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The oxygenation history of Earth’s surface environments has had a profound influence
on the ecology and evolution of metazoan life. It was traditionally thought that the
Neoproterozoic Oxygenation Event enabled the origin of animals in marine environ-
ments, followed by their persistence in aerobic marine habitats ever since. However,
recent studies of redox proxies (e.g., Fe, Mo, Ce, I) have suggested that low dissolved
oxygen levels persisted in the deep ocean until the Late Devonian, when the first
heavily wooded ligniophyte forests raised atmospheric O, to modern levels. Here, we
present a Paleozoic redox proxy record based on selenium enrichments and isotope
ratios in fine-grained siliciclastic sediments. Our data reveal transient oxygenation
of bottom waters around the Ediacaran—Cambrian boundary, followed by predomi-
nantly anoxic deep-water conditions through the Early Devonian (419 to 393 Ma).
In the Middle Devonian (393 to 382 Ma), our data document the onset of perma-
nent deep-ocean oxygenation, coincident with the spread of woody biomass across
terrestrial landscapes. This episode is concurrent with the ecological occupation and
evolutionary radiation of large active invertebrate and vertebrate organisms in deeper
oceanic infaunal and epifaunal habitats, suggesting that the burial of recalcitrant wood
from the first forests sequestered organic carbon, increased deep marine oxygen levels,
and was ultimately responsible for the “mid-Paleozoic marine revolution.”

paleoredox | gnathostomes | vascular plants | mid-Paleozoic marine revolution

The role of environmental oxygen levels in shaping animal evolution has been studied for
decades (1, 2). Tt is well accepted that the evolution of Earth from an anoxic to oxygenated
state permitted the origin of aerobically respiring animal life (3). Although the sudden
appearance of metazoan fossils in Ediacaran successions was once thought to derive from
the permanent transition from an anoxic to a fully oxygenated ocean (4, 5), closer scrutiny
of paleoredox records suggests that only limited ocean oxygenation occurred in the
Ediacaran against a backdrop of predominantly anoxic conditions (6-9), with permanent
deep-ocean oxygenation perhaps delayed to as late as the Devonian (10, 11). This has led
to the development of more nuanced models of secular ocean oxygenation—in which
shallow-marine settings may have been oxic well before ventilation of the deep ocean—
with corresponding revisions to our picture of early animal evolution (12-15).

Beyond influencing the timing of their initial appearance in the fossil record, oxygen
levels continued to affect animal evolution and ecology through the Phanerozoic. Marine
oxygen gradients today exert strong spatial control on faunal diversity and composition.
In the fossil record, the impact of oxygen on animals is apparent during hyperthermal-driven
mass extinction events, when oxygen stress contributes to the extirpation or extinction of
many marine animal clades (16-18). However, aside from the acknowledged constraints
on the timing of the appearance of complex life, the role of oxygen as a direct driver of
subsequent animal radiations is not as clear. Given that oxygen is required for large body
plans in active organisms (19), its availability may have influenced the patterns of radiation
of such animals and their spread into new habitats. The record of early gnathostomes
(jawed vertebrates) in particular might offer an example of this. Sallan et al. (20) showed
that early gnathostomes originated in shallow marine environments during the Ordovician
and expanded into a variety of nearshore settings long before their appearance in deeper,
outer continental shelf habitats in the Devonian. The emerging view of a predominantly
anoxic deep ocean until the Devonian would be consistent with a redox-imposed habitat
restriction on early vertebrates, stifling colonization of deeper-water habitats until sufficient
oxygen levels were attained and stabilized. Existing paleoredox proxy records allow a broad
window for deep-ocean oxygenation between the Silurian and Middle Devonian (444 to
382 Ma), yet leave uncertainty within this 60-My window. These proxy records thus
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Significance

The timing of permanent
deep-ocean oxygenation is
controversial; early work placed it
in the Ediacaran, whereas more
recent studies point to the
mid-Paleozoic. Establishing the
timing of this transition has
profound implications for the
ecological radiation and
evolutionary diversification of
metazoan life. Here, we better
constrain the Paleozoic history of
deep-ocean oxygenation using
selenium geochemistry. We do
not observe permanent deep-
ocean oxygenation until the
Middle Devonian (393 to 382 Ma),
which overlaps with the “mid-
Paleozoic marine revolution” in
animal life. Ocean oxygenation
thus provides a plausible
explanation for the evolutionary
changes that are documented in
this interval. This rise of oxygen
was likely driven by organic
carbon burial during the spread
of woody vascular plants across
landmasses.
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provide neither sufficient temporal resolution nor redox sensitivity
(i.e., high Eh) to adequately test this hypothesis.

Here, we present a redox proxy record, based on the abundance
and isotopic composition of the element selenium (Se) in
fine-grained siliciclastic marine sedimentary rocks, to clarify the
secular oxygenation of deeper water environments, namely those
comprising outer shelf to upper slope regions of continental mar-
gins. We find that, although transient pulses of deeper-water oxy-
genation occurred around the Ediacaran—Cambrian transition,
sustained deep-ocean oxygenation is not observed until ~390 Ma,
in the Middle Devonian. A gap in our record from 420 to 394
Ma—also observed in global compilations of shales and mud-
stones (SI Appendix, Fig. S1)—Ileaves open the possibility of an
Early Devonian onset of deeper-water oxygenation. Importantly,
in either case, our data document a redox transition that is roughly
coincident with the appearance of gnathostomes in deeper benthic
assemblages and the “mid-Paleozoic marine revolution” (21) in
marine invertebrate evolution and ecology. The temporal correla-
tion between the oxygenation of deeper habitats and these mac-
roevolutionary phenomena suggest deep-ocean anoxia likely
restricted available habitats for marine macrofauna in the earlier
Paleozoic. This restriction was alleviated in the Early-Middle
Devonian when the evolution of vascular land plants, woody bio-
mass, and ultimately forests drove enhanced organic carbon burial,
a rise of atmospheric O,, and oxygenation of the ocean depths.

The Selenium Isotope Redox Proxy. Selenium isotope ratios are
a well-suited proxy for tracking deep-ocean oxygenation in the
ancient ocean (22). Selenium has six stable isotopes (masses 82,
80, 78, 77, 76, and 74; here, we refer to variations in the 52Se/”5Se
ratio in delta notation as 8%Se; see Methods) and can exist in
four oxidation states (-II, 0, +IV, and +VI) in Earth’s surface
environments. Redox transformations of Se result in large isotopic
fractionations (23) (Fig. 14) and occur at relatively high redox
potential (Eh) compared to many other redox proxies (Fig. 1B).
In particular, the most significant Se isotopic fractionation occurs
upon partial (nonquantitative) reduction, usually microbial, of
oxidized Se species. In modern environments, nonquantitative
respiration of Se oxyanions is observed at micromolar dissolved
oxygen levels or higher (24), similar to thresholds for animal
survival (25), making Se a useful proxy for tracking oxygen levels
relevant to animal respiration.

Selenium is delivered to the ocean gredominantly by rivers as
dissolved Se oxyanions (SeO,”, SeO;7, HSeO5") (27). This riv-
erine input flux is thought to have an isotopic composition similar
to that of the continental crust due to limited isotopic fractiona-
tion (<0.5%o) during weathering and transport (23). In seawater,

Se oxyanions are taken up by marine organisms in the photic zone,
with a small isotopic fractionation (<0.6%o) during assimilation
(28,29). A small amount of this organic-bound Se is exported to
sediments, with the rest being regenerated as Se oxyanions (pre-
dominantly SeO 32_) during organic matter remineralization,
which is not associated with Se isotopic fractionation. This water
column Se oxyanion reservoir can supply Se to sediments via either
adsorption to FeMn oxides (in oxic settings), which removes
lighter Se isotopes (A . yaer-adsorbed ~ —1%0) (30, 31), or via reduc-
tion to Se(0) nanoparticles (in suboxic or anoxic settings), which
is often followed by further reduction to Se(-1I) in sediments (32).
If reaction yields are nonquantitative, Se reduction can be associ-
ated with large (A, e reduced UP t0 —12%o0) isotopic fractionation
that favors the lighter isotopes (23, 33).

The Se isotopic composition of bulk marine sediments is a
weighted mean of the various Se pools (namely organic Se, reduced
Se’ or Se™, and adsorbed Se). In settings with anoxic bottom waters,
where Se oxyanion reduction goes to completion and adsorption is
negligible, sediments tend to record the isotopic composition of
overlying seawater (34). In settings where a stable pool of Se oxya-
nions persists in bottom waters, i.e., under oxic or suboxic condi-
tions, Se adsorption to FeMn-oxides and/or nonquantitative
oxyanion reduction can result in sediments with isotopic composi-
tions lighter than seawater (34). The total concentration of Se in
marine sediments is a function of both scavenging rate and marine
reservoir size; reducing (both suboxic and anoxic) sediments tend
to bury Se efficiently, but the maximum Se enrichment attained is
afunction of the Se content of deep waters. With an oxic, deep-ocean
reservoir of Se oxyanions, maximum attainable Se enrichments
would be higher than when the deep ocean is predominantly anoxic.

Here, we use Se abundance and isotopic composition in shales
deposited in offshore settings to provide snapshots of local-to-regional
redox conditions through the Paleozoic. We use a simplified scheme
for interpreting 5%Se values, separating samples into two groups:
1) those with crustal values, i.e., between —0.3 to +0.6%o (35, 36),
or supercrustal values above +0.6%o, and 2) those with subcrustal
values with 8% Se below —0.3%o. The first group likely reflects anoxic
deep-water conditions, whether ferruginous or euxinic, under which
Se is immobilized via reduction, as its redox transformation does
not require free H,S. Crustal 8*Se values in deeper-water sediments
are likely to be observed when Se oxyanions are completely reduced
in anoxic bottom waters, whereas supercrustal values may derive
from distillation of the Se oxyanion reservoir by incomplete reduc-
tion in nearshore suboxic zones and subsequent sequestering of
residual heavy Se isotopes offshore (37). The subcrustal group likely
reflects deposition in sites with a persistent deep water Se oxyanion
reservoir, i.e., implying oxic to suboxic conditions locally and
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Fig. 1. Aschematic of modern Se isotope mass balance (A), Redox potential of valence state changes in common paleo-redox proxies (B). Isotopic fractionations
from ref. 22. Dashed lines indicate water stability field. All data collated for pH range of 7 to 8. Adapted from Kipp et al. (26).
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oxygenated deep waters regionally or globally (which serve as a
reservoir of Se oxyanions). Thus, the onset and persistence of sub-
crustal Se isotope values in offshore marine sediments over time
should reflect deeper-ocean oxygenation. We note that due to the
strong biological cycling and intermediate marine residence time
of Se [1 to 10 kyr; ref. 27, only slightly longer than the 1 to 2 kyr
ocean mixing time (38)], Se is not globally homogenized in seawa-
ter—vertical and lateral gradients in Se abundance and isotopic
composition are expected in the ocean (29). Thus, Se abundance
and isotopic composition in any given depositional environment
provide an assessment of not global, but rather local-to-regional
redox conditions: regional in the sense of recording the presence/
absence of connection to a large pool of Se oxyanions (which would
require a large volume of oxic bottom water); local in the sense of
recording quantitative vs. partial Se oxyanion reduction in porewa-
ters (the latter suggesting locally oxic-to-suboxic conditions). In
summary, selenium isotopes provide a valuable proxy for tracking
redox changes at a local to regional scale.

In contrast, highly localized proxies such as the degree of pyriti-
zation and Fe speciation reflect water column conditions in reduc-
ing environments, while the Mo isotope system serves as a
well-established proxy for the global balance of oxic vs. sulfidic
bottom waters. A key strength of the Se isotope system lies in its
redox sensitivity at higher Eh than many existing proxies (Fig. 1B),
making it useful to track oxygenation relevant to the threshold of
animal respiration. Bulk 8*Se values primarily reflect redox trans-
formations of Se oxyanions when Se is abundant in the water
column. However, its intermediate residence time and reliance on
a steady supply of Se oxyanions from the global ocean present a
weakness, particularly in restricted basins. In such settings, limited
input of Se oxyanions can lead to quantitative reduction, leaving
such settings more sensitive to local factors such as sea-level-driven
primary productivity (39) and spatial heterogeneity (26). To over-
come these limitations, we have compiled a large dataset of glob-
ally distributed samples in regional basins—each connected to the
global ocean—that is well suited to constructing a picture of global
deep-ocean oxygenation. Rather than each site providing snap-
shots of global trends, each interval in this compilation presents
a distribution of environments and Se isotope ratios that can be
used to assemble a statistical representation of deep-ocean redox.

This study aims to improve the secular record of deeper marine
redox conditions throughout the Paleozoic (541 to 252 Ma), with
a particular focus on the proposed broad window of oxygenation
between the Silurian and Middle Devonian (444 to 382 Ma). We
analyzed Se abundance and isotope ratios in 97 organic-rich mud-
rocks and shales spanning 31 lithological units on five continents.
These were deposited in low-energy, deeper marine settings, mostly
pro-delta argillites from epicontinental basins and shales from the
outer shelf or upper slope regions on continental margins, roughly
matching the deepest “benthic assemblage zones” in ref. 20 (pale-
odepth information is provided in S/ Appendix, Table S1). We
note that some samples from epicontinental seaways likely repre-
sent more restricted basins than others in the compilation, an
inevitable limitation of the deep-time sedimentary record (40).
However, geochemical evidence from several of these settings
shows sustained connection to the open ocean (SI Appendix,
Table S1), and we aimed to overcome this limitation by amassing
a large dataset that also spans continental margin settings
(SI Appendix). We further combined these data with 158 pub-
lished Se isotope data (22) from Paleozoic mudrocks and shales
from 19 additional units, giving a total Paleozoic dataset (7 = 255)
that exceeds published Se isotope data from the Mesozoic and
Cenozoic (7 = 192). All new and compiled data are provided in

the ST Appendix.
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Results

The &**Se values of all Paleozoic samples (7 = 255) range from
—3.3%o0 to +3.8%o, with a mean (—0.10%o) that is similar to the
bulk silicate Earth average value (-0.02 + 0.05%o) estimated from
mantle geridotites (36). Most shales deposited in the Paleozoic
have a 8%*Se value within the range (—0.3 to +0.6%o) observed for
crustal igneous rock samples (35). We note an interval of the most
negative values (down to —3.3%o) around the Ediacaran—-Cambrian
transition (Fig. 2). The data return to crustal values by the Late
Cambrian and gradually increase to supercrustal (~+2%o) values
toward the Early Devonian. Notably, markedly negative 8*Se
values are persistently observed after the Middle Devonian.

Discussion

Here, we consider the Paleozoic shale Se isotope record in the
context of Se isotope mass balance and other coeval paleoredox
proxy records. We infer two episodes of deeper-ocean oxygenation
in the Paleozoic: the first around the Ediacaran—Cambrian bound-
ary, which was a transient event, and the second episode in the
Early to Middle Devonian, which we conclude was the onset of
permanent oxygenation of ocean depths.

Transient Oxygenation of Deeper Waters in the Ediacaran and
Cambrian. It was once influentially suggested on the basis of
Fe speciation analysis that the deep ocean became oxic after the
Gaskiers glaciation (~580 Ma), thus giving rise to the Ediacaran
biota and subsequent animal life (4, 5). Carbonate 8"°C records,
particularly the Shuram excursion, were also interpreted as to
reflect deep-ocean oxygenation with concomitant oxidation of
a dissolved organic carbon reservoir (44). However, subsequent
work challenged both the Fe speciation (11) and 8'°C (45, 46)
interpretations, instead invoking only transient oxygenation
during the Ediacaran. This has also been borne out in more recent
studies using other paleoredox proxies (e.g., refs. 6-9).
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Fig. 2. Habitat distribution of mid-Paleozoic gnathostomes (A), evolution
of terrestrial ecosystems (B), and secular record of Se isotope ratios in
marine sedimentary rocks (C). Relative occurrence rates (fgnatostome) OF fOSSIl
gnathostomes in benthic assemblage zones were compiled by Sallan et al.
(20), where BA1 to BA6 denote shallow to deep marine habitats (41). Record of
terrestrial ecosystem evolution from refs. 42 and 43. In panel C, the dashed line
denotes crustal average, with uncertainty range in gray shading. Blue circles
denote crustal or supercrustal Se isotope ratios; red circles denote subcrustal
values. Note change in x-axis scale at ca. 340 Ma.
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Our data are consistent with the later, more nuanced view of
transient oxygenation in the Ediacaran and Early Cambrian.
Multiple localities record strongly negative 8%Se values around
the Ediacaran—Cambrian boundary (47, 48), consistent with non-
quantitative reduction of a large Se oxyanion reservoir. In the same
interval, Se abundance in shales reaches ~100 ppm (49), Mo iso-
topes in euxinic black shales approach modern values (+2.3%o)
(50), and negative Ce anomalies are observed in carbonates (51)
(Fig. 3). These records collectively support at least egisodic seafloor
oxygenation. However, shales return to crustal §**Se values later
in the Cambrian. Similar trends toward more reducing conditions
are observed in other geochemical proxies: shale Se enrichments
decrease by an order of magnitude, black shale Mo isotope ratios
drop toward the riverine input value, and Ce anomalies become
less pronounced (Fig. 3). These patterns reinforce the inference
that seafloor oxygenation around the Ediacaran-Cambrian
boundary was only temporary.

Between ~530 and ~420 Ma, shale 8%2Se predominantly falls
within the crustal range, despite some supercrustal values, whereas
subcrustal results nearly disappear. This indicates a shift back to
anoxic bottom waters without access to a large deep-ocean Se
oxyanion reservoir. The sporadic appearance of subcrustal §*Se
values in the Ordovician likely reflects transient oxygenation
events driven by increased availability of Se oxyanions at regional
scales. The increase in prevalence of supercrustal 8*°Se values
between 475 and 420 Ma could indicate enhanced isotopic dis-
tillation in restricted basins; such effects have been observed in
later Paleozoic epeiric seas (26) and are thought to be driven by
partial Se oxyanion reduction in shallower (perhaps estuarine)
settings (37). Notably, our samples from this interval are domi-
nated by epicontinental sea settings (S Appendix, Table S1), coin-
ciding with a prolonged greenhouse climate during the late
Cambrian through Early Devonian, during which rising eustatic
sea level flooded continental interiors. However, samples from
both open-oceans and epicontinental seas exhibit similar trends
of 8%2Se values, supporting our assessment that a large compilation
of regional basins can reliably reflect broader deeper-ocean redox
conditions. Importantly for our purposes, the dearth of subcrustal
values in the fine-grained siliciclastic sediments studied here sug-
gests the absence of deeper-water oxygenation.

Permanent Oxygenation of Deeper Waters in the Devonian. A
clear change in all redox proxy records is observed after ~390 Ma
(Figs. 2 and 3). Shale & Se data consistently exhibit subcrustal
values, suggesting nonquantitative oxyanion reduction and implying
(sub-)oxic conditions down to the sediment—water interface at our
sampling localities. Since we observe these signatures in multiple
localities, the data likely indicate that widespread oxygenation of the
deep ocean was achieved by that time (Figs. 2 and 3). Average shale

Se abundance from 530 to 410 Mais1.1 fg:g ppm (geometric mean,

1 SD) and, after a gap in the record, is 5622

mean, 1 SD) from 394 to 350 Ma (Fig. 3), including many values
>50 ppm, consistent with a larger marine dissolved Se reservoir in a
well-oxygenated ocean. Euxinic black shale Mo isotope data likewise
shift toward the modern seawater value by 390 Ma, though we
acknowledge a lack of data in the Silurian and Early Devonian (443
to 393 Ma) (Fig. 3). Finally, a strong negative Ce anomaly around
~380 Ma reflects vigorous Ce(IV) removal from a well-oxygenated
water column (Fig. 3). Thus, our findings constrain the timing of
sustained deeper-ocean oxygenation to have occurred by ~390 Ma
(Middle Devonian), though perhaps starting in the prior interval
during which data are scarce (419 to 390 Ma; Early Devonian).
We also note that COPSE—a mechanistic forward biogeochemical
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Fig. 3. Records of vertebrate fossil distribution, marine redox proxies, and
modeled ocean anoxia through the early-mid Paleozoic. Two proposed ocean
oxygenation intervals are highlighted in yellow. Both intervals feature not only
subcrustal Se isotope ratios in shales, but also large shale Se enrichments (49),
high black shale Mo isotope ratios (50), and negative Ce anomalies (52). We
infer that the first interval near the Ediacaran-Cambrian boundary did not
resultin permanent deep-ocean oxygenation, whereas after 390 Ma, the deep
ocean experienced sustained oxygenation, consistent with the COPSE model
(53) that invokes a rise of O, at that time due to terrestrial biomass burial. It is
only after this Devonian oxygenation that vertebrates consistently appear in
the deepest benthic assemblage zone (Top panel shows the relative occurrence
of gnathostomes in BA6, as in Fig. 2A) (20). A more detailed description of
compiled proxies and models can be found in the Methods. E-C = Ediacaran-
Cambrian boundary. Modern or Phanerozoic maximum proxy values shown
in red shading. All axes, except Se isotope data, are oriented such that more
oxygenated conditions plot upward.

model of carbon, oxygen and nutrient cycles that does not use the
redox proxy data above as inputs (53)—predicts that the seafloor
experienced stepwise oxygenation, with a first pulse from 450 to 390
Ma and a large swing toward fully oxygenated conditions after ~390
Ma, broadly consistent with our Se record and the other compiled
redox proxy data (Fig. 3).

Evolutionary Causes and Consequences of Devonian Ocean
oxygenation. Selenium abundance and isotope values offer
valuable insights into deeper-ocean oxygenation and oxygen
availability in marine systems. We propose that Se isotope
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data provide a direct record of two episodes of deeper-ocean
oxygenation during the latest Precambrian and early Paleozoic.
The first of these oxygenation events was transient, occurring in
the Ediacaran and earliest Cambrian. This event has been well-
documented by numerous geochemical proxies and coincides with
the first appearance of benthic animals, supporting an important
role of oxygen in the origins of animal life (12-15). The drivers
of this first ocean oxygenation remain unresolved, with proposed
mechanisms including post-Marinoan environmental change (54,
55) and increased bioturbation (56), both potentially disrupting
phosphorus cycling and enhancing organic carbon burial, thereby
facilitating marine oxygen accumulation. Alternative mechanisms,
such as physical processes and biological innovations, have been
proposed and are reviewed elsewhere. The second episode of
marine oxygenation happened in the Early to Middle Devonian,
between 420 and 390 Ma, and unlike the first, this reflects a lasting
shift toward a fully oxygenated ocean.

Although these data do not specifically constrain the cause of
Devonian oxygenation, a prior connection has previously been
drawn to enhanced organic carbon burial during the spread of
woody vascular plants on land (57, 58). Vascular plants emerged
in the Silurian (444 to 419 Ma) and diversified into the Early
Devonian (419 to 393 Ma) when woody tissue evolved during
the Emsian (~400 Ma) (59, 60), with the first forests appearing
~390 Ma (61) (Fig. 2). Land plants, and particularly woody bio-
mass composed of phosphorus-poor biopolymers, have much
higher molar C/P ratios than marine organic matter (10, 50, 62,
63). The expansion of land plants enhanced continental weather-
ing, increased phosphorus input into the ocean, and stimulated
primary productivity. Together, terrestrial and marine productivity
would cause a global increase in organic carbon burial and thus
leave surplus O, in the atmosphere (57, 63, 64). As noted above,
our redox proxy record compilation suggests that persistent
deeper-ocean oxygenation occurred at or shortly before 390 Ma,
coincident with the Middle Devonian rise of forests (42, 65). With
the latest COPSE model suggesting atmospheric O, began rising
during the Silurian, proceeding global Devonian ocean oxygena-
tion (66), we cannot rule out an Early Devonian (419 to 393 Ma)
onset of deep-ocean oxygenation due to our lack of Se isotope
data in this interval. However, other redox proxies and the COPSE
model all point to the major marine redox transition occurring in
the Middle Devonian (Fig. 3). Taken together, these records sup-
port a causal link between woody biomass burial, the rise of atmos-
pheric O,, and oxygenation of ocean depths.

Beyond the terrestrial drivers of this transition, Middle
Devonian deep-ocean oxygenation coincides with a number of
marine ecosystem changes, some of which have been collectively
referred to as the “mid-Paleozoic marine revolution” (21). These
include an increase in the maximum body size and total metabolic
activity of marine invertebrates, enhanced and deepened seafloor
bioturbation, the diversification of predators and nektonic organ-
isms, and the colonization of deeper-ocean settings by early ver-
tebrates. The size to which animals with poor ventilation and
circulation can grow is influenced by oxygen availability (19, 67),
and so it is notable that there is a 1.5 log unit increase in maximum
invertebrate biovolume through the Early and Middle Devonian
(68), coincident with the window of ocean oxygenation (420 to
390 Ma) identified by the Se isotope record. Biovolume varies
across taxa even within a single phylum (69), but it is significant
that this trend is most obvious in sessile benthic groups as opposed
to vagile infaunal and active swimmers. Total metabolic activity
across taxa with similar architectures also varied through this inter-
val, with more active bivalve metabolism increasing by 1 log unit,
whereas sessile brachiopods decreased metabolic activity by 50%
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(70), again perhaps reflecting the effect of oxygen availability on
organisms of differing physiology.

Higher dissolved oxygen levels also allow deeper oxygen pene-
tration into sediment porewaters, potentially enabling deeper
bioturbation. Zoophycos, a prominent Phanerozoic ichnofossil, first
underwent a transition during the Devonian from shallow infauna
before to deep-tier infauna after. This early transition began in the
late Silurian, with its first appearance in the deeper bathyal realm
at the Early-Middle Devonian boundary (71). In support of this
argument, broader ichnological studies indicate limited sediment
mixing by bioturbation until at least the Late Silurian (72, 73).
Nekton largely replaced bottom-dwelling relatives during the
Devonian as well, most notably in fishes but also in cephalopods.
This “nekton revolution” has been linked to plankton diversifica-
tion enabled by increased nutrient supply (74); however, our Se
redox record suggests that higher oxygen levels within the water
column instead (or in addition) may have brought about an expan-
sion in more active swimming organisms. The mid-Paleozoic
radiation of durophagous predators, again principally fish but also
arthropods (21), coincided with the Middle Devonian redox tran-
sition, as does the appearance of gnathostomes in the deepest
benthic assemblages (Figs. 2 and 3). We therefore suggest that
delayed oxygenation of the deeper ocean may have postponed a
significant radiation of jawed vertebrates and their expansion into
deeper marine environments until the Middle Devonian, concur-
rent with significant evolutionary and ecological changes in inver-
tebrate faunas.

Conclusions

Oxidative continental weathering, driven by atmospheric oxygen,
enriches the ocean with redox-sensitive trace metals, including Se.
Subcrustal Se isotope values in marine sediments indicate non-
quantitative reduction of Se oxyanions, suggesting deposition in
environments closely linked to a large, oxic reservoir. An interval
of subcrustal §**Se values observed at the Ediacaran—Cambrian
boundary signals a transient episode of deep-ocean oxygenation.
However, from the Late Cambrian up to the Early Devonian (530
to 420 Ma), shale 8%*Se values returned to crustal values, indicat-
ing a prevalence of anoxic conditions in bottom waters up to that
time. The reappearance of subcrustal Se isotope values in black
shales deposited in the Middle Devonian (~390 Ma) and thereafter
documents the onset of persistent deeper-ocean oxygenation. We
speculate that this transition was driven by the advent of woody
land plants, which increased the global rate of organic carbon
burial. The onset of deeper ocean oxygenation in our proposed
window between 420 to 390 Ma set the stage for the expansion
of larger, more active, and more ecologically complex organisms
in marine ecosystems. The return of pervasively anoxic conditions
in deep marine settings after the Ediacaran—Cambrian oxygena-
tion event may thus have hindered the diversification of deep-
water jawed vertebrates for over 100 My.

Methods

Samples were prepared for isotopic analysis following published methods (75).
Samples were pulverized and ~1 g homogenized powder was digested using
a combination of concentrated HF, HCIO,, and 8 M HNO, for ~2 d at 130 °C.
Digests were evaporated to incipient dryness and additional HCIO, was added
until all organic matter was visibly removed. After again evaporating to incipient
dryness, 6 M HCl was added, and samples were boiled for 30 min to convert
all Se to Se". These solutions were diluted to 0.6 M HCl and passed through
thiol cotton fiber (TCF) columns for Se purification. Most matrix elements were
eluted in this process, and Se was then recovered from the TCF by boiling in
concentrated HNO, for 20 min. Released Se was recovered via centrifugation
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and dried to a ~0.5 mLdrop, then reconstituted in aqua regia (3:1 HCI:HNO,).
This solution was dried down at <60 °C to volatilize germanium that was
retained on the resin. Again upon reaching a ~0.5 mLdrop, the samples were
reconstituted in 6 M HCl, boiled for 30 min to convert Se to Se", and diluted
to 0.6 M HCl for analysis.

Selenium isotope ratios were analyzed using a Nu Plasma Multicollector
Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) at University
of Washington and a Thermo NeptunePlus MC-ICP-MS in the Isotoparium at
California Institute of Technology. Sample data were corrected using standard-
sample bracketing and reported in delta notation relative to NIST SRM 3149.
Isobaric interferences from argon dimers were corrected following published
protocols (75,76); other isobaric interferences were not corrected as they have
negligible impact on the reported ratios compared to our external reproduci-
bility. We report 8%%7%Se ratios in the main text as these are the least affected
by isobaricinterferences in our correction scheme, but we note that all samples
exhibit mass-dependent fractionation (S/ Appendix, Fig. S2), and thus con-
version between ratios is possible to compare our data to studies that report
other isotopic pairs. Sample solutions were analyzed multiple times whenever
possible; data are reported with 2o (SE) uncertainty. Typical analytical preci-
sion was =0.18%o (26) based on all replicate sample analyses. Analyses of
the UW-McRae in-house standard (+0.86 = 0.06%o, 26, n = 10) and USGS
SGR-1b (-0.20%o, n = 1) were consistent with published data (26, 34, 35, 37,
75,77-80).

Additional selenium concentration data from marine sedimentary rocks were
downloaded from the Sedimentary Geochemistry and Paleoenvironments Project
(49). Published redox proxy records compiled in Fig. 3 include Mo isotopes (10,
50), Ce anomalies (51), and seafloor anoxia estimates from the COPSE model (53).
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