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ABSTRACT
The oxygenation of Earth’s atmosphere is widely regarded to have played an important role in early-life
evolution. Chromium (Cr) isotopes recorded in sedimentary rocks have been used to constrain the
atmospheric oxygen level (AOL) over geological times based on the fact that a positive Cr isotopic
signature is linked to the presence of Cr(VI) as a result of oxidative continental weathering. However, there
is no direct evidence of the presence of Cr(VI) in sedimentary rocks yet. Carbonates are most widely
distributed over geological times and were thought to have incorporated Cr(VI) directly from seawater.
Here, we present results of Cr valence states in carbonates which show Cr(III) is the dominant species in all
samples spanning a wide range of geological times.These findings indicate that Cr(VI) in seawater was
reduced either before or after carbonate precipitation, which might have caused Cr isotopic fractionation
between seawater and carbonates, or marine carbonates preferentially uptake Cr(III) from seawater. As
Cr(III) can come from non-redox Cr cycling, which also can cause isotopic fractionation, we suggest that
positively fractionated Cr isotopic values do not necessarily correspond to the rise in AOL.
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INTRODUCTION
Several lines of evidence have suggested that at-
mospheric oxygen concentrations first rose during
theGreatOxygenationEvent (GOE) approximately
2.4 billion years ago and a second increase that
likely began in the later Neoproterozoic, known as
theNeoproterozoicOxygenationEvent (NOE) [1].
However, some geochemical data have suggested
that transient rises in the atmospheric oxygen level
(AOL) occurred before and after the GOE as a re-
sult of microbial oxygen-producing photosynthesis
[2,3].

Chromium (Cr) isotopes in sedimentary rocks
are an emerging tool for tracing such changes in
the AOL [2–6]. The use of Cr isotopes to trace
atmospheric oxygenation is based on the fact that
Cr in aquatic systems is dominated by Cr(VI) and
the reduced form Cr(III), which dominates in the
silicate Earth, is relatively insoluble and less mo-

bile [7]. The oxidation of Cr(III) in silicate Earth
systems is highly dependent on the presence ofman-
ganese oxides, which are stable in relatively high-
free-oxygen environments [2]. The oxidation of ig-
neous Cr(III) and the subsequent partial reduction
of dissolved Cr(VI) during transportation can cause
large isotopic fractionation [7]. As a consequence,
the aquatic Cr reservoir would be characterized by
a positive shift in Cr-isotope ratios (reported as
δ53Cr values) from the relatively uniform value of
−0.124 ± 0.101� observed for igneous rocks [8].
Marine sediments could capture the Cr-isotope sig-
nal from seawater; thus, the highly fractionated pos-
itive δ53Cr values preserved in marine sedimentary
rocks should mirror those of the contemporaneous
seawater and further reflect the signal of terrestrial
oxidative weathering [2].

A key point of this model is the generation of
Cr(VI) in oxidative weathering during atmospheric
oxygenation events. However, no direct evidence of
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Table 1. Chromium concentration and isotopic composition of the carbonate samples.

Age (Ma) Sample Crcarbonate (ppm)a Crresidue (ppm)b Crcarbonate/Crtotal (%) δ53Cr (�)c

∼630 WJ705.6 2.63 ± 0.01 10.52 ± 1.05 20.00 ± 1.60 − 0.36 ± 0.05
∼560 12JLW44 7.07 ± 0.04 49.24 ± 4.92 12.56 ± 1.10 0.87 ± 0.05
∼250 XK127 1.22 ± 0.01 8.04 ± 0.80 13.17 ± 1.14 − 0.08 ± 0.05
∼350 BCS-CRM513 3.92 ± 0.02 2.04 ± 0.20 65.77 ± 2.23 1.38 ± 0.05
∼0.83 1460A26F1W110/116 16.21 ± 0.35 4.91 ± 0.49 76.94 ± 2.74 0.65 ± 0.05
∼1440 J1–52.6 1.14 ± 0.01 1.26 ± 0.13 47.50 ± 2.61 − 0.02 ± 0.05

aCr concentration in the carbonate fraction of the samples, expressed as a ratio of the Cr weight in the carbonate fraction to the whole weight of the sample,
determined by the isotope-dilutionmethod.This fraction was leached by 5% acetic acid. bCr concentration in the clast of the sample, expressed as a ratio of
the Cr weight in the clast fraction to the whole weight of the sample, determined by ICP–MS.This fraction consisted of the residue after the 5% acetic-acid
digestion and was fully dissolved by an acid mixture of HF+HNO3. cδ53Cr value of the carbonate fraction.

hexavalent Cr in sedimentary rocks has yet been re-
ported. Laboratory co-precipitation experiments re-
vealed thatCrO4

2− can directly substituteCO3
2− in

a carbonate crystal lattice [9]; therefore, marine car-
bonates are believed to directly incorporate Cr(VI)
in seawater [10], whereas other chemical sediments
in which positive δ53Cr values have been observed,
such as iron formations (IFs), ironstones and shales,
are expected to contain the reduced form Cr(III).
Here, we present Cr speciation in carbonates us-
ing X-ray absorption near edge structure (XANES)
analysis and paired geochemical data to provide new
insights into Cr incorporation in natural carbonates
and the application of its isotopic composition to
probe paleo-redox environment changes.

RESULTS
Six carbonate samples ranging from ∼1.44 Ga
to ∼0.83 Ma in age including one natural car-
bonate standard BCS-CRM513 (with an age of
∼0.35 Ga) were studied for Cr speciation, chemi-
cal composition and Cr isotopic composition (sam-
ple details are given in the Supplementary Data
at NSR online). Rare earth elements and man-
ganese/strontium (Mn/Sr) ratio results indicate
that these samples were likely not influenced byme-
teoric diagenesis and hydrothermal alteration (Sup-
plementaryData).Chromiumconcentrations in car-
bonate fractions of the samples range from 1.14 to
16.21 ppm, within the large variation (from the 10-
ppb level to the 10-ppm level) observed in modern
marine carbonates [10–12]. Because theCr concen-
tration in silicates is much higher than that in car-
bonates, a large proportion of Cr is present in the
clast fraction, despite the weight percentage of car-
bonate fraction being at least ∼80% (Table 1 and
Supplementary Table 1). However, carbonate still
contains≥12.56% of the total Cr (Table 1). The Cr
isotopic compositions (δ53Cr) in the carbonate frac-
tion of these samples range from –0.36� to 1.38�,

and three of the samples have positively fractionated
Cr isotopic compositions (Table 1).

XANES spectra are used to distinguish differ-
ent Cr valence states in carbonates based on the
significant difference in spectra features between
Cr(III) and Cr(VI). A prominent peak at the pre-
edge region occurs when Cr is present as non-
centrosymmetric tetrahedral Cr(VI), owing to the
electronic transition from the 1s orbital to the empty
3d orbital. This transition is virtually forbidden for
Cr(III), which always occurs as a centrosymmetric
octahedral Cr(III)O6 structure [9,13]. In addition,
the energy of the edge crest for Cr(III) is lower than
that for Cr(VI) [9]. These criteria can help to de-
termine the valence of Cr in samples. The XANES
results are shown in Fig. 1. Because only bulk sam-
ple powder can be measured, the spectra should
show the characteristics of the totalCr in the carbon-
ate fraction and the clast fraction. Despite that, the
height of the pre-edge peak forCr(VI) should be lin-
early proportional to the Cr(VI)/Crtotal ratio in the
bulk sample, regardless of the specific coordination
environment and sample matrix (e.g. Fig. 2) [13].
For all our samples, carbonate contains≥12.56% of
the total Cr. Therefore, if Cr(VI) is a major form in
the carbonate fraction, the spectra should have a re-
solvable pre-edge peak, even though the clast con-
tains a large fraction of Cr in the samples. In addi-
tion, all of the Cr(VI) signal should come from the
carbonate fraction as the clast is expected to con-
tain only Cr(III). However, the features of all of
the spectra of the measured carbonate samples are
similar to those of the Cr(III) standard [Cr(OH)3
or CuCr2O4], indicating a very small, if any, con-
tribution of Cr(VI) to the total Cr in these sam-
ples. Specifically, it is clear that the pre-edge fea-
ture, the edge crest and the post-edge peak of the
WJ705.6 (∼0.63 Ga) and 12JLW44 (∼0.56 Ga)
samples all resemble that of the CuCr2O4 standard,
demonstrating that almost all of theCr in these three
samples exists as Cr(III). For the other four sam-
ples, the edge crest and the post-edge peak are
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Figure 1. XANES spectra of the carbonate samples and
the reference materials. The curves show the normalized
spectra of the Cr(VI) standard K2CrO4, the Cr(III) standard
Cr(OH)3, the Cr(III) standard CuCr2O4, Ediacaran carbon-
ate WJ705.6 (∼0.63 Ga) from the Wangji section, Edi-
acaran carbonate 12JLW44 (∼0.56 Ga) from the Jiulong-
wan section, Triassic carbonate XK127 (∼0.25 Ga) from
the Xiakou section, Carboniferous carbonate BCS-CRM513
(∼0.35 Ga) from the Derbyshire section, Quaternary carbon-
ate 1460A26F1W110/116 (∼0.83 Ma) from the IODP site
U1460 and Mid-Proterozoic carbonate J1–52.6 (∼1.44 Ga)
from the Yanshan section. The spectra of the natural car-
bonate samples are smoothed with a three-iteration moving
average because of the relatively poor signal-to-noise ratio.
A, B and C denote the pre-edge features, edge crests and
post-edge peaks, respectively.

similar to those of CuCr2O4 or Cr(OH)3, but
the absorption intensity increases slightly after
∼5989 eV, possibly indicative of a very small
fraction of Cr(VI). However, these features were
likely caused by the poor signal-to-noise ratio
of the spectra. For BCS-CRM513 (∼0.35 Ga),
1460A26F1W110/116 (∼0.83 Ma) and J1–52.6
(∼1.44 Ga), the Crcarbonate/Crtotal is over ∼50%,
suggesting that Cr(III) dominates the carbonate
fraction even if Cr(VI) is present. However, for
XK127 (∼0.25 Ga), it is difficult to assess the pre-
dominant Cr species of the carbonate fraction be-
cause the Crcarbonate/Crtotal is only 13.17% in this
sample.

DISCUSSION
The deposition times of the samples covered the
Mid-Proterozoic, when oxidative Cr cycling is
thought to have been inhibited, and the transition
through the Neoproterozoic to the Phanerozoic,
when Cr(VI) is thought to have dominated Cr
cycling [14]. However, the Cr valence state results
showed that Cr(III) is the dominant Cr species in
carbonates regardless of the δ53Cr value and the
age of the sample, in contrast to the previous view
based on laboratory experiments that chromate in
seawater would be directly incorporated into the
calcite crystal lattice [9]. It is possible that terrestrial
Cr(VI) was reduced in seawater before carbonate
precipitation during oceanic anoxia events, such
as in XK127 (∼0.25 Ga), which was deposited in
the slope environment. However, for three samples
[12JLW44 (∼0.56Ga), BCS-CRM513 (∼0.35Ga)
and 1460A26F1W110/116 (∼0.83Ma)] deposited
in the continental shelves possibly under an oxic
environment and characterized by positive δ53Cr
values, if Cr isotopes in carbonates indeed record
oxidative Cr weathering to some extent and the
primary species of Cr in seawater is hexavalent
Cr, reduction of Cr(VI) is to occur during or after
carbonate formation. Two possible mechanisms
can contribute to this reduction. First, because no
abiotic reduction of Cr(VI) was observed during a
co-precipitation experiment of CrO4

2− with calcite
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Figure 2. Normalized XANES spectra of the Cr(VI) stan-
dard K2CrO4, the Cr(III) standard CuCr2O4 and Cr(OH)3 and
two synthetic calcite samples co-precipitated with CrO4

2−

or Cr3+, respectively. The pre-edge peaks of the synthetic
samples are almost the same as the standards, indicating
that the pre-edge feature of the XANES spectra is a robust
evaluation criterion of Cr valence regardless of the specific
coordination environment and sample matrix.
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[9], we consider the possibility of microbial reduc-
tion. Carbonate precipitation is often associated
with high primary production by phytoplankton.
Previous work has shown that the Cr(III)/Crtotal
value of seawater increases strongly with bacterial
biomass and marine primary productivity, suggest-
ing large-scale photoreduction of Cr(VI) [15,16].
Furthermore, some carbonates consist directly of
biologic skeletons (e.g. corals, foraminifera) and
it has been suggested that marine phytoplankton
preferentially uptake Cr(III) in seawater [17].
Recent studies reported that the δ53Cr values of
marine biogenic carbonates worldwide are system-
atically lower than those of the coexisting seawater,
which might be a result of Cr(VI) bio-reduction
[11,18]. However, biogenic carbonates tend to have
very low Cr concentrations (<0.1 ppm for corals;
<0.5 ppm for most foraminifera and molluscan
shells) [11,18,19], but all of the studied carbonate
rocks had 1.14–16.21 ppm Cr in the carbonate
fraction; thus, the direct contribution of Cr in
skeletons to the carbonate rocks is expected to be
small. Therefore, Cr bio-reduction before or during
carbonate precipitation may not be the main reason
for the absence of Cr(VI) in our carbonate samples.

Alternatively, post-depositional processes might
account for the absence of Cr(VI) in carbonates.
Our samples were not altered by hydrothermal or
meteoric fluids, but the influence from pore wa-
ter during early diagenesis should not be neglected.
A recent study showed that Cr in sedimentary
foraminifera could be mainly post-depositional and
come from bottom/pore water [20]. A similar pro-
cess could also influence non-skeletal carbonates. In
this case, most Cr in carbonates might be directly
taken up in pore water and have been previously re-
duced in the relatively anoxic environment driven
by the microbial decomposition of organic matter.
This is supported by the plot of Cr concentrations in
carbonate fraction versus the total organic car-
bon (TOC) values of our samples (Fig. 3), which
shows a plausible positive correlation and may sug-
gest that organic matter promotes the reduction
of Cr(VI) and then the incorporation of Cr(III)
into the carbonate. Besides, studies on pore wa-
ter have suggested that metastable aragonite and
Mg-calcite can be influenced by dissolution and
recrystallization [21], thus Cr(VI) in the crystal
might be released into the pore water and be
reduced.

In either of the cases discussed above, the re-
duction of Cr(VI) is likely not quantitative in the
relatively oxic carbonate-deposition environment,
and as a result, the carbonates might not faithfully
record the Cr isotopic composition of the contem-
poraneous seawater. Studies on modern marine car-
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Figure 3. Plot of Cr concentrations in carbonate fraction ver-
sus TOC values in bulk samples.

bonates and paired local seawater indicate that car-
bonates have systematically lower δ53Cr values rel-
ative to local seawater [12,18]. A recent study con-
ducted co-precipitation experiments which showed
that Cr(VI) incorporated in calcite is enriched in
light Cr isotopes and the isotopic fractionation is
pH-dependent, which can explain the isotopic bias
between natural marine carbonates and local seawa-
ter [22]. However, our results that Cr(III) domi-
nates in natural marine carbonates indicate that the
isotopic variations between carbonates and seawater
are more likely related to redox processes, instead of
the pH of the forming fluid.

The discussions above assume that Cr in carbon-
ates ultimately come fromCr(VI) in seawater,which
is the dominant Cr species in the oxic ocean. How-
ever, Cr(III) is ubiquitous even in modern river wa-
ter and oceans, and can sometimes be the dominant
species [23,24].Cr(III) ismoreparticle-reactive and
may have higher affinity with carbonates compared
with Cr(VI). Therefore, it is possible that some car-
bonates preferentially directly uptake the Cr(III)
species in seawater, even when the dominant Cr
species in seawater is Cr(VI). In natural aquatic en-
vironments, Cr(III) can result from the reduction
of Cr(VI), but can also come from the non-redox
weathering of Cr-bearing source rocks induced by
CO2 or organic acid [23,25], especially during the
early geological history when theAOLwas low [26].
One piece of evidence is suggested by the pres-
ence of Cr(III) in J1–52.6 (∼1.44 Ga), which was
deposited at a time when oxidative Cr cycling is
thought to have been inhibited, but Cr has to bemo-
bilized into aqueous systems before they can be in-
corporated into the sediments [14]. Thus, Cr iso-
topic compositions of carbonates might record the
signal fromCr(III) in seawater, some ofwhich could
come from non-redox weathering. It has been found
that ligand-promoted dissolution of Cr(III) (hy-
droxide, chromitite and silicate rocks) could be ac-
companiedbyCr isotopic fractionation,withheavier
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Figure 4. Cr-isotope data of sedimentary rocks throughout Earth history from the liter-
ature. Red circles represent the data for IFs or ironstones [2,3,14,30–36]; blue squares
denote data for shales, mudstones or marine sediments [4,14,37–43]; gray diamonds
denote data for carbonates [5,6,10,12,44–49]. The gray band indicates the range for
bulk silicate Earth (BSE) [8].

isotopes preferentially liberated [27,28]. Therefore,
positive δ53Cr values in carbonates might not neces-
sarily represent the presence of oxidative Cr weath-
ering. Despite that, the fractionation magnitude of
the valence change between Cr(VI) and Cr(III) is
much greater than that for ligand-promoted dissolu-
tion [7,27,28]. Hence, we infer that the significantly
positively fractionated Cr isotopic composition ob-
served in some sediments can be readily explained
by oxidative weathering (Fig. 4), but for slightly pos-
itively fractionated δ53Cr values, itmaynot reflect at-
mospheric oxygenation events.

CONCLUSION
This study reports the first paired Cr valence state
and Cr isotopic composition measurements of ma-
rine carbonates from a wide range of geological
times.Themajor conclusions are as follows:

(i) XANES results show that Cr(III)
dominates in all carbonates regardless
of the deposition ages and their Cr isotopic
compositions. This is in apparent contrast
with a previous model which suggested
that Cr(VI) in seawater could directly
occupy the carbonate crystal lattice and be
preserved.

(ii) A possible explanation for the absence of
Cr(VI) in some carbonates is that Cr(VI)
in seawatermight have been reduced bymi-
crobes during carbonate precipitation or re-
duced by pore water after precipitation. In
both cases, the reduction of Cr(VI) is likely
not quantitative, which could explain the
observed systematically lower δ53Cr values

formodernmarine carbonates relative to lo-
cal seawater.

(iii) Another possible explanation is that
carbonates preferentially directly uptake
Cr(III) in seawater. This is likely the
reason for the absence of Cr(VI) in J1–
52.6 (∼1.44 Ga) and possibly for some
other samples as well. Cr(III) could come
from the non-redox weathering of Cr. As
non-redox Cr cycling also can cause iso-
topic fractionation, the slightly positively
fractionated Cr isotopic values previously
reported for some sedimentary carbonates
do not necessarily correspond to the rise in
the AOL as previously suggested.

Bothmechanismswill affect the use of theCr iso-
topic composition of marine carbonates to trace the
redox condition of the contemporaneous seawater
and atmosphere. It is likely that a different mecha-
nismdominates at different times and in different re-
gions. To further understand the Cr valence state in
sedimentary carbonates and Cr cycling, more sam-
ples deposited at different geological times and in
differentmarine environments need to be examined,
especially those least affected by diagenesis. In ad-
dition, carbonate co-precipitation experiments need
to be carriedwithCr(III) to understand the possible
incorporationmechanism of Cr(III) into carbonate.

METHODS
XANES measurement
XANES spectra were collected at beamline 1W1B
of the Beijing Synchrotron Radiation Facility and
beamline BL14W1 of the Shanghai Synchrotron
Radiation Facility in China. We selected four Cr
compounds as reference materials: Cr metal (Cr0),
Cr(OH)3 (Cr3+), CuCr2O4 (Cr3+) and K2CrO4
(Cr6+). Another two synthetic carbonate samples
co-precipitated withCr(VI) or Cr(III) were also de-
termined for comparison. Data for CuCr2O4 were
obtained from the XAFS database (xafs.org). The
spectrum of the Cr metal was collected in transmis-
sion mode at room temperature using a gas-filled
ionization chamber. The first peak of this deriva-
tive spectrum was set at 5989 eV for energy calibra-
tion.The other two reference materials were diluted
to 1 wt%(Cr) with graphite powder and tabletted;
spectra were collected in fluorescencemode at room
temperature using a Lytle detector positioned or-
thogonal to the X-ray beam. Owing to the extremely
low Cr content in the natural carbonate samples, a
Ge solid-state detector was used for fluorescence de-
tection. In order to improve the signal-to-noise ratio,
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we increased the integration time for every energy
step to 6 s and every carbonate samplewasmeasured
two or three times and then the spectra weremerged
together.The total measurement time for each sam-
ple was up to 2 h. Even so, the signal-to-noise ratio
of the spectra was still poor and the spectra of the
carbonate samples were further smoothed using a
three-iterationmoving average.During themeasure-
ments, the energy stepwas set to 30 eV in the far pre-
edge region, 5 eV in the near pre-edge region, 0.5 eV
in the near edge region, 1 eV in the near post-edge
region and 50 eV in the far post-edge region. Data
were analysed according to standard procedures us-
ingAthena software.Thespectrawerenormalized af-
ter energy calibration.

Analytical procedures for determining
major and trace elements and Cr isotopic
composition
Carbonate samples were crushed into fine powder
using a ballmill or an agatemortar. Todetermine the
major and trace-element concentrations,∼20mg of
sample powder was first treated with 3mL 5% acetic
acid in a centrifuge tube (4 h for limestones;≥8h for
dolostones) to dissolve the carbonate fraction.Then,
the sample was centrifuged to separate the solution
from the residue. The supernatant was pipetted into
a PFA SavillexTM beaker and dried on a hotplate at
130◦C. Afterwards, the dried solution sample was
treated with concentrated nitric acid three times at
130◦C to digest the organic material and then dis-
solved in 2% HNO3 before measuring major and
trace-element concentrations using an inductively
coupledplasma–mass spectrometer (ICP–MS).The
Cr concentration of the carbonate fraction was also
determined using the isotope-dilution method dur-
ing Cr isotopic measurement (see next paragraph).
To determine the Cr concentration in the clast, the
carbonate-free residue in the centrifuge tube was di-
gested using HF+HNO3 and thenmeasured using
ICP–MS. For comparison purposes, the Cr concen-
tration was expressed as the ratio of the Cr weight in
the carbonate fraction or in the clast fraction to the
whole weight of the sample.

For Cr isotopic measurement of the carbonate
samples, 50–1000 mg (containing ∼1 μg Cr in the
carbonate fraction) of the sample powder was first
doped using an appropriate amount of 50Cr–54Cr
double spike and was then treated with 6–30 mL of
5% acetic acid. A double spike was added to correct
any possible mass-dependent isotopic fractionation
during leaching, the chemical purification procedure
andmass-spectrometermeasurement. Further sepa-
ration procedures are as described above. The dried

sample was dissolved in 6 mol/L HCl and heated
to >130◦C for 2 h. Next, the sample solution was
diluted to 1 mol/L HCl with MilliQ (MQ) water
and subjected to cation chromatography to separate
the Cr from the matrix. Briefly, 10 mL of BioRad
AG 50W-X8 (200–400 mesh) cation-exchange
resin was first cleaned and then conditioned using
1 mol/L HCl. The sample solution was loaded onto
the column in 6 mL of 1 mol/L HCl and washed
twicewith 10mLof 1mol/LHCl.TheCrwas eluted
as neutral molecules and collected with the eluent.
The sample was further purified using another
cation-exchange column filled with 0.33mL BioRad
AG 50W-X8, with 0.5 mol/L HF and 1 mol/L HCl
to elute the remaining interferences and matrix and
2 mol/L HCl to elute the Cr [29]. The blank of the
total procedure was typically <5 ng and the yield
was typically 70–80%.

Purified Cr samples were analysed using a Nep-
tune Plus multiple-collector inductively coupled
plasma–mass spectrometer (MC-ICP-MS). Seven
Faraday cups were used to monitor the intensities
of four Cr isotopes (50Cr, 52Cr, 53Cr, 54Cr), as well
as 49Ti, 51V and 56Fe to correct for the interference
on 54Cr from 54Fe and that on 50Cr from 50Ti and
50V. Measurements were performed in medium- to
high-resolution mode to minimize polyatomic in-
terferences such as 40Ar12C, 40Ar14N and 40Ar16O.
The typical intensity of the 52Cr beam was 4–8 V.
Eachmeasurement consisted of 4 blocks with 30 cy-
cles of isotopic ratios, with each cycle integrating the
beam intensity for 8.389 seconds. The spiked inter-
nal standard (SCP) and the spiked National Insti-
tute of Standards and Technology (NIST) standard
reference material (SRM) 3112a were analysed at
the beginning of each analytical session to ensure in-
strumental accuracy.ThespikedSCPwas analysedat
intervals of four or five samples during each session.
Each samplewas analysed twice.Thedetailed analyt-
ical procedure is described in ref. [29]. Chromium-
isotope data are expressed as the relative deviation
from the NIST SRM 979:

δ53Cr = [(53Cr/52Cr
)
sample/

(53Cr/52Cr
)
SRM979 − 1

] × 1000.

The long-term reproducibility of an internal stan-
dard solution (SCP) was better than 0.05�. The
measured δ53Cr value of the carbonate standard
material (BCS-CRM513) was in agreement with
published data (Table 1) [10,12].

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.

Page 6 of 8

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa090#supplementary-data


Natl Sci Rev, 2021, Vol. 8, nwaa090

ACKNOWLEDGEMENTS
We thank all the staff in beamline 1W1B of the Beijing Syn-
chrotron Radiation Facility and beamline BL14W1 of the Shang-
hai SynchrotronRadiation Facility for helpwith theXANESmea-
surements; Jia Liu, Yingnan Zhang and Xiaoqing He for assis-
tancewith theMC–ICP–MSanalysis; andYananShen, YuxinHe,
Jing Huang, Yunpei Gao and Guijie Zhang for sample supply and
discussions.

FUNDING
This work was supported by the Strategic Priority Research
Program (B) of Chinese Academy of Sciences (XDB41000000),
the National Natural Science Foundation of China (41625013,
41721002, 41888101), the Pre-research Project on Civil
Aerospace Technologies (D020202) of Chinese National Space
Administration and the Fundamental Research Funds for the
Central Universities of China (WK2080000102).

AUTHOR CONTRIBUTIONS
L.Q. designed the research; Z.F., W.L., T.Y. and S.W. performed
the XANES measurements; Z.F. and X.C. performed the geo-
chemical analysis; all authors were involved in interpreting the
data; Z.F. and L.Q. wrote the manuscript.

Conflict of interest statement.None declared.

REFERENCES
1. Lyons TW, Reinhard CT and Planavsky NJ. The rise of oxygen in
Earth’s early ocean and atmosphere. Nature 2014; 506: 307–15.

2. Frei R, Gaucher C and Poulton SW et al. Fluctuations in Precam-
brian atmospheric oxygenation recorded by chromium isotopes.
Nature 2009; 461: 250–3.

3. Crowe SA, Dossing LN and Beukes NJ et al. Atmospheric oxy-
genation three billion years ago. Nature 2013; 501: 535–8.

4. Canfield DE, Zhang S and Frank AB et al. Highly fractionated
chromium isotopes in Mesoproterozoic-aged shales and atmo-
spheric oxygen. Nat Commun 2018; 9: 2871.

5. Gilleaudeau GJ, Frei R and Kaufman AJ et al. Oxygenation of
the mid-Proterozoic atmosphere: clues from chromium isotopes
in carbonates. Geochem Perspect Lett 2016; 2: 178–87.

6. Wei W, Frei R and Gilleaudeau GJ et al. Oxygenation variations
in the atmosphere and shallow seawaters of the Yangtze Plat-
form during the Ediacaran Period: clues from Cr-isotope and Ce-
anomaly in carbonates. Precambrian Res 2018; 313: 78–90.

7. Qin L andWang X. Chromium isotope geochemistry. RevMineral
Geochem 2017; 82: 379–414.

8. Schoenberg R, Zink S and Staubwasser M et al. The stable Cr
isotope inventory of solid Earth reservoirs determined by double
spike MC-ICP-MS. Chem Geol 2008; 249: 294–306.

9. Tang Y, Elzinga EJ and Jae Lee Y et al. Coprecipitation of chro-
matewith calcite: batch experiments and X-ray absorption spec-
troscopy. Geochim Cosmochim Acta 2007; 71: 1480–93.

10. Bonnand P, James RH and Parkinson IJ et al. The chromium
isotopic composition of seawater and marine carbonates. Earth
Planet Sci Lett 2013; 382: 10–20.

11. Pereira NS, Voegelin AR and Paulukat C et al. Chromium-isotope
signatures in scleractinian corals from the Rocas Atoll, Tropical
South Atlantic. Geobiology 2015; 14: 54–67.

12. Holmden C, Jacobson AD and Sageman BB et al. Response of
the Cr isotope proxy to Cretaceous Ocean Anoxic Event 2 in a
pelagic carbonate succession from the Western Interior Sea-
way. Geochim Cosmochim Acta 2016; 186: 277–95.

13. Zachara JM, Ainsworth CC and Brown GE et al. Chromium spe-
ciation and mobility in a high level nuclear waste vadose zone
plume. Geochim Cosmochim Acta 2004; 68: 13–30.

14. Planavsky NJ, Reinhard CT and Wang X et al. Low Mid-
Proterozoic atmospheric oxygen levels and the delayed rise of
animals. Science 2014; 346: 635–8.

15. Connelly DP, Statham PJ and Knap AH. Seasonal changes in
speciation of dissolved chromium in the surface Sargasso Sea.
Deep Sea Res Part I Oceanogr Res Pap 2006; 53: 1975–88.

16. Li SX, Zheng FY and Hong HS et al. Influence of marine phyto-
plankton, transition metals and sunlight on the species distri-
bution of chromium in surface seawater.Mar Environ Res 2009;
67: 199–206.

17. Semeniuk DM, Maldonado MT and Jaccard SL. Chromium up-
take and adsorption in marine phytoplankton: implications for
the marine chromium cycle. Geochim Cosmochim Acta 2016;
184: 41–54.
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