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1 Introduction

The rare earth elements (REE) have very similar chemical properties but cerium

(Ce) has unique redox chemistry. In oxygenated waters, Ce3+ is oxidised to

insoluble Ce4+ and accumulates as discrete Ce oxide particles or on the surface

of Mn(IV)-(oxyhydr)oxide minerals and other particulate matter. Under inter-

mediate manganous conditions, Ce oxides and Ce-enriched Mn(IV)-oxy(hydr)

oxide particles undergo reductive dissolution and excess Ce is released back

into the water column. In general, oxygenated modern marine settings display

a strong negative Ce anomaly while manganous and anoxic waters lack

a negative Ce anomaly (Bau et al., 1997; De Baar et al., 1988; De Carlo and

Green, 2002; German et al., 1991). Enrichments or depletions in Ce compared

with other REE have been used to track redox cycling in rivers, lakes and oceans

over several decades (De Baar et al., 1988; German and Elderfield, 1990a;

German et al., 1991). In addition, Ce anomalies can be faithfully preserved in

chemical sediments such as phosphorites and carbonates and so provide

a potentially useful redox proxy in deep time.

Three characteristics make cerium anomalies particularly useful as a redox

proxy. Firstly, the REE provide a robust baseline from which to quantify

enrichments or depletions in cerium, as they otherwise have very similar

chemical properties and should behave in a predictable, coherent manner.

This is in contrast to many other redox-sensitive elements such as U or Mo,

which are normalised to major elements (e.g., Ca, Al) that may vary independ-

ently. In addition, other features of the REE pattern (e.g., Y/Ho ratios) can be

used to confirm the preservation and extraction of pristine seawater signals from

ancient rocks. Secondly, Ce is sensitive to local or regional redox conditions

unlike many other redox-sensitive elements and isotope systems which respond

to the global area of anoxic seafloor. Finally, the reduction potential of Ce(IV)

(+1.61˚V) is higher than Mn(IV) (1.23˚V) and its oxidation commonly occurs

on the surface of Mn(IV)-(oxyhydr)oxide minerals. Therefore, the redox cyc-

ling of Ce is closely related to the redox cycling of Mn and is sensitive to

intermediate manganous conditions (often referred to as suboxic), which may

overlap with low levels of oxygen. In contrast, the majority of redox proxies

respond to fully anoxic conditions (i.e., the onset of ferruginous conditions or

euxinia).

Seawater REE patterns, including any Ce anomaly, can be faithfully pre-

served in a variety of chemical sediments including carbonate rocks (Nothdurft

et al., 2004; Webb and Kamber, 2000). Ce anomalies are relatively robust to

diagenesis and even low-grade metamorphism and primary signals can often be

extracted from bulk rock limestone and even dolomite (Banner et al., 1988;
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Hood et al., 2018; Liu et al., 2019; Webb and Kamber, 2000; Webb et al., 2009).

Consequently, Ce anomalies have proved popular in paleo-redox studies, with

consistent mention in the literature since the 1950s and an increase in attention

in the early 2000s (Figure 1). Since carbonate rocks commonly form in shelf

environments, Ce anomalies capture information about oxygen availability in

shallow waters, where the majority of biodiversity is located. Ce anomalies are

therefore particularly useful for understanding the relationship between oxygen

availability and animal ecosystems in deep time.

2 Underpinning of the Proxy

Rare earth elements are constantly undergoing exchange equilibrium between

REE3+ solution complexes (mostlymono- and di-carbonate complexes andminor

siderophore, silicate or sulfate complexes) and hydroxide complexes such as

REE(OH)2+ on the surface of Fe-Mn oxides and hydroxides, clays or organic

matter. In oxygenated waters, Ce3+ is partially oxidised to Ce4+ either abiotically

(Bau, 1999; Koeppenkastrop and De Carlo, 1992) or via microbial mediation

Figure 1 Number of mentions of Ce anomalies in the literature over the past 70

years, normalised to the total number of publications registered on

ScienceDirect
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(Moffett, 1990). Although discrete Ce(IV)-oxide particles can form, oxidation

commonly occurs on the surface of metal oxide minerals. Oxidised Ce4+ is

insoluble and ceases to participate in exchange reactions with dissolved Ce3+,

causing Ce to gradually accumulate on the solid surface over time (Figure 2). This

results in a positive Ce anomaly in metal oxides and a corresponding negative Ce

anomaly in oxic waters (Sholkovitz et al., 1994). Metal oxides are either buried

intact in sediments below oxic bottom waters or they encounter manganous or

anoxic waters and undergo reductive dissolution, releasing excess Ce (Figure 2).

Therefore, waters beneath a Mn(IV)/Mn(II) redoxcline commonly exhibit either

no Ce anomaly or a positive Ce anomaly.

Hydrogenetic crusts and nodules that precipitate slowly from seawater yield

positive Ce anomalies and an inverse REE pattern to seawater, supporting

strong fractionation during REE accumulation on the surface (Bau et al.,

2014). Ce accumulation is associated with Mn(IV)-(oxyhydr)oxides, whereas

REE are thought to be scavenged quantitatively onto the surface of Fe(III)-

Figure 2 Aqueous REE(OH)2+ complexes including Ce(OH)2+ undergo

exchange reactions on the surface of Mn(IV)-(oxyhydr)oxide minerals (grey

circles), which form in the oxic zone of the water column. Ce3+ is then oxidised

to Ce(IV)O2 and remains on the surface until the Mn(IV)-(oxyhydr)oxide

minerals sink beneath the Mn redoxcline and undergo reductive dissolution,

releasing any bound Ce. The relative concentrations of oxygen (blue) and

Mn(II) (pink) are shown alongside the magnitude of the Ce anomaly (grey). For

interpretation of the colours in this figure, the reader is referred to the web

version of this Element.
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(oxyhydr)oxides (Bau, 1999; De Carlo, 2000; Ohta and Kawabe, 2001). This is

supported by evidence from hydrothermal plumes (Edmonds and German,

2004), the water column (De Baar et al., 1988; De Carlo and Green, 2002;

German and Elderfield, 1990b; Moffett, 1990; Sholkovitz et al., 1994), marine

Fe-Mn nodules (De Carlo, 2000), REE data from banded iron formation

(Planavsky et al., 2010), and experimental work (Bau, 1999; Koeppenkastrop

and De Carlo, 1992; Ohta and Kawabe, 2001; Quinn et al., 2006). For example,

where Mn-oxides have been documented forming in situ, they are associated

with positive Ce anomalies (Sholkovitz et al., 1994). In contrast, Ce enrich-

ments are absent from Mn-poor hydrothermal nodules (Edmonds and German,

2004). However, sequential leaching of some seafloor nodules produces con-

flicting results, suggesting Fe oxides play a more important role in the fraction-

ation of rare earth elements and yttrium (REY) during scavenging (Bau and

Koschinsky, 2009).

This raises the question of exactly what range of oxygen concentrations is

required to generate Ce anomalies. Fe(II) is rapidly oxidised at very low (nM)

concentrations of dissolved O2, so Ce cycling associated with Fe(III)-(oxyhydr)

oxides would be responsive to the oxic/anoxic boundary. However, Ce anomal-

ies are dominantly controlled by the oxidation and reduction of Mn(IV)-(oxy-

hydr)oxides, which can be triggered by small changes in pH (De Baar et al.,

1988) or large changes in Eh across redoxclines. Mn reduction can occur under

low but significant dissolved oxygen levels of around 10 µM O2 (German and

Elderfield, 1990b; Johnson et al., 1992; Saager et al., 1989; Trefry et al., 1984)

and possibly up to 100 µM O2 (Klinkhammer and Bender, 1980). However,

where catalysed by enzymatic processes, Mn oxidation has been documented

under fully anoxic conditions (Clement et al., 2009; Daye et al., 2019).

Regardless, Mn cycling may provide only a minimum estimate of the oxygen

levels required to form Ce anomalies since this requires the oxidation of both

Mn(II) and Ce(III) and the reduction potential of Ce is higher than that of Mn.

As oxygen levels drop, Ce may be independently reduced and released from the

surface of Mn(IV)-(oxyhydr)oxides before the particles themselves undergo

reductive dissolution. There is even evidence to suggest that Ce may form

discrete CeO2 particles, decoupling Ce cycling from Mn cycling altogether

(Haley et al., 2004). Therefore, a positive Ce anomaly or the absence of a Ce

anomaly indicates that a sample is from below the Mn redoxcline but does not

distinguish between manganous or fully anoxic waters.

Ce anomaly data are most powerful when combined with additional redox

constraints. For example, Fe speciation is responsive to the onset of anoxic

conditions and when combined with Ce anomaly data can provide a unique

marker for intermediate manganous conditions (Clarkson et al., 2014; Tostevin
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et al., 2016b). Other redox proxies recorded in carbonate rocks include I/Ca

ratios, which are responsive to local low oxygen conditions, and S and

U isotopes, which are responsive to the global extent of anoxia. C and

O isotope provide insight into shifts in C cycling as well as diagenetic alteration.

Petrography and cathodoluminescence can also reveal information about pri-

mary redox conditions (Hood and Wallace, 2014).

The residence time of the REE determines their sensitivity to spatial

changes in redox. Rare earth elements enter the oceans through rivers and

hydrothermal vents and are removed through scavenging onto the surface of

particles including metal oxides, clays and organic matter. Experimental work

and observations in natural systems suggest exchange equilibrium between

dissolved REE and scavenged REE on particles is rapid (Bau and Dulski,

1999; Byrne and Kim, 1990; Koeppenkastrop and De Carlo, 1993). For

example, where REE from rivers and hydrothermal vents enter the ocean,

they attain a seawater distribution pattern within minutes-hours (German and

Elderfield, 1990a; Mitra et al., 1994; Sherrell et al., 1999). The extent of

fractionation may be impacted by the size of sinking particles, with smaller

particles sinking more slowly and accommodating more extensive fraction-

ation (Fowler et al., 1992; Koeppenkastrop and De Carlo, 1993;

Koeppenkastrop et al., 1991). Due to the rapid scavenging of REE, their

residence times are generally short (days to years), and the residence time of

Ce is estimated to be 50–130 years (Alibo and Nozaki, 1999). Rare earth

elements should therefore be heterogeneous among and within ocean basins

and respond to local changes in redox.

The magnitude of any Ce anomaly may correspond to the concentration of

oxygen or the thickness of the oxic layer but it can also be influenced by other

factors such as local Mn fluxes (O’Connell et al., 2020). There are examples of

Ce anomalies in modern water bodies responding to changes in redox condi-

tions over spatial scales as small as 1 m (De Carlo and Green, 2002; German

et al., 1991). However, the development of Ce anomalies is dependent on the

oxidation and reduction of Ce, which has slow kinetics, suggesting Ce may

represent a time-averaged signal (Wallace et al., 2017). In the modern ocean, the

magnitude of the Ce anomaly varies between the Atlantic and Pacific Oceans,

despite similar oxygen concentrations (German and Elderfield, 1990a).

Therefore, seasonally anoxic waters masses or oxic waters overlying perman-

ently anoxic deep waters may have a weaker Ce anomaly than in a broadly

oxygenated ocean (German and Elderfield, 1990a; Wallace et al., 2017).

Rare earth elements are relatively well studied and yet we cannot fully

account for all of the observed behaviour in modern environments. For

example, Ce frequently displays maxima in surface waters, in contrast to the

5Elements in Geochemical Tracers in Earth System Science
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rest of the REE (Moffett, 1990). This must relate to the unique redox chemistry

of Ce. Mn oxidation is photo-inhibited (Sunda and Huntsman, 1988) and it is

possible that Ce redox processes are also influenced by sunlight. In addition,

positive Ce anomalies have been reported in an alkaline, carbonate-rich lake,

despite aerobic conditions, suggesting carbonate ions stabilise Ce(IV) com-

plexes in solution (Möller and Bau, 1993). This highlights the important yet

underexplored role of pH in Ce cycling.

These uncertainties multiply when applying the proxy in deep time. For

example, it is not clear how variations in seawater chemistry, in particular

[SiO2](aq), [SO4
2–], [PO4

3–] and [CO3
2–], would impact the speciation of

REE in seawater and their scavenging onto particles. In addition, Ce anomalies

have been calibrated in restricted basins, oxygen minimum zones or isolated

lakes with anoxic bottom waters (De Baar et al., 1988; De Carlo and Green,

2002; German et al., 1991). The behaviour of Ce may have differed in an open

ocean with long-lived and widespread deepwater anoxia. Variations in Mn2+

concentration could have supported more extensive Ce cycling or altered the

marine residence time of Ce. In addition, particle sinking rates have probably

varied over geological time. Specifically, organic carbon would have been

packaged into larger, faster-sinking particles with the evolution of eukaryotic

algae (Lenton et al., 2014). Finally, REE in deep time have to be analysed in

chemical sediments such as carbonate rocks, which raises additional questions

about partitioning behaviour, sediment accumulation rates and preservation.

3 Materials and Methods

In early studies, REE were analysed via instrumental neutron activation ana-

lysis. This isotope dilution technique could not measure mono-isotopic Pr,

making it difficult or impossible to accurately quantify Ce anomalies

(Planavsky et al., 2010). More recently, REE have been analysed via inductively

coupled plasma mass spectrometry (ICP-MS), which is relatively rapid and

low-cost. For carbonate rocks, thin sections can be analysed in situ using the

non-destructive technique of laser ablation ICP-MS. This technique provides

high spatial resolution and a mechanism to target particular areas such as

primary precipitates or early cements, but low REE concentrations often result

in unacceptably high levels of uncertainty (Li et al., 2019). Alternatively, bulk

rock powders can be dissolved and analysed using flow-injection ICP-MS. The

small sample size required for dissolution ICP-MS (1–10 mg) allows for micro-

drilling to isolate REE from particular layers or cements. Rare earth elements

are often analysed alongside yttrium, which has similar chemical properties to

Holmium.

6 Cerium Anomalies and Paleoredox
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The natural concentration of REE when plotted against atomic number forms

a zig-zag patternwith enrichments in even-numberedREE.TheREEconcentrations

are therefore normalised to shale (post-Archean average shale (PAAS); Pourmand

et al., 2012), andplotted ona log-scale tohighlightmeaningful trends andanomalies.

Shale is used because it has a similar composition to the upper continental crust, the

main source of REE to seawater. Ce anomalies (Ce/Ce*) are calculated based on

relative enrichments or depletions in shale-normalised Ce ([Ce]SN) compared to

neighbouring non-redox-sensitive REY (Lawrence and Kamber, 2006).

Historically, Ce anomalies have been calculated based on La and Pr concentrations:

Ce=Ce� ¼ ½Ce�SN
0:5½La�SN þ 0:5½Pr�SN

La can also show anomalous enrichments in seawater, so Lawrence and col-

leagues (2006) proposed a new calculation that avoids comparison with La:

Ce=Ce� ¼ ½Ce�SN
½Prð �SNÞ2=½Nd�SN

The cut-off value used to define Ce anomalies is arbitrary but many studies use

a conservative range of <0.8 for negative anomalies and >1.2 for positive

anomalies.

Seawater REE and associated Ce anomalies can be faithfully preserved in

ironstones, phosphate minerals and carbonate rocks without fractionation under

the right conditions (Planavsky et al., 2010; Shields and Stille, 2001; Webb and

Kamber, 2000). Fe(III)-Mn(IV) (oxyhydr)oxide minerals that precipitate rapidly

as hot hydrothermal fluids mix with seawater yield a seawater REE pattern,

suggesting they could be used as a proxy archive for paleo-seawater (Bau et al.,

2014; Planavsky et al., 2010). However, even after exchange reactions have

ceased for the other REE, Ce can continue to accumulate on the surface (Bau

and Koschinsky, 2009).

Seawater REE can also be preserved in phosphate minerals under some condi-

tions. This is supported by examples of covariation between Ce anomalies and

other primary redox indicators such as bioturbation (Macleod and Irving, 1996;

Shields and Stille, 2001). However, phosphate minerals scavenge REE non-

quantitatively and are highly susceptible to overprinting due to continued growth

during early diagenesis (Shields and Stille, 2001; Shields and Webb, 2004). This

typically leads to non-seawater REE patterns with enrichments in the middle REE

and a weakened Ce anomaly. Granular phosphorites are less susceptible to alter-

ation than skeletal phosphate because they undergo extensive reworking at the

7Elements in Geochemical Tracers in Earth System Science
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seafloor in contact with seawater but their formation is biased towards upwelling

margins and the Phanerozoic eon. Carbonate minerals offer a more reliable

seawater REE archive and are widespread throughout geological time.

Rare earth elements are enriched in carbonate rocks compared with solution

but the partition coefficient is similar for all REE. In general, non-skeletal

archives, including stromatolites, ooids and marine cements, are considered

more reliable, which is useful as they are common throughout the rock record

(Li et al., 2019; Tostevin et al., 2016a; Webb and Kamber, 2000). Some simple

skeletal organisms, such as scleractinian corals, preserve seawater REE (Webb

et al., 2009). However, more complex skeletal carbonates may be impacted by

metabolic processes or association with organic material and metal oxide coat-

ings. For example, some brachiopod species record altered REE patterns in the

primary layer and umbo region but primary signals in the dorsal and ventral

valves (Zaky et al., 2016). Similarly, bivalves shells record a non-seawater REE

signal because they reflect the mixture of seawater, food and other particulate

matter that enters through the siphon (Akagi and Edanami, 2017). Pristine

foraminifera may record primary seawater REE but specialised cleaning proced-

ures must be used to remove organic and oxide coatings (Haley et al., 2005).

Diagenetic alteration is a common concern in carbonate rocks because

unstable primary minerals such as aragonite and high-Mg calcite can recrystal-

lise to more stable low-Mg calcite during burial. This neomorphism commonly

occurs in the presence of pore fluids with radically different redox conditions

and chemical compositions compared with overlying seawater. The REE com-

position of pore fluids is distinct from seawater and evolves with depth as

organic carbon, phosphate minerals and Fe-Mn (oxyhydr)oxides dissolve in

sequence, releasing REE (Haley et al., 2004; Kim et al., 2012). In addition, the

absence of positive Ce anomalies in diagenetic metal oxides suggests Ce is not

readily mobilised during metal cycling in pore waters (Bau et al., 2014). Despite

this, carbonate-bound REE appear relatively robust to diagenetic alteration

(Webb and Kamber, 2000). Since REE are structurally incorporated, replacing

the calcium ion, there is a low risk of exchange as water flows through the rocks.

In addition, REE/Ca ratios in diagenetic fluids are typically low. Primary REE

can be preserved during meteoric and anoxic marine burial diagenesis even

where other trace element systems are compromised (Azmy et al., 2011; Hood

et al., 2018; Liu et al., 2019; Nothdurft et al., 2004). Where alteration does

occur, during extensive open-system diagenesis in the presence of fluids with

high concentrations of non-seawater REE, the major features of the REE pattern

are retained (Azmy et al., 2011; Hood et al., 2018; Nothdurft et al., 2004). The

REE patterns in carbonate rocks that have similar depositional histories but

have experienced different diagenetic conditions and episodes of dolomitisation

8 Cerium Anomalies and Paleoredox
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suggest primary REE patterns can be retained in dolomite (Banner et al., 1988;

Hood et al., 2018; Liu et al., 2019).

A bulk carbonate rock may contain several REE-bearing phases such as

limestone, dolomite, phosphate, oxides, clays and organic matter. Each of these

phases will be associated with a unique REE signature. It is important to isolate

the carbonate signal during REE extraction to obtain a pristine seawater signal.

Clays, for example, contain very high concentrations of REE with a flat contin-

ental pattern, and even small amounts of clay leaching (<1%) can overwhelm the

carbonate signature (Nothdurft et al., 2004). Sequential leaching techniques

enable the carbonate phase to be isolated, preventing contributions from oxides,

phosphates or clay minerals (Cao et al., 2020; Tostevin et al., 2016a; Zhang et al.,

2015). Recent work using experimental mixtures of different phases demon-

strated that acetic acid is preferable to nitric acid and highlighted the importance

of filtering the supernate (Cao et al., 2020). Rare earth elements can be extracted

from dolomite-rich rocks but a modified leaching procedure is required (Tostevin

et al., 2016a). Even with optimised leaching procedures, samples with <85%

CaCO3 are unlikely to be successful (Cao et al., 2020; Tostevin et al., 2016a).

Additional information could be gained by intentionally targeting non-carbonate

phases to isolate REE signals, but regardless of the aims of the study it is

important to isolate each phase to avoid a mixed signal.

Geochemical indicators such as Mn/Sr, Sr/Ca and δ18O are commonly used to

screen carbonate rocks for contamination or alteration. Given that Ce anomalies are

considered more robust to alteration than these indicators, an unaltered signal

provides reassurance that the Ce anomaly is also preserved. In cases where these

indicators have been altered they are less useful because it is not clear whether the

Ce anomaly has also been compromised. The fidelity of the Ce anomaly is best

assessed by studying the REE pattern itself because particular features, such as

enrichments in the heavy REE, Y/Ho ratios >36, small positive Eu anomalies and

small positive La anomalies, indicate preservation of a seawater signal. Any

alteration of the REE pattern should also impact the Ce anomaly unless there is

independent mobilisation of Ce during redox cycling. Geochemical data can also

be used to detect unintended leaching of non-target phases. For example, any Al in

the leachate is likely derived from the partial dissolution of clay minerals.

Similarly, Y/Ho ratios are lower in leachates from sampleswith a higher proportion

of oxide or clayminerals, indicating the increased probability of contributions from

these phases (Tostevin et al., 2016a). Leaching of non-target phases also increases

the total REE content of the leachate (∑REE). As such, threshold values of Al < 1

ppm, ∑REE < 1 ppm and Y/Ho > 36 are commonly used to screen REE data.

However, Y/Ho ratios also vary naturally in seawater, particularly across redox

boundaries, as do primary REE contents in various carbonate phases, so cut-off

9Elements in Geochemical Tracers in Earth System Science
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values must be considered on a case-by-case basis. Geochemical cut-off values

offer an easy way to screen large data sets but the threshold values are arbitrary and

care must be taken to use multiple screening techniques including petrography.

4 Case Studies

4.1 Modern Validation

The Ce anomaly proxy has been calibrated in modern settings including inland

seas and lakes such as the Black Sea and Lake Vanda, and in restricted marine

environments such as the easternMediterranean and the Cariaco Basin (Figure 3)

(Bau et al., 1997; De Baar et al., 1988; De Carlo and Green, 2002). Early water

column data demonstrated that negative Ce anomalies develop in oxic surface

waters and are rapidly eroded in anoxic deep waters, coincident with increases in

dissolved Mn2+ and Fe2+. For example, oxic waters of the Tyro Sub-basin in the

eastern Mediterranean yield a negative Ce anomaly at 3,200 m depth (Bau et al.,

1997). The next available REE data, at 3,400 m depth, come from anoxic

hypersaline brines and yield a small positive Ce anomaly. The oxic/anoxic

boundary is located within this interval, between 3,370 and 3,390 m depth

(Saager et al., 1993). Similarly, Ce anomalies in the Cariaco Trench, a 1,400 m

deep depression in the Caribbean Sea, rapidly transition from a large negative to

a small positive anomaly between 290 and 295 m depth (De Baar et al., 1988),

coincident with an increase in dissolvedMn2+, Fe2+ and H2S (Jacobs et al., 1987).

In both the easternMediterranean and the Cariaco Trench, the manganous zone, if

present, is too thin to detect at the available sample resolution.

More detailed data from the Black Sea, the Saanich Inlet and Lake Vanda

revealed that Ce cycling occurs under intermediate manganous conditions before

the onset of anoxia. The Black Sea is a large, stable basin with permanently

anoxic deep waters. The Ce anomaly increases with depth, reaching a minima

(0.05) at 76 m, coincident with a maxima in dissolved particulate Mn concentra-

tions. Below this, the Ce anomaly increases dramatically to ~1. Dissolved Fe2+

concentrations don’t begin to increase until 110 m, coincident with the onset of

fully anoxic conditions. This implies the existence of a significant intermediate

zone and suggests Ce anomalies are responsive to the onset of manganous rather

than ferruginous conditions. A similar pattern was observed in the seasonally

anoxic Saanich Inlet basin in British Columbia (German and Elderfield, 1989),

where redox cycling of Ce and Mn occurs in a distinct manganous zone 20 m

above the onset of anoxia.

The relationship between Ce and Mn is particularly clear in Lake Vanda,

Antarctica, an inversely stratified saline lakewithwarm, saline anoxic bottomwaters

overlain by cool, oxygenated freshwater. The permanent ice cover prevents wind-
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Figure 3 Water column data including dissolved O2 (blue upward-facing

triangles), H2S (yellow right-facing triangles), Fe(II) (green squares) and

Mn(II) (pink circles) fromA) the Black Sea (top left; Lewis and Landing, 1991);

B) the eastern Mediterranean (top right; Saager et al., 1993); C) Lake Vanda,

Antarctica (bottom left; Bratina et al., 1998); and D) the Cariaco Trench (bottom
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driven mixing and limits primary productivity so Lake Vanda is one of the clearest

and least productive lakes in the world. Compared to the open ocean this hydro-

logically closed lake exhibits simple trace metal cycling. The redox cycling of Mn

within Lake Vanda appears to be the strongest lever on the behaviour of the REE.

The onset ofMn reduction at O2 concentrations <0.52mM is accompanied by

a reduction in the magnitude of the negative Ce anomaly (Figure 3; Bratina

et al., 1998). At 62 m, O2 reaches a subminima and Mn(II) concentrations reach

a submaxima. Between 62 and 65 m, the trend reverses: Mn concentrations

decrease and the negative Ce anomaly becomes more pronounced. This may be

the result of REE and Mn removal into carbonate phases or by a population of

low-light-tolerant phytoplankton whose population peaks at this depth (De

Carlo and Green, 2002). Mn(II) begins to build up again at 66 m depth. At

67 m, conditions become fully anoxic, resulting in a peak in Mn2+ and Fe2+ and

the onset of H2S build-up. The REE pattern above and below the anoxic

boundary is broadly similar except the small negative Ce anomaly switches to

a pronounced positive Ce anomaly (Figure 3; De Carlo and Green, 2002). REE

cycling in this relatively simple lake system illustrates that REE are highly

sensitive to changes in water chemistry over short spatial scales and that

positive Ce anomalies can develop in the suboxic-anoxic zone.

4.2 Long-Term Compilations

Ce anomalies record local-regional redox conditions on continental shelves,

which may be influenced by basin-scale carbon cycling and hydrodynamics

as well as atmospheric oxygen levels. However, with sufficient data compil-

ations of Ce anomalies may highlight significant changes in global oxygen

availability (Tang et al., 2016; Wallace et al., 2017). The primary nature of

the negative Ce anomalies recorded at 3.2 Ga (Kato et al., 1998) and 2.8 Ga

(Kato et al., 2002) has been questioned because these studies didn’t measure

Pr and the anomalies occur randomly with respect to stratigraphy (Planavsky

et al., 2010). Aside from these potentially altered samples, ironstones and

carbonate rocks record broadly consistent signals throughout the Archean

Caption for Figure 3 (cont.)

right; Jacobs et al., 1987). Typical REE patterns for the Black Sea (German

et al., 1991), the Mediterranean (Bau et al., 1997), Lake Vanda (De Carlo and

Green, 2002) and the Cariaco Basin (De Baar et al., 1988) are shown in grey

(centre), noting the water depth. For interpretation of the colours in this figure,

the reader is referred to the web version of this Element.
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and Proterozoic, suggesting the oceans were dominated by anoxic waters.

Surface waters would have contained low concentrations of O2(aq) through-

out the Proterozoic but the concentration and depth of the oxic layer was

clearly limited. A significant change in the record is evident in the

Phanerozoic (Figure 4), suggesting widespread, well-oxygenated waters

became a persistent feature of shelf environments from the Devonian

onwards (Figure 4) (Tostevin and Mills, 2020; Wallace et al., 2017).

5 Future Prospects

Our understanding of Ce anomalies has evolved through decades of research. The

basic principle – that the unique redox-sensitive behaviour of Ce results in

depletions or enrichments compared to neighbouring REE – is well established

(German and Elderfield, 1990a; German et al., 1991). However, more detailed

work is needed to understand the kinetics of Ce oxidation, the impact of organic

matter and the dependence of Ce oxidation onMn particulates (Kim et al., 2012).

Figure 4 Ce anomaly data through geological time, building on data sets

compiled by Wallace et al. (2017) and Tang et al. (2016). The grey shaded

region indicates no significant Ce anomaly (0.8–1.2). Arrows highlight negative

anomalies that have been questioned by Planavsky et al. (2010). Geological eras

and periods are marked along the axis (refer to GSA Geological Timescale v. 5.0 for
interpretation of colours).
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A large body of work has demonstrated that seawater signals can be well

preserved in carbonate rocks and sediments (Nothdurft et al., 2004; Webb and

Kamber, 2000) and that with careful leaching procedures they can be successfully

extracted without contamination from non-carbonate phases (Cao et al., 2020;

Tostevin et al., 2016a; Zhang et al., 2015). The preservation of seawater signals in

bulk limestone and dolomite means the proxy is particularly relevant to

Precambrian rocks deposited before the evolution of carbonate skeletons. Ce

anomalies offer a promising pathway for tracking redox conditions in deep time.

The relative ease of preparation and analysis means large data sets can be

collected that map variations in redox conditions across a single shelf environ-

ment (Tostevin et al., 2016b). Ce anomalies may provide particularly useful

insight into the role of oxygen in early evolution since they are sensitive to

intermediate conditions that are more relevant to animal ecosystems.

6 Key Papers

Establishing the Redox-Sensitive Behaviour of Ce

An early review paper that sets out the key criteria for Ce anomalies as a redox

proxy and assesses each in turn. Although they conclude that Ce anomalies have

potential as a paleo-redox proxy, they urge cautious interpretation due to the

slow kinetics of Ce oxidation.

German, C. R., Elderfield, H., 1990. Application of the Ce anomaly as a paleoredox
indicator: The ground rules. Paleoceanography 5, 823–3. https://doi.org/199010
.1029/PA005i005p00823

Water column data from the Black Sea clearly highlight the close relationship

between Ce anomalies andMn cycling with the erosion of the Ce anomaly in the

suboxic zone, coincident with the reductive dissolution of particulate Mn.

German, C. R., Holliday, B. P., Elderfield, H., 1991. Redox cycling of rare earth elements
in the suboxic zone of the Black Sea. Geochim. Cosmochim. Acta 55, 3553–8. https://
doi.org/10.1016/0016–7037(91)90055-A

Capturing Seawater REE during Precipitation
of Carbonate Rocks

This paper demonstrates that REE are enriched in modern microbialites com-

pared with modern seawater but because the partition coefficients are similar for

all REE, patterns and anomalies are faithfully preserved.

Webb, G. E., Kamber, B. S., 2000. Rare earth elements in Holocene reefal microbialites:
A new shallow seawater proxy. Geochim. Cosmochim. Acta 64, 1557–65. https://doi
.org/10.1016/S0016-7037(99)00400–7
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This study tested the application of REE in ancient carbonate rocks by

comparing REE patterns in various carbonate phases precipitated from the

same body of seawater. They found small differences in REE patterns due to

variations in partitioning behaviour but conclude that, overall, carbonate rocks

have potential as ancient seawater REE archives.

Nothdurft, L. D., Webb, G. E., Kamber, B. S., 2004. Rare earth element geochemistry of
Late Devonian reefal carbonates, Canning Basin, Western Australia: Confirmation of
a seawater REE proxy in ancient limestones. Geochim. Cosmochim. Acta 68, 263–83.
https://doi.org/10.1016/S0016-7037(03)00422–8

Preservation and Extraction of REE Signals in Carbonate Rocks

This study demonstrates the high preservation potential of Ce anomalies in recent

carbonate sediments that have experienced a range of diagenetic conditions includ-

ing meteoric processes and marine burial diagenesis, including dolomitisation.

Liu, X.-M., Hardisty, D. S., Lyons, T. W., Swart, P. K., 2019. Evaluating the fidelity of the
cerium paleoredox tracer during variable carbonate diagenesis on the Great Bahamas
Bank.Geochim. Cosmochim. Acta 248, 25–42. https://doi.org/10.1016/j.gca.2018.12.028

This early work demonstrated that seawater REE patterns can be extracted

from carbonate rocks that have undergone episodes of regional dolomitisation.

Banner, J. L., Hanson, G. N., Meyers, W. J., 1988. Rare earth element and Nd isotopic
variations in regionally extensive dolomites from the Burlington-Keokuk Formation
(Mississippian): Implications for REE mobility during carbonate diagenesis.
J. Sediment. Res. 58, 415–32.

This paper demonstrates the impact of different leaching procedures on the

REE pattern extracted from carbonate rocks and sediments, showing how easily

the seawater signal can be overprinted by contamination.

Tostevin, R., Shields, G. A., Tarbuck, G. M., He, T., Clarkson, M. O., Wood, R.A., 2016.
Effective use of cerium anomalies as a redox proxy in carbonate-dominated marine
settings. Chem. Geol. 438, 146–62. https://doi.org/10.1016/j.chemgeo.2016.06.027

Application in Deep Time

This study compiles Ce anomaly data from the Neoproterozoic and Palaeozoic

and identifies a significant long-term shift in the average. This work is signifi-

cant because it shows that with sufficient data global long-term trends can be

extracted from local proxy data.

Wallace, M.W., Hood, A. vS., Shuster, A., Greig, A., Planavsky, N. J., Reed, C. P., 2017.
Oxygenation history of the Neoproterozoic to early Phanerozoic and the rise of land
plants. Earth Planet. Sci. Lett. 466, 12–19. https://doi.org/10.1016/j.epsl.2017.02.046
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