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Abstract
Chromium (Cr) isotopes are pivotal proxies for understanding Earth’s atmospheric oxygenation
history. This review highlights δ53Cr signatures as tools for reconstructing redox dynamics during
events like the Great Oxidation Event (GOE) and the Neoproterozoic Oxygenation Event (NOE).
Advances in analytical techniques, particularly multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS), have enhanced δ53Cr measurement precision, revealing critical
insights into oxidative weathering and atmospheric oxygenation. Challenges such as local
environmental variability and uncertainties in oxygen thresholds remain, but integrating δ53Cr
with complementary proxies promises a more comprehensive view of Earth’s redox evolution.
This synthesis underscores the transformative role of Cr isotopes in tracing oxygenation processes
and their implications for the evolution of the biosphere.

1 Introduction

Chromium (Cr) isotopes have become a cornerstone in geochemical research, offering

unique insights into Earth’s redox history. The distinct redox behaviors of Cr(III) and

Cr(VI) drive isotope fractionation, leaving δ53Cr signatures in sediments and

carbonates that serve as proxies for past oxygenation events[4][6]. By decoding these

isotopic signals, researchers have traced critical transitions like the Great Oxidation

Event (GOE) ~2.4 billion years ago, where oxidative weathering indicates a

substantial rise in atmospheric oxygen[5].

Fig. 1-4: Rising publications (Fig. 1), global collaboration led by the USA and China (Fig. 2), core

and niche themes in research (Fig. 3), and key focus areas like trace elements and redox processes

(Fig. 4).

In the past decade, interest in Cr isotopes has grown exponentially, fueled by



advancements in analytical methodologies and collaborative efforts. To explore

research trends, I used R’s bibliometrics tool to generate an analysis of publications in

the field (Figs. 1–4). As illustrated in Fig. 1, publications on this topic have surged

since 2010, with notable contributions from collaborations between countries such as

the USA and China (Fig. 2). Core research areas highlighted by bibliometric analysis

include redox processes, elemental cycling, and the role of δ53Cr in interpreting

oxygenation events (Figs. 3-4). These developments underscore the growing

recognition of δ53Cr as a robust proxy for studying critical transitions like the Great

Oxidation Event (GOE) ~2.4 billion years ago, where isotopic evidence points to

oxidative weathering and a significant rise in atmospheric oxygen[5].

This review synthesizes current knowledge of δ53Cr as a proxy for reconstructing the

timing of atmospheric oxygenation. It focuses on geochemical mechanisms, analytical

advancements, and future applications while exploring its implications for Earth’s

oxygenation history and the biosphere.

2 Fundamentals of Chromium Isotopes

2.1 Chromium Oxidation States

Chromium exists predominantly in two oxidation states in natural environments:

trivalent chromium (Cr(III)) and hexavalent chromium (Cr(VI)), which exhibit

distinct behaviors under varying redox conditions. Cr(III) is relatively insoluble,

forming stable precipitates or binding to organic matter and minerals, making it

immobile in reducing environments. In contrast, Cr(VI) is highly soluble and mobile

in oxygenated settings, where it predominantly occurs as chromate (CrO42-) or

dichromate (Cr2O72-). This mobility enables Cr(VI) to be transported through rivers

and groundwater into marine systems. Under suboxic or reducing conditions, Cr(VI)

is reduced to Cr(III) via interactions with organic matter, sulfides, or microbial

activity, leading to significant shifts in its isotopic composition. The contrasting

solubility and reactivity of these oxidation states allow chromium to act as a sensitive

proxy for redox conditions, leaving distinct isotopic signatures in sediments that

record past oxygenation levels and redox dynamics[6].



2.2 Chromium Cycling

Chromium cycles dynamically between its two primary oxidation states, Cr(VI) and

Cr(III), under the influence of environmental factors such as oxygen availability,

microbial activity, and interactions with organic matter. In oxygenated environments,

Cr(VI) dominates as a soluble and mobile species, generated through the oxidative

weathering of chromium-bearing minerals on land. Rivers transport Cr(VI) into

marine systems, where its behavior is governed by local redox conditions[7].

Under suboxic conditions, Cr(VI) undergoes reduction to Cr(III) via multiple

geochemical and biological pathways. Microorganisms play a pivotal role, utilizing

Cr(VI) as an electron acceptor during anaerobic respiration, producing Cr(III)

enriched in lighter isotopes (52Cr). Concurrently, organic matter acts as a reductant,

either directly reducing Cr(VI) or indirectly fostering anoxic microenvironments

conducive to reduction. Furthermore, reduced metals such as Fe(II) and Mn(II)

contribute significantly to this process by reacting with Cr(VI), forming Cr(III)

precipitates or stable complexes that are immobile[7].

These redox transformations result in characteristic δ53Cr isotopic signatures

preserved in marine sediments, offering valuable insights into historical redox

dynamics. For instance, modern oxygen-deficient zones (ODZs), such as those in the

eastern tropical North Pacific, provide a natural laboratory for studying these

processes[4]. In this region, δ53Cr values reflect a delicate balance between oxidative

and reductive conditions, driven by factors such as microbial activity and organic

matter fluxes. These dynamics result in distinct isotopic imprints that are preserved in

sediments, making δ53Cr an invaluable proxy for reconstructing both modern redox

conditions and past atmospheric oxygenation events.

The figure below (Fig. 5) visually summarizes these interactions, illustrating the

transformation of Cr(VI) into Cr(III) through interactions with organic matter,

reduced metals, and microbial processes. It highlights the central role of

environmental redox dynamics in controlling chromium speciation and mobility.



Fig. 5: “Chromium cycling in the environment, illustrating the reduction of Cr(VI) to Cr(III) via biotic

and abiotic processes[7].

2.3 Isotope Fractionation and δ53Cr

The isotopic composition of chromium is often expressed as δ53Cr, a measure of the

ratio of 53Cr to 52Cr relative to a standard. Fractionation occurs during redox

transformations: when Cr(VI) is reduced to Cr(III), lighter isotopes (52Cr) are

preferentially incorporated into Cr(III), leaving the residual Cr(VI) enriched in

heavier isotopes (53Cr). This process provides a measurable isotopic signature that

reflects the redox conditions where it occurred[4].

To calculate δ53Cr, scientists use the formula:

δ53Cr=(
53Cr/52Cr in sample
53Cr/52Cr in standard

− 1) × 1000 （1）

This calculation expresses the isotopic deviation of the sample relative to the standard

in parts per thousand (‰). Positive δ53Cr values typically indicate oxidative

conditions, while negative values suggest reduction-dominated environments[3].

2.4 Analytical Techniques

The measurement of δ53Cr involves isolating chromium species and analyzing their

isotopic ratios using precise and standardized steps. The process begins by dissolving

Mg(OH)₂ precipitates in HCl and adjusting the solution’s pH to 2–3. Cr(III) is

oxidized to Cr(VI) with ammonium persulfate in a heating block at 110°C.



Chromium is then purified via ion-exchange chromatography using AG1-X8 resin. A

primary column isolates Cr(VI), and a secondary column ensures complete separation,

minimizing contamination. After purification, organic residues are removed with HCl

and aqua regia, preparing the samples for isotopic analysis.

δ53Cr is measured using multi-collector inductively coupled plasma mass

spectrometry (MC-ICP-MS), a high-precision method capable of detecting small

isotopic variations. Recent advancements in column efficiency, oxidation protocols,

and instrument calibration have further improved the accuracy and reproducibility of

δ53Cr measurements[1][6].

3 Chromium Isotopes and Atmospher ic Oxygenation

3.1 The Great Oxidation Event (GOE) and the Neoproterozoic

Oxygenation Event (NOE)

The GOE, around 2.4 billion years ago, marked the first significant rise in

atmospheric oxygen, transforming Earth’s environment. Positive δ53Cr values in

ancient marine sediments, such as banded iron formations (BIFs, sedimentary rocks

rich in iron and silica), reflect oxidative weathering on land, where Cr(VI) mobilized

and deposited isotopically heavy Cr into oceans. These isotopic signals provide direct

evidence of widespread oxidative processes and the establishment of a more

oxygenated atmosphere[5].

The Proterozoic era (2.5 billion to 541 million years ago) encompasses the GOE and

NOE and is marked by fluctuating oxygen levels that profoundly influenced life and

geochemistry. The NOE, approximately 800–540 million years ago, represents a

secondary oxygenation event that likely paved the way for the evolution of complex

multicellular organisms. Positive δ53Cr values preserved in Proterozoic sediments

capture these transient oxygenation episodes, offering critical evidence of the

evolving redox landscape. Together, the GOE and NOE represent transformative

periods when atmospheric oxygenation created conditions necessary for the

diversification of eukaryotic life and the eventual emergence of animals[5].

These events were not isolated but deeply interconnected with broader climatic and



tectonic changes. For example, the NOE coincided with episodes of global glaciations

(e.g., the “Snowball Earth” events), where δ53Cr values track the interplay between

atmospheric oxygenation, carbon cycling, and climatic shifts. By analyzing these

isotopic patterns, researchers have established the Proterozoic as a defining era in

Earth’s redox and biological evolution.

3.2 The Role of Chromium Isotopes in Atmospher ic Oxygenation

Chromium isotopes provide a robust framework for reconstructing Earth’s

oxygenation history, offering insights into geochemical processes and biological

evolution during key transitions like the GOE and the NOE. Positive δ53Cr values in

marine sediments, particularly BIFs and organic-rich shales, reflect episodes of

oxidative weathering on land, where rising oxygen levels mobilized Cr(VI).

Subsequent reduction and incorporation into Cr(III) left distinct isotopic signatures,

preserved as evidence of atmospheric redox changes.

These δ53Cr variations also illuminate the interplay between oxygenation and life’s

evolution. Transient increases in δ53Cr correspond to major biological milestones,

such as the emergence of metazoans and bilaterians, likely facilitated by improved

oxygen availability. As seen in Fig. 6, higher δ53Cr values align with periods of

eukaryotic diversification, underscoring the critical role of oxygen in creating habitats

conducive to complex life[5].

Beyond their biological implications, chromium isotopes reveal connections between

redox dynamics, global climatic events, and tectonic processes. δ53Cr excursions are

closely linked to low-latitude glaciations and Cr/Ti enrichments, reflecting enhanced

oxidative weathering during icehouse conditions. During atmospheric oxygenation

events such as the Great Oxidation Event (GOE) and the Neoproterozoic Oxygenation

Event (NOE), rising oxygen levels likely intensified oxidative weathering, releasing

Cr(VI) from continental rocks and transporting it to marine systems. This process led

to Cr enrichment relative to less mobile elements like Ti[5]. These interactions

underscore δ53Cr’s dual role as a proxy for redox conditions and a tool for

understanding how oxygenation events influenced global climate feedbacks and



Earth’s environmental and evolutionary transitions.

Fig. 6. δ53Cr trends through geological time, illustrating key correlations between δ53Cr values and

major atmospheric oxygenation events, such as the Great Oxidation Event (GOE) and the

Neoproterozoic Oxygenation Event (NOE). Positive δ53Cr excursions align with periods of enhanced

oxidative weathering, coinciding with biological milestones like the emergence of metazoans and

climatic shifts such as Snowball Earth glaciations[5].

4 Conclusion and Future Directions

Chromium isotopes are a key proxy for understanding Earth’s atmospheric

oxygenation, providing direct evidence of redox dynamics during events like the GOE

and NOE. By capturing isotopic signatures of oxidative weathering and reduction,

δ53Cr reveals the timing and processes behind oxygenation events. However, local

factors such as variations in organic matter flux, microbial activity, and sedimentation

rates introduce significant uncertainties in isotopic data interpretation. For example,

high organic matter fluxes in localized oxygen-deficient zones may disproportionately

influence δ53Cr values, potentially obscuring broader redox trends[4]. Addressing

these factors requires high-resolution spatial and temporal sampling to distinguish

local variability from global signals. Additionally, uncertainties in critical oxygen

thresholds during events like the NOE hinder precise reconstructions of atmospheric

oxygen levels[3].

Future advancements should prioritize the development of ultra-sensitive analytical



techniques, such as enhanced MC-ICP-MS calibration and alternative ion-exchange

protocols, to detect δ53Cr variations in low-concentration samples. Additionally,

expanding datasets from poorly studied intervals, such as mid-Proterozoic sediments,

and integrating δ53Cr with proxies like sulfur isotopes and Fe speciation could provide

a more nuanced understanding of redox dynamics.

Standardized methodologies are essential for ensuring data comparability. Integrating

δ53Cr with complementary geochemical proxies, such as sulfur or molybdenum

isotopes, could offer a more comprehensive view of Earth’s redox history, with

combinations like δ53Cr and marine anoxia proxies providing deeper insights into

atmospheric and oceanic coupling.

Finally, future research should address underrepresented contexts, such as poorly

studied Proterozoic intervals or modern oxygen-deficient zones, to refine δ53Cr-based

reconstructions. Tackling these challenges will enhance chromium isotopes’ role in

uncovering Earth’s oxygenation history and the evolution of complex life.
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