 6 ml Dowex AG 1 3 12 in 6 M HCl to remove Fe. Sometimes we passed the

samples twice over this column to ensure that Fe was removed quantitatively. In

a second chromatographic separation over 1 ml stem columns charged with

Dowex AG 1 3 8 anion resin, we cleaned the Cr fractions collected from the

Fe-cleanup columns in dilute 0.2 M HCl from other rock matrices. This separa-

tion method is based on exchange of chloride ions on the Dowex AG 1 3 8 resin

by the Cr(VI) oxyanions18. After sample digestion and the first cationic exchange

Cr is present in its trivalent (CrIII) form, so oxidation of Cr(III) to Cr(VI) was

achieved using (NH4)S2O8 as oxidizing agent33 on a hot plate at 130 uC. Release

of Cr from the anion resin was achieved by reduction to Cr(III) using 2 M HNO3

and H2O2. The procedure yields for Cr in the above described separation method

varied between 80–90%, and Cr procedure blanks were in the order of 5–10 ng,
which is negligible compared to the amount of Cr separated from the samples

studied herein.

The addition of a 50Cr–54Cr double spike of known isotope composition to a

sample before chemical purification allowed accurate correction of both the

chemical and the instrumental shifts in Cr isotope abundances10,18. With this

method we achieve a 2s external reproducibility of the d53Cr value with 1.5mg Cr

loads of the NIST SRM 3112a standard on our IsotopX/GV IsoProbe T thermal

ionization mass spectrometer of 60.05% with 52Cr signal intensities of 1 V and

of 60.08% for 52Cr beam intensities of 500 mV. The double-spike correction

returns Cr isotope compositions of samples as the % difference to the isotope

composition of the NIST SRM 3112a Cr standard (which was used for the spike

calibration18, so to maintain inter-laboratory comparability of Cr isotope data,

we recalculate our data of natural samples relative to the certified Cr isotope

standard NIST SRM 979 as follows:

d53Crsample (SRM 979) 5 [(53Cr/52Cr)sample/
(53Cr/52Cr)SRM 979 2 1] 3 1,000.

All Cr isotope measurements were performed on an IsotopX/GV IsoProbe T

thermal ionization mass spectrometer equipped with eight Faraday collectors that

allow simultaneous collection of all four chromium beams (50Cr1, 52Cr1, 53Cr1,
54Cr1) together with 49Ti1, 51V1 and 56Fe1 as monitors for small interferences of

these masses on 50Cr and 54Cr. Cr separates were measured from Re-filaments at

1,000–1,100 uC and loaded with ultraclean water into a mixture of 3ml silica gel,

0.5ml 0.5 M H3BO3 and 0.5ml of 0.5 M H3PO4. Every separate was analysed 1–6

times with minimum 52Cr beam intensities of 400 mV, allowing within-run pre-

cision of the d53Cr value of 60.09% or better. To achieve this, we ran the sample

over 120 cycles (grouped into 24 blocks of five cycles each) in static mode, and

integrated over 10 s with 20 s background (baseline) collection at 0.5 AMU on either

side of the peaks. This led to an average analysis time of ,1.5 hours. The final d53Cr

value of a sample was then calculated as the average of the repeated analyses. We

spiked our samples with an aliquot of the double spike used by Schoenberg et al.18

in their study of silicates and oxides of magmatic and metamorphic rocks, and

employed the double-spike correction developed by their group. The external

reproducibility of the NIST SRM 3112a standard over a period of one year, using

the 50Cr/54Cr ratio of Shields35 for mass bias correction, is shown in Supplementary

Fig. 1. Our average 53Cr/52Cr and 50Cr/52Cr ratios for this standard are

0.113452 6 50 p.p.m. (n 5 200, 2s) and 0.0282095 6 151 p.p.m. (n 5 200; 2s),

respectively. These values are indistinguishable from those of the SRM 979 isotopic

standard, which we reproduce at a 53Cr/52Cr ratio of 0.1134502 6 78 p.p.m.

(n 5 100; 2s) and a 50Cr/52Cr ratio of 0.0282089 6 161 p.p.m. (n 5 100; 2s).

This coincidence means we did not have to correct our d53CrNIST SRM 3112a values

to maintain inter-laboratory comparability. The average d53CrNIST SRM 3112a is

20.019 6 0.050% (n 5 32, 2s). The small deviation from the nominal value of

0% is most probably due to a small inaccuracy in the calibration of the Cr isotope

composition of the double spike18.
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