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There has been extensive debate about the history of Earth’s oxygenation and the role that land plant 
evolution played in shaping Earth’s ocean–atmosphere system. Here we use the rare earth element 
patterns in marine carbonates to monitor the structure of the marine redox landscape through the 
rise and diversification of animals and early land plants. In particular, we use the relative abundance of 
cerium (Ceanom), the only redox-sensitive rare earth element, in well-preserved marine cements and other 
marine precipitates to track seawater oxygen levels. Our results indicate that there was only a moderate 
increase in oceanic oxygenation during the Ediacaran (average Cryogenian Ceanom = 1.1, average Ediacaran 
Ceanom = 0.62), followed by a decrease in oxygen levels during the early Cambrian (average Cryogenian 
Ceanom = 0.90), with significant ocean anoxia persisting through the early and mid Paleozoic (average 
Early Cambrian–Early Devonian Ceanom = 0.84). It was not until the Late Devonian that oxygenation 
levels are comparable to the modern (average of all post-middle Devonian Ceanom = 0.55). Therefore, 
this work confirms growing evidence that the oxygenation of the Earth was neither unidirectional nor 
a simple two-stage process. Further, we provide evidence that it was not until the Late Devonian, when 
large land plants and forests first evolved, that oxygen levels reached those comparable to the modern 
world. This is recorded with the first modern-like negative Ceanom (values <0.6) occurring at around 
380 Ma (Frasnian). This suggests that land plants, rather than animals, are the ‘engineers’ responsible for 
the modern fully oxygenated Earth system.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The history of life and surface oxygen levels are inextricably 
linked (Anbar and Knoll, 2002). Atmospheric oxygen levels are con-
trolled in large part by the extent of organic carbon burial and 
are thus regulated by the biosphere (Watson et al., 1978). Con-
currently, surface oxygen concentrations also play a major role in 
shaping the structure and composition of the biosphere. For ex-
ample, the dramatic increase in animal paleobiological diversity 
and paleoecological complexity recorded at the Neoproterozoic–
Phanerozoic transition, arguably one of the most important pe-
riods of evolutionary innovation in Earth history, is commonly 
proposed to have been driven by an oxygenation event (Canfield 
et al., 2007). Similarly, it has been argued that long-term evo-
lutionary and diversity trends in the Phanerozoic are related to 
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oxygenation (Hannisdal and Peters, 2011). Foremost, vertebrate 
radiation in the Devonian has been attributed to a marked de-
crease in the extent of anoxic marine waters (Bambach, 1999;
Dahl et al., 2010). An oxygen rise in the Devonian can, in turn, be 
tied to the rise of the land plants, which likely changed weath-
ering regimes and almost certainly increased the extent of or-
ganic matter burial (Algeo and Scheckler, 1998; Lenton et al., 
2016). However, much of the discussion of Phanerozoic oxygena-
tion has historically been driven by numerical models, which, for 
the early Phanerozoic, have large uncertainties and persistent dis-
agreements between varying models (e.g. Bergman et al., 2004;
Berner, 2006). Modelling constraints are currently very broad, en-
compassing a wide range of marine redox conditions which would 
have had exceedingly disparate impacts upon early animal ecosys-
tems and global biogeochemical cycles. Although several studies 
have hinted at the possibility of pronounced anoxia during the 
early Phanerozoic, there are few unambiguous records that pro-
vide direct evidence for the proposed Silurian–Devonian oxygen 
rise (Dahl et al., 2010; Sperling et al., 2015; Lenton et al., 2016).

http://dx.doi.org/10.1016/j.epsl.2017.02.046
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:mww@unimelb.edu.au
http://dx.doi.org/10.1016/j.epsl.2017.02.046
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2017.02.046&domain=pdf


M.W. Wallace et al. / Earth and Planetary Science Letters 466 (2017) 12–19 13
Fig. 1. Examples of well-preserved marine cements. A. Fibrous marine calcite cements (MC) with internal sediments (IS) interlaminated with cements at base of cavity. 
Upper Devonian Napier Formation, Canning Basin, Western Australia. B. and C. Paired plane light and cathodoluminescence photomicrographs of carbonate microbialite (M) 
overlain by zoned carbonate marine cements (MC) with laser spots (L) and traverse. Features like cement-filled fractures (1) and areas of irregular luminescence indicating 
recrystallisation (2) were avoided for analysis. Tonian Devede Formation, Northern Kaokoveld, Namibia.
The chemical behaviour of rare earth elements and yttrium 
(REEY) are well understood in modern environments and cerium 
has been widely used as an oceanic paleoredox proxy (Wright et 
al., 1987; German and Elderfield, 1990; Bau and Dulski, 1996). In 
particular, several studies (Nothdurft et al., 2004; Webb and Kam-
ber, 2000) indicate that marine microbialites and marine cements 
may be reliable proxies for the REEY chemistry of ancient oceans. 
Marine carbonate precipitates can be robust archives for seawa-
ter REEY chemistry even through diagenesis and dolomitization 
(Banner et al., 1988; Nothdurft et al., 2004; Webb et al., 2009), 
but there can be significant potential for late-stage fluid-rich al-
teration and/or contamination by clastic sediment. For example, 
bulk rock analysis of marine carbonates (and other rock types) has 
serious interpretive problems because of the incorporation of de-
trital silicates and other non-marine components (like late-stage 
burial cements and other late diagenetic components) that con-
taminate the primary marine carbonate REEY signature (Tostevin 
et al., 2016). Because of the potential for carbonates to include 
detrital sediment or undergo diagenetic alteration, we have used 
optical and cathodoluminescence (CL) screening to directly iden-
tify well-preserved marine carbonate phases that have not been 
altered during diagenesis. Specifically, CL work is very useful for 
distinguishing unaltered primary marine cements, which can be 
robust archives for paleo-seawater chemistry (Hood and Wallace, 
2015).

Therefore, to provide a new perspective on early Phanerozoic 
surface oxygenation, we have concentrated on the microanalysis of 
REEY patterns through laser ablation ICP-MS (directly coupled to 
optical and cathodoluminescence screening) of a suite of shallow-
water marine cements and other marine precipitates from a variety 
of Neoproterozoic and Paleozoic carbonates. This approach has a 
number of advantages over most previous REEY-based paleoredox 
studies: 1. Microanalysis (<100 μm spot size) allows diageneti-
cally altered carbonates to be avoided by the application of pre-
and post-analysis petrology (Fig. 1); 2. Marine cements are direct 
precipitates from seawater and contain negligible levels of silicate 
contamination; 3. Targeted marine cements (e.g. generally fibrous, 
isopachous and forming macroscopic crusts) are precipitated in 
high-permeability cavity systems (e.g. reef complexes) that sample 
unaltered marine fluids; 4. All available constraints suggest these 
fibrous marine cements are precipitated at a specific depth inter-
val of the ocean (0–400 m) in open-marine conditions.

In our study, REEYs were analysed from eighteen formations 
(Supplementary Material) ranging in age from Tonian (760 Ma) 
through to Early Carboniferous (345 Ma) and two Holocene car-
bonates. All of our analysed samples are from shallow-marine set-
tings, ranging in depth from shallow subtidal through to mid-shelf. 
Our aim was to use the REEY signature of well-preserved primary 
marine cements as a guide to the long-term (Neoproterozoic to 
Paleozoic) oceanic redox state and we have specifically excluded 
samples from known or suspected short-term anoxic events (e.g. 
the Late Devonian Frasnian–Famennian boundary). We have also 
compiled selected published data (Supplementary Material) from 
twelve other carbonate successions in which there was well docu-
mented petrographic screening, six modern seawater surveys and 
one modern carbonate study in order to produce a more complete 
record (Fig. 2).

2. Rare earth elements as redox tracers

Rare earth elements are typically present in seawater in their 
trivalent form and behave similarly to one another. The excep-
tion is Ce that has two valence states, the trivalent soluble form 
and the tetravalent form that is relatively insoluble. Oxidation can 
therefore preferentially remove Ce relative to the other trivalent 
rare earths. Removal of Ce is strongly controlled by oxidative scav-
enging by Mn oxides and hydrous Fe oxides (Bau and Koschinsky, 
2009). The presence or absence of Mn and Fe oxides is controlled 
by the oxidation state of the fluid, providing the link between oxy-
genation and Ce depletion. Normalisation of Ce abundance relative 
to the neighbouring rare earths (Ce anomaly or Ceanom) can there-
fore be used as a measure of oxidative Ce removal. Here we define 
Ceanom as: Cen/(Pr2

n/Ndn) (Lawrence et al., 2006), where the sub-
script n denotes normalisation of concentrations relative to the 
post-Archean Australian shale (PAAS, McLennan, 1989). This cal-
culation avoids normalisation relative to La, which typically has 
an over-abundance relative to neighbouring REEs (a La anomaly) 
in seawater (De Baar et al., 1985). In this calculation, depletion of 
Ce on normalised REEY profiles (referred to as a negative Ceanom
and indicating greater seawater oxygenation) produces values less 
than 1.0 (1.0 being equivalent to no Ce anomaly).

In modern oxic oceans, a strong negative Ceanom develops in the 
upper water column (<200 m) and is accentuated at depth with 
ongoing oxic removal of Ce and concurrent release of other light 
rare earth elements (LREE) (Alibo and Nozaki, 1999; Moffett, 1994;
De Baar et al., 1985; German and Elderfield, 1990). However, in 
seasonally anoxic or suboxic seawater, the negative Ceanom is not 
as well developed as it is in well-oxidised seawater (Moffett, 1994). 
Given that Ceanom in the shallow modern ocean represents a time-
averaged record of the redox history of a particular water mass 
(German and Elderfield, 1990), the proxy tracks basin-scale re-
dox conditions even though anomalies can be controlled by lo-
cal processes (e.g., local anoxia). Consequently the Ce anomalies 
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Fig. 2. Plot of the Ce anomaly (Lawrence et al., 2006) from 760 to 0 Ma. Blue circles are analyses from this study. Small grey circles are from published carbonate data 
(references in Supplementary Material). Red circles are median values for each dataset. Negative Ce anomalies, indicating Ce removal by oxidation, have values less than one. 
Thick grey line shows the general trend of the Ce anomaly. Dashed black line shows trend of oxygenation. The change to strongly negative Ce anomalies (and a more oxidised
ocean) occurs in the Late Devonian, and closely correlates with the evolution of arborescent land plants and forests. Dark grey bars indicate Cryogenian glacial episodes. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
derived from ancient shallow-water carbonates (<400 m depth) 
are likely to represent an averaged history of the redox chem-
istry to which that shallow water mass has been exposed. If 
an ancient ocean basin had an anoxic water body (deep or in-
termediate waters), then shallow waters would be expected to 
carry a partial Ceanom signature (i.e. a weaker negative Ceanom) 
derived from that anoxic water body. For instance, in low at-
mospheric O2 conditions, high spatial and temporal variability in 
shallow marine redox would be expected (Reinhard et al., 2016;
Lenton and Daines, 2017), reducing the potential to preserve any 
negative Ceanom values. Therefore shallow marine carbonates from 
any environment under oxic conditions with either; intermittent 
anoxia or exposure to an ocean basin with widespread anoxic deep 
waters (e.g. a relatively shallow chemocline) would carry only a 
weakened Ceanom or no Ceanom due to reduced scavenging poten-
tial of Ce and variable redox cycling conditions.

Shallow waters, and equivalent marine carbonates only have 
the possibility to carry a strong negative Ce anomaly in fully oxic 
marine basins. This, importantly, means that the Ceanom is not 
entirely a local oxygenation indicator, but is more likely to be de-
rived from an averaged basinal or perhaps global oceanic state. 
The mean oceanic residence time of Ce is estimated to be around 
50–130 yrs (Alibo and Nozaki, 1999) also suggesting that Ceanom is 
likely to be of basinal or regional origin. Therefore the preservation 
of a strong negative Ceanom (even with a spread of values towards 
Ceanom at unity) may be used to mark the occurrence of regionally 
widespread oxygenated marine conditions at a given time.

The Ceanom value for marine carbonates also appears to be well 
preserved during carbonate diagenesis, even where diagenesis is 
intense (Banner et al., 1988; Webb et al., 2009). Webb et al. (2009)
found that even during aragonite to calcite conversion in the mete-
oric environment, the Ceanom value was preserved, but very slightly 
increased. Virtually all of the marine cements of this study had a 
primary mineralogy of either calcite or dolomite (particularly in 
pre-Carboniferous carbonates) and the process of aragonite to cal-
cite conversion would therefore not apply.

3. Methods and materials

In this study, we have used new analytical work (most from 
marine cements, some from depositional constituents), together 
with a compilation of published whole rock carbonate and modern 
oceanic data (details in Supplementary Material). Marine cements 
were recognised by a number of distinctive characteristics (other 
than being interlaminated with marine internal sediments), includ-
ing a fibrous crystallographic texture (radiaxial, radial fibrous or 
fascicular optic calcite and equivalent fibrous dolomite cements), 
and an inclusion-rich character. Polished thin sections were ex-
amined under plane light and cathodoluminescence microscopy 
in order to select unaltered primary marine cements for analysis. 
Cement-filled fractures, stylolites, recrystallised carbonates, non-
carbonate inclusions and areas of cross-cutting or irregular lumi-
nescence were avoided for analysis. Marine cements were targeted 
for either uniform non-luminescence (e.g. Phanerozoic samples) or 
well-preserved CL growth zonation (e.g. Tonian–Cryogenian sam-
ples; Fig. 3).

REEY concentrations were determined by LA–ICP–MS on pol-
ished, 100–200 μm thick sections. LA–ICP–MS analyses were car-
ried out on a Helex 193 nm ArF excimer laser ablation system 
connected to an Agilent 7700× quadrupole ICP-MS at the School of 
Earth Sciences, the University of Melbourne. Operating conditions 
included a laser repetition rate of 10 Hz and an ablation time of 
60 s with spot size ranging from 100 to 150 μm. Blocks of approxi-
mately 50 spot analyses on four different samples were analysed at 
a time with a NIST SRM612 standard analysed every ∼7 samples. 
Data was reduced by Iolite Software (Paton et al., 2011) using the 
Trace Elements Data Reduction Scheme (Woodhead et al., 2007). 
Calcium was used as an internal standard element, using the cal-
culated stoichiometric concentrations for either calcite or dolomite 
(depending on which mineral was being analysed). Outliers were 
rejected at the ±2 sd level. Limits of detection for the REEYs are 
typically in the sub-ppb range.

Our new record of Ceanom from the Neoproterozoic to the 
present day (from 760 to 0 Ma) includes marine cements (n = 274)

and other marine precipitates (n = 44) from this study, in addition 
to data from previous literature on shallow water marine carbon-
ates (from 115 well documented whole rock, brachiopod, marine 
cement and coral analyses) and from modern sea water (0–400 m 
from multiple ocean basins, n = 28).

Our compilation of published data is derived from ancient car-
bonates (12 studies) together with modern seawater and carbonate 
data (7 studies) (details in Supplementary Material). Most pub-
lished analyses from ancient carbonates were derived from whole 
rock data, although some were from marine cements and micro-
bialites. Many of these studies come from reef complexes and 
platformal carbonates, similar in paleoenvironmental setting to the 
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Fig. 3. Cathodoluminescent (CL) and plane light photomicrographs of Tonian samples. A) CL image of marine cements of the Devede Fm., Namibia, sample OKO showing sites 
of early and late non-luminescent dolomite (dark purple). Laser points avoided late-stage red and yellow veining. B) Plane light image of OKO showing fibrous character. 
C) CL image of early (diffuse luminescence) and late (non-luminescent) marine cements in the Beck Spring dolomite. Late-stage bright yellow veining was avoided. D) CL 
image of non-luminescent dolomite fibrous cements in the Beck Spring dolomite, sample SW-1. Late-stage bright red veining was avoided. E) Examples of laser spots form 
sample EMR-1, Beck Spring Dolomite. F) Sample SS3, showing preserved ooid cortices from Saratoga Springs, Beck Spring Dolomite. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
laser data from this study. To make sure the data was defini-
tively recording marine REEY values in carbonates, studies were 
only included if the authors considered possible sources of con-
tamination and a sedimentological analysis of what was being 
analysed. Where authors document contamination of marine val-
ues, the analyses were excluded. For example, in data from Jurassic 
reefs (Olivier and Boyet, 2006), only data from Pagny-sur-Meuse 
was included because these analyses had the lowest silicate con-
tamination values (as indicated by the authors). Data from the 
upper Triassic (Ritter et al., 2015) are only taken from samples 1b, 
2b, 1t and 2t (Fig. 10 of Ritter et al., 2015) of the earliest marine 
cements that show no luminescence (Ritter et al., 2015). These 
data have also been converted from NASC to PAAS normalised. Lit-
erature data from modern seawater was selected from a range of 
seminal papers on the rare earth composition of seawater in the 
Pacific, Southern and Indian oceans from near-coastal and offshore 
open ocean waters.

All of the samples from this study (derived or from our analy-
sis) are from pure carbonates, with negligible contamination from 
clays (e.g. Al vs. Ceanom r2 = 0.0021, median Th = 0.0071 ppm) or 
oxides (e.g. Fe vs. Ceanom r2 = 0.05). Neither is LREE fractionation 
(Ndn/Ybn) correlated with Ceanom or any detrital element concen-
trations. Ceanom is instead more strongly correlated with the age of 
the samples (r2 = 0.40) (Fig. 4).

4. Neoproterozoic–present Ce-anomaly record

Samples that are Cryogenian or Tonian (Fig. 2, 4) have neg-
ligible or slightly positive Ceanom, suggesting that these oceans 
were dominated by waters that were reducing with respect to 
Ce. Some Cryogenian samples have slightly positive mean Ceanom
(mean value 1.10), while Tonian samples have slightly negative 
Ceanom (mean value 0.89). Early Ediacaran data (from published 
material of the Doushantuo Formation, and new laser data) have a 
slightly negative Ceanom (mean value 0.95).

However, mid to late Ediacaran data (from published mate-
rial of the Dengying and Doushantuo formations) have distinctly 
negative Ceanom (mean value 0.62), indicating increased removal 
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Fig. 4. Contamination and co-variation plots for all data used in the Ce anomaly interpretation. After petrographic screening, samples were screened for Al < 900 ppm and 
Th < 0.3 ppm and not included if it fell above these levels. These thresholds were chosen based on the point at which REEY profiles were significantly changed (flattened) by 
REEY derived from clay contamination from the total data set, and are in line with broadly-used cut-off values. A) Ce anomaly does not correlate strongly to LREE depletion 
(lower Ndn/Ybn). B) and C) LREE depletion (Ndn/Ybn) does not co-vary with Mn or Al, suggesting neither Mn oxides or clays are contaminating carbonates, or causing 
normalised profiles to change significantly. D) Ce anomaly does not correlate to Al concentrations, and most samples have less than 50 ppm Al (� 1% shale contamination), 
suggesting clay contamination is not causing a loss of Ce anomaly in samples.
Fig. 5. Conventional Ce vs. Pr anomaly plot binned by time interval (Ce/Ce∗, cal-
culated as = 2Cen/(Lan + Ndn) (Bau and Dulski, 1996) vs. Pr anomaly (Pr/Pr∗
calculated as = 2Prn/(Cen + Ndn) (Bau and Dulski, 1996). Mean values for each 
time bin in black circles. A more pronounced negative Ce anomaly is developed in 
post-Late Devonian and modern samples. A slight negative Ce anomaly is found in 
Ediacaran and Paleozoic samples, while earlier Neoproterozoic samples show no Ce 
anomaly.

of Ce from the water column and increased oxygenation. Follow-
ing Ediacaran oxygenation, there is a period of weak negative Ce 
anomalies in the early Paleozoic (Early Cambrian through to Early 
Devonian mean Ceanom of 0.84), indicating a tendency towards 
anoxia through this time. The oldest very strong and modern-like 
negative Ceanom occur in the Late Devonian samples, providing evi-
dence for a strong oceanic oxygenation event during the Devonian. 
Younger data display strongly negative (but fluctuating) Ceanom to 
the present day (mean of all post-middle Devonian samples 0.55). 
Cerium data from shallow modern seawater (0–400 m depth) have 
similarly strongly negative values (mean Ceanom 0.36).

When binned by time (Tonian–Cryogenian, Ediacaran, Paleo-
zoic, Post-Mid Devonian and modern), shale-normalised REEY data 
(PAAS, McLennan, 1989) show distinct compositions on conven-
tional Ce vs. Pr anomaly diagrams and distinct profiles on REEY 
spider diagrams (Figs. 5, 6). Neoproterozoic normalised REEY dis-
tributions are slightly enriched in middle rare earth elements 
(MREEs) and lack a Ce anomaly, whereas Ediacaran profiles are 
more LREE-depleted, similar to modern seawater. Paleozoic REEY 
normalised profiles are similar to that of the earlier Neoprotero-
zoic, but have more pronounced Y/Ho and Ce anomalies (Figs. S5, 
S6). Modern-like REEY profiles are found in post-Mid-Devonian 
samples and modern carbonates with well-developed negative Ce 
anomalies and high Y/Ho ratios.

Y/Ho ratios in ancient carbonates have been used as an indica-
tor of marine-like or primary marine chemistry (Nothdurft et al., 
2004). This is because Y/Ho ratios are high in seawater relative to 
those in chondrites (Bau and Koschinsky, 2009). Y/Ho ratios have 
therefore been used as discriminators of silicate contamination or 
diagenetic alteration. The Y/Ho ratios of Neoproterozoic carbonates 
(Fig. S5) are consistently lower than modern marine values, regard-
less of whether they are whole rock or marine cement analyses. 
This suggests that the relatively low Y/Ho values of Neoproterozoic 
carbonates are not the result of silicate contamination and that 
Y/Ho ratios can be controlled by redox processes (Bau et al., 1997). 
Y/Ho ratios in marine iron oxides can be lower than chondritic 
values (Bau and Koschinsky, 2009), suggesting that scavenging by 
these oxides is what creates superchondritic seawater Y/Ho ratios.

A comparison between post-Mid Devonian data (when the first 
modern-like Ceanom are seen in the record) and earlier Neopro-
terozoic to Paleozoic data shows two clearly statistically significant 
populations (t-test: p = 2.35 × 10−36) (Fig. 7). A Mann–Whitney U 
test for equal population median values is similarly clearly rejected 
at the 1% significance level (p = 1.22 × 10−36). Although the data 
is not normally distributed, bootstrap resampled mean populations 
show an even clearer distinction between mean Ceanom values be-
fore and after the Mid-Devonian, with no overlap in distributions
(Fig. 7).

5. Discussion and implications

The consistency of the Ce anomaly (Figs. 2, 5) for time intervals 
from globally distributed samples suggests that it records global, or 
at least ocean basin-scale variations in oxygen levels. Early to mid 
Paleozoic data for example, all show weak negative Ceanom and 
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Fig. 6. Average REEY multi-element diagrams from shallow seawater (0–400 m depth) (left) and shallow marine carbonate data (right). Seawater values are taken from the 
Pacific, Indian, Southern and Atlantic Oceans (Bertram and Elderfield, 1993; De Baar et al., 1985; Nozaki and Alibo, 2003a, 2003b; Shimizu et al., 1994; Zhang and Nozaki, 
1996).
Fig. 7. Distribution of Ceanom. Upper panel: normalised histograms of Ceanom data 
for all samples (Neoproterozoic–Paleozoic) before the late Devonian (blue) and Late 
Devonian to modern (yellow) carbonates, including modern seawater values. Lower 
panel shows bootstrap resampled mean values, with two clearly distinct populations 
of Ceanom values before and after the Late Devonian. Resampling was completed 
10,000 times from each distribution with replacement. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version 
of this article.)

this is consistent with previously published Mo isotope data (Dahl 
et al., 2010). The Ceanom data indicate two important episodes of 
oxygenation in the Neoproterozoic–Phanerozoic (an Ediacaran and 
a Devonian event) and one episode of de-oxygenation in the Cam-
brian. The mid to late Ediacaran event coincides with the Neopro-
terozoic Oxygenation Event, and is consistent with a range of other 
geochemical paleoredox proxies (Canfield et al., 2007). Moreover, 
this event correlates with the first appearance and diversification 
of the Ediacaran fauna (Canfield et al., 2007). However, our data 
suggest that the Ediacaran event was transient, with a decrease in 
oxygenation and return to more extensive anoxia during the early 
to mid Paleozoic (although Ceanom values, and modern-like nor-
malised REEY profiles during this time indicate more oxic overall 
conditions than in the Tonian–Cryogenian).

The abundance of early Paleozoic graptolitic black shales (Berry 
and Wilde, 1978), the ratio of organic carbon to pyrite in sed-
iments (Berner and Raiswell, 1983) and shale iron speciation 
records (Sperling et al., 2015) are consistent with extensive early 
Paleozoic anoxia. The abundance of Paleozoic black shales was 
recognised by early workers like Ruedemann (1935) who listed 
black shales from the New York region ranging in age from Cam-
brian through to Mid Devonian.

The episode of oxygenation in the Devonian has not been 
well documented geochemically. There is potentially Mo isotope 
evidence for a Devonian oxygenation event (Dahl et al., 2010;
Lenton et al., 2016). Our Ceanom dataset is in broad agreement 
with the sparse Mo isotope record, but the Ceanom data provides 
a clearer geochemical record of both the Ediacaran and Devonian 
events. The very strong negative Ceanom in Late Devonian and early 
Carboniferous samples closely correlates with the diversification of 
land plants during this period (Algeo and Scheckler, 1998). While 
spore records suggest terrestrial floras had evolved by the middle 
Ordovician, these early land plants were small and non-vascular 
(Algeo and Scheckler, 1998).

It has been suggested that these small mid-Paleozoic plants 
played a significant role in modifying terrestrial ecosystems and 
global weathering prior to the Late Devonian (Lenton et al., 2016;
Porada et al., 2016), although other researchers suggest that these 
early “cryptogamic” plants were probably not significant in this 
respect (Edwards et al., 2015). Our Ceanom record shows a slight 
rise in the cerium anomaly beginning in the Early Devonian and 
this may correspond with the spread of very early vascular plants 
(Lenton et al., 2016). However, our Ceanom record does not increase 
to levels comparable with that of the modern cerium anomaly 
until the Late Devonian (Frasnian) (Fig. 2). This increase closely co-
incides with the evolution of large arborescent vascular plants, first 
recorded in the Mid-Devonian (Givetian, Stein et al., 2007) and this 
may suggest that the evolution of trees and forests played a signif-
icant role in influencing the carbon cycle and atmospheric oxygen 
levels (Edwards et al., 2015).

The Paleozoic charcoal record also offers insights into the evo-
lution of plants and atmospheric oxygen during this time (Lenton 
et al., 2016). The first appearance of charcoal in the Late Silurian 
(Glasspool et al., 2004) and its low abundance through the Devo-
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nian have been used to indicate O2 concentrations greater than 
15–17% through this period (Belcher and McElwain, 2008). This 
charcoal data potentially supports the hypothesis of an increase 
in oxygenation beginning earlier than the Devonian (Lenton et al., 
2016). Significantly, the charcoal record also shows an enormous 
increase in abundance (1–2 orders of magnitude) in the Late De-
vonian (Lenton et al., 2016), consistent with our Ceanom record and 
consistent with large arborescent plants playing an important role 
in oxygenation.

The evolution of vascular plants began in the Late Silurian and 
by the Late Devonian, all of the major plant groups had evolved 
arborescent species (Algeo and Scheckler, 1998). Forests driving 
oxygenation should not be a surprise, as trees produce recalci-
trant organic matter with C/P ratios that are much higher than 
marine primary producers (Kump, 1988). The preservation and 
burial of abundant terrestrial organic material during late Paleo-
zoic time was a giant new source of oxygen production (Algeo 
and Scheckler, 1998; Algeo and Ingall, 2007). The evolution and 
increased abundance of a terrestrial biomass more resistant to bac-
terial breakdown (lignin-rich material, Robinson, 1990) in the Late 
Devonian meant that transported organic matter was more likely 
to be preserved in a marine setting, (even with co-evolution of 
lignin-degrading fungi, Nelsen et al., 2016) also contributing to 
oxygenation (Kump, 1988). Therefore the Ceanom data compiled 
here provides strong empirical evidence linking ocean oxygenation 
and the evolution of large, vascular land plants.

6. Conclusions

The typical narrative is that Earth became oxidised in two ma-
jor steps (the Great Oxygenation Event and the Neoproterozoic 
Oxygenation Event) that neatly subdivide earth history into three 
stages; Archean, Proterozoic and Phanerozoic, each stage being 
more oxic than the last. However, our results suggest this simple 
picture of Earth’s oxygenation history is incorrect and reality, not 
unexpectedly, is considerably more complex. It now appears more 
likely that there was a protracted and irregular Oxygenation in-
crease that extended well into the Phanerozoic. This suggests that 
the Neoproterozoic Oxygenation Event was only a small step to-
wards a modern oxygenated Earth system. The rise of land plants 
appears to have been essential for the permanent transition to 
fully oxygenated oceans.
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