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ABSTRACT

The middle Paleozoic (~420-350 Myr) records a major increase in ocean-atmosphere oxygen levels;
however, the timing and pattern of oxygenation are poorly constrained. Two well-dated North American
locations in Nevada and Illinois were used to generate a high-resolution U-isotopic profile (§238U)
spanning ~70 Myr of the middle Paleozoic. Stratigraphic and geochemical data support the interpretation
that the Nevada profile represents a near-primary record of global-ocean redox variations. First-order
82381 trends indicate strongly reducing oceans during the late Silurian and Early Devonian, terminated by
a major oxygenation event near the Emsian-Eifelian boundary (~395 Ma). More oxic seawater conditions
persisted for the next 304+ Myr, but were punctuated by multiple Myr-scale anoxic events during the
Middle-Late Devonian and Early Mississippian that correlate with known global biotic crises, positive §13C
excursions, and widespread organic-rich facies deposition. The timing of the ~395 Ma oxygenation event
suggests that the O, rise was the result of increased photosynthesis and organic carbon burial linked to
diversification of late Silurian to earliest Middle Devonian terrestrial plants, rather than to subsequent
Devonian increases in terrestrial plant root depth, tree height, lignin content, or seed reproduction. These
findings demonstrate that early colonization of continents by relatively small, shallowly rooted plants
with geographically limited ranges was sufficient to drive long-term oxygenation of the ocean-atmosphere
system, paving the way for the evolution of large, mobile animals that have dominated the Earth’s surface

since the middle Paleozoic.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

oceanic O, rose and CO, levels generally declined, and the sec-
ond of the ‘Big Five’ mass extinctions and smaller biotic crises

The late Silurian-Devonian (middle Paleozoic; ~420-350 Myr) occurred in conjunction with widespread marine anoxic events and
records a critical time in Earth history when continents were  biogeochemical cycle perturbations (Algeo and Scheckler, 1998;
first colonized by vascular plants and vertebrates, atmospheric and Dahl et al, 2010; Becker et al, 2016; Krause et al., 2018). Many
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of these environmental changes have been linked to the rise of
early vascular land plants and plate tectonics (Algeo and Scheckler,
1998; Berner, 2006). The increase in atmospheric and oceanic O,
is thought to have been due to a combination of increased produc-
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tion and burial of refractory terrestrial and marine organic matter
which decreased the sink for atmospheric O, (Berner, 2006). De-
vonian pCO; decreases are interpreted as the result of increased
plant-induced silicate weathering and organic matter burial (Al-
geo and Scheckler, 1998; Berner, 1998), but see D’Antonio et al.
(2020) for alternative interpretations. Devonian cooling in response
to decreased pCO, led to significant glacio-eustatic changes, per-
turbations of the marine C-S-N cycles, and environmental stresses
that contributed to mass extinctions and biotic crises (e.g., Chen et
al., 2021b).

In this study we focus on the history of middle Paleozoic sea-
water oxygenation, building upon previous proxy and modeling
studies that recognized a major oxygenation episode sometime in
the ~60 Myr interval from the late Silurian to late Devonian (Scott
and Glasspool, 2006; Algeo and Ingall, 2007; Sperling et al., 2015,
2021; Lenton et al., 2016; Wallace et al,, 2017; Lu et al.,, 2018;
Krause et al., 2018). This oxygenation event marked the shift to
near-modern atmospheric pOj, which is thought to have led to
sustained ventilation of the deep oceans for perhaps the first time
in Earth history and paved the way for large animal evolution
in marine and terrestrial environments. The timing and pattern
of this critical middle Paleozoic oxygenation rise are poorly con-
strained, however, because of the lack of a continuous global redox
proxy record for the entire Devonian, low sample resolution in pre-
vious proxy and modeling studies, and disagreements on timing of
the oxygenation shift. This temporal uncertainty hinders our ability
to directly link rising O, levels with terrestrial plant diversification
and organic carbon burial, thus leaving substantial ambiguity in
our understanding of genetic linkages between these processes.

This study uses marine carbonate U isotopes and elemental
geochemistry as a global seawater redox proxy to generate a ~70
Myr-long, high-resolution (biozone-level) record of Devonian sea-
water oxygenation and then compares that record to the most
recent terrestrial plant diversity trends. The precise age control of
our high-resolution seawater redox signal provides important new
constraints on the linkages between terrestrial plant evolution and
Paleozoic ocean-atmosphere redox, as well as a valuable baseline
for a wide range of future Earth-system studies.

During the middle Paleozoic, Laurentia was located in the
southern subtropics (Fig. S1). The Nevada study area in western
Laurentia bordered the Panthalassic Ocean and accumulated 5-10
km of passive-margin and foreland basin deposits during the late
Proterozoic through Early Mississippian. The Illinois intracratonic
basin in eastern Laurentia contains up to 4.5 km of Paleozoic car-
bonates and siliciclastics, and during the Devonian was variably
connected to the Rheic Ocean along a relatively narrow seaway
(Kolata and Nelson, 1990; Fig. S1). Upper Silurian, Devonian, and
Lower Mississippian carbonates from the study areas accumulated
in a range of variably oxygenated, offshore through shoreface envi-
ronments. Locations of studied sections, formations sampled, bios-
tratigraphic age control and facies descriptions and interpretations
are provided in Fig. S1 and Tables S1 and S2 and discussed in the
Supplementary Materials (SM).

Uranium in nature is dominated by two long-lived isotopes,
238(J and 235U, whose half-lives are 4.5 and 0.7 Gyr, respectively.
The U isotope composition (§238U, i.e., the permil deviation of
the 238U/23>U ratio relative to the CRM 145 standard) of seawa-
ter today is primarily controlled by the large isotopic fractionation
associated with U removal to euxinic sediments/sinks, which un-
derpins the utility of U isotopes as a paleo-redox proxy. Recent
data also suggest that euxinia (not just general anoxia) is required
to strongly fractionate U isotopes (Cole et al., 2020) and that there
is a complex relationship between §233U values and areal extent of
anoxic/euxinic sediments (Chen et al., 2021a). U is sourced to the
oceans primarily via oxidative weathering of continental crust and
river transport of dissolved U(VI). The average §238U value of major
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global rivers is —0.34%o, which is close to the isotopic composition
of average continental crust (—0.31 & 0.05%o; Tissot and Dauphas,
2015; Andersen et al., 2017). In seawater, U occurs in two oxida-
tion states—relatively soluble U(VI) and particle-reactive, reduced
U(IV). U(VI) forms stable, unreactive calcium-uranyl-bicarbonate
complexes in seawater. Uranium has a residence time of ~400 kyr
which is substantially longer than ocean mixing times (~1 kyr),
resulting in a homogenous seawater U concentration and isotopic
composition (—0.39 £ 0.01%o: Tissot and Dauphas, 2015).

The fractionation during U removal into euxinic sediments is
driven by reduction of U(VI) to U(IV), which enriches the sedi-
ment in reduced 233U(IV) and leaves seawater depleted in 238U(VI).
As a result, modern euxinic sediments record §238U values that
are between 0.4%o and 1.2%. higher than seawater (Weyer et al.,
2008). This fractionation factor is similar to that observed during
microbially-mediated U(VI) reduction (—0.69 to —0.99%o; Stylo et
al,, 2015; Stirling et al,, 2015). An increase in the global area of
euxinic seafloor enhances removal of 233U, thus driving the §233U
composition of residual seawater towards lower values.

Chen et al. (2021a) reported that many Precambrian black
shales (which should record the §238U value of the anoxic sink)
have variable and lower §238U values than modern euxinic sed-
iments. This same study also observed that Precambrian carbon-
ates generally have §238U values near modern seawater despite
a large body of evidence suggesting that the Precambrian oceans
were largely anoxic (see also Gilleaudeau et al., 2019). These ob-
servations suggest either that: 1) low U residence times in the
Precambrian oceans led to quantitative U removal and a lack of
isotopic fractionation between seawater and both carbonates and
black shales, or 2) U removal to Precambrian anoxic sediments
was accompanied by a lower fractionation factor than is observed
in modern euxinic settings. Cole et al. (2020) reported §23%U data
from modern and ancient ferruginous settings that revealed only
a small degree of fractionation between water and ferruginous
sediments and Bruggmann et al. (2022) report the same limited
fractionation in modern low-oxygen, non-euxinic settings of the
modern Peruvian upwelling zone. These data support the latter
hypothesis and suggest that the largely ferruginous Precambrian
oceans did not strongly fractionate U isotopes, which is the same
conclusion drawn by Gilleaudeau et al. (2019). Ultimately, these
data taken together suggest that U isotopes are useful for con-
straining the global extent specifically of euxinic seafloor, not just
anoxic seafloor in general. Given that potentially low Precambrian
U residence times are not likely to be an issue in the Devonian,
we interpret our U isotope data as reflecting the global extent of
ocean euxinia in the remainder of our discussion.

Several lines of evidence suggest that the §238U value of car-
bonate rocks can be used as a reliable proxy for ancient seawa-
ter U-isotope compositions. Calcite and aragonite precipitation ex-
periments show only minor fractionation between dissolved and
co-precipitated U (<0.13%o; Chen et al.,, 2018; Livermore et al.,
2020), and measured §238U values of a variety of modern Ba-
hamian abiotic and skeletal carbonates match that of seawater to
within <0.1%o (Romaniello et al., 2013). Holocene-Pleistocene Ba-
hamian carbonates record §238U values that are up to 0.3%o higher
than seawater because of authigenic accumulation of U(IV) under
sulfidic porewater conditions (Romaniello et al., 2013; Chen et al.,
2018; Tissot et al., 2018). This holds regardless of carbonate min-
eralogy, depositional water depth, or core depth, suggesting that
a uniform offset can be applied to carbonate data to reconstruct
the approximate §238U composition of ancient seawater. del Rey
et al. (2020) report that the carbonate matrix surrounding Silurian
brachiopod shells (which presumably represent prevailing seawa-
ter values) can also be offset by up to 0.3%o, and that this offset
depended on diagenetic fluid flow. Despite issues discussed above,
the strongest evidence for the reliability of the carbonate §238U
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proxy as a global seawater redox proxy comes from comparing
multiple, geographically widespread profiles spanning the Late Per-
mian and Early Triassic that record nearly identical §238U trends of
a ~0.5%o negative shift (Brennecka et al.,, 2011; Lau et al., 2016;
Elrick et al., 2017; Zhang et al., 2018).

2. Materials and methods

U isotope and elemental samples were collected at ~5-10 m
(Nevada) and ~1 m (Illinois) intervals, chipped into small, non-
weathered fragments, and powdered in a Spex shatterbox with an
alumina puck pulverizer. Powders were dissolved in 1 M HNO3
and solutions were centrifuged to remove insoluble residues. A
1 M HNOs dissolution has been used in a number of recent stud-
ies (e.g., Gilleaudeau et al., 2019) and Clarkson et al. (2020) also
document that a variety of dissolution methods produce indistin-
guishable U isotope results. A solution split was diluted to ~200
ppm Ca with 2% HNOs; and analyzed for a full suite of major,
trace, and rare-earth element abundances on a Thermo Scientific
ICAP-Q inductively coupled plasma mass spectrometer (ICP-MS) at
Arizona State University. The analytical precision for all elements of
interest was <5%. The remaining solution was dried down, spiked
with an appropriate amount of IRMM 233U/235U double-spike (0.8
mL of spike per 500 ng U), and digested using reverse aqua re-
gia, HyO,, and concentrated HNO3, with the sample eventually
dissolved in 3 M HNOj3 before column chemistry. U was then sepa-
rated from matrix elements by ion exchange chromatography using
UTEVA resin. Purified U was dissolved in 2% HNO3 to a concen-
tration of ~50 ppb and analyzed on a Thermo Scientific Neptune
multi-collector ICP-MS at ASU. The long-term accuracy and repro-
ducibility of §238U values in the ASU laboratory is better than
0.07%o (2 s.d.) based on routine analysis of primary and secondary
isotopic standards, long-term reproducibility of standard reference
materials (BCR-2, SDO-1), and inter-laboratory comparison exer-
cises (Andersen et al., 2017; Elrick et al., 2017). Analytical mass
spectrometry precision is reported here as 2 s.d. of replicate mea-
surements for each sample, with most samples measured at least
three times. Further details on the analytical methods can be found
in Brennecka et al. (2011).

Samples for C-O stable isotope analysis were collected at ~1-
5 m intervals and samples were processed as reported in Spotl
and Vennemann (2003) at the University of New Mexico Center
for Stable Isotopes. The results are reported using the delta nota-
tion versus V-PDB. Reproducibility was better than 0.1%o for both
813C and §'80 based on repeated analysis of a laboratory standard
(Carrara Marble). The laboratory standards were calibrated versus
NBS 19 (813C = +1.95%0 and 8180 = —2.20%).

The cerium anomaly (Ce/Ce*) has been calculated using rare
earth elemental data using the following equation: Ce/Ce* =
[Celsn/([Pr]sn?/[Nd]sn), with SN referring to shale-normalized val-
ues where the concentration of these elements in the sample
is divided by the concentration in Post-Archean Australian Shale
(PAAS; Taylor and McLennan, 1985). Using the same shale normal-
izations, the europium anomaly (Eu/Eu*) has been calculated using
the following equation: Eu/Eu* = (2*[Eu]sn)/([Sm]sn + [Gd]sn).

3. Results
3.1. §238U, 813¢, 5180 trends

Nevada §238U values are low (~—0.6%o) through much of the
upper Silurian-Lower Devonian with a brief positive shift near
the Lochkovian-Pragian boundary (Fig. 1). Values decrease sys-
tematically in the Pragian, are relatively stable and lower during
the Emsian, and abruptly increase by ~0.4%o across the Emsian-
Eifelian unconformity. Values then remain high (~—0.35%c) for
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the remainder of the Devonian and into the Lower Mississip-
pian. Seven Myr-scale negative excursions are superimposed on the
higher post-Emsian isotopic values. 8'3C profiles are characterized
by large Lower Devonian excursions, more stable upper Lower and
Middle Devonian values, followed by large positive excursions in
the Upper Devonian and Lower Mississippian (Fig. 1, Table S4). The
8180 profile is characterized by a large negative Lochkovian excur-
sion with predominantly low values and wide scatter (—15.0%o to
—3.0%o0), a distinct shift to higher and more invariant values (~-
3.0%o) into the lower Frasnian, followed by an abrupt shift to lower
values (~-8.0%o) in the remainder of the Upper Devonian (Fig. S3).

3.2. Elemental trends

Stratigraphic trends and crossplots of selected trace and rare-
earth elements (REE), weight percent carbonate (wt.% carb), and
U enrichment factor (Ugg) of samples from Nevada and Illinois
are shown in Figs. S4, S5, and S6 and Table S1; we focus here
on reporting the Nevada results. Mn/Sr values are <1 except for
five samples, and no covariation between §238U and Mn/Sr is ob-
served. U concentrations range from 0.1 ppm to 3.17 ppm (median
= 0.42 ppm); these values lie within the range of typical Paleozoic
limestones, whereas typical modern/Pleistocene aragonite concen-
trations are ~2-4 ppm (Romaniello et al., 2013; Chen et al., 2018).
Wt.% carb ranges are from 55 to 96% (median = 84%) with the
lowest values in the Lochkovian; crossplots against §233U show no
covariation. Average Ugr values are 132 with the highest values
in the mid-Lochkovian and across the Emsian-Eifelian boundary.
Mg/Ca ratios range from <0.1 to 1.2 (median = 0.2) with four
samples (field-identified dolomites) recording values >0.5. Ce/Ce*
values are universally <1 with the consistently highest values (but
still <1) in the Lochkovian and briefly in the mid and upper Eife-
lian and upper Givetian. Eu/Eu* values are close to 1 for all but the
upper Lochkovian and near the Silurian-Devonian boundary.

4. Discussion
4.1. Evaluating local depositional and diagenetic influences

4.1.1. Stratigraphic evidence

In contrast to §238U studies in siliciclastic mudrock/shales
where the U-isotope signal is derived from detrital grains, diage-
netic U(VI) reduction in the sediments, and/or post-depositional
authigenic sources, §233U values from limestones record U in-
corporated into carbonate minerals as they precipitate from sea-
water and/or porewaters. Phanerozoic limestones are composed
of a combination of minerals precipitated by carbonate-secreting
organisms and microbial communities (both living in the photic
zone), as well as finer grained detrital/abraded carbonate material
and diagenetic cements. These origins indicate that even though
the skeletal material and detrital carbonate particles may have ac-
cumulated in poorly- to well-oxygenated deeper-water settings,
the authigenic U component (minus any diagenetic cements) re-
flects shallow-water or photic zone conditions that may not match
in situ depositional redox interpretations.

Comparisons between depositional redox conditions for the
Nevada facies and 238U values show no relationship (Figs. 1, S3).
For example, Emsian offshore facies, interpreted to have been de-
posited in poorly oxygenated settings based on field observations,
would be expected to have the highest §238U values due to limited
bottom-water circulation and oxygen concentrations leading to en-
hanced porewater anoxia and precipitation of carbonate cements
enriched in isotopically heavy U. Instead, these facies record some
of the lowest §238U values. Conversely, well-oxygenated grainstone
facies deposited in high-energy, shoreface environments and with
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Fig. 1. Stratigraphic, depositional redox, eustatic depositional sequences, 233U, and §'3C from the Nevada section. Six stratigraphically contiguous sections include BC = Birch
Creek, CC = Coal Canyon, NA = northern Antelopes, A = northern Antelopes, DG = Devil's Gate, and PR = Pahranaghat Range (see Table S1) were used to generate the
composite Nevada record. Facies descriptions, age control, and section information are reported in Tables S1, S2 and SM. Eustatic sea-level cycles (TR cycles) are from Johnson
et al. (1996). Blue §233U curve is best fit using lowest §238U values, which are assumed to be least altered as discussed in the text; curve smoothing using algorithms of
Schneider (1990). Dashed portion of §233U blue curve identifies least confident interval due to post-depositional alteration as discussed in text. EEB O, event = Emsian-
Eifelian boundary oxygenation event. Labeled black vertical lines outline global biocrises/extinctions that correlate to Myr-scale negative §238U excursions and are taken from
Becker et al. (2016). LKW = lower Kellwasser extinction, UKW = upper Kellwasser extinction. Dashed vertical line shows modern seawater §238U values. Symbols used in
52381 curve indicate data points with geochemical values lying outside conventional ranges interpreted as ‘altered’ and include: open triangle = Y/Ho < 40, open diamond
= wt.% carb < 80, open square = Ugr < 50, shaded square = wt.% carb < 80 and Y/Ho < 40, shaded diamond = wt.% carb < 80 and Ugr < 50, shaded triangle = Ugr <
50 and Y/Ho < 40, shaded circle = Ugr < 50 and Mn/Sr > 5, open circles = dolomite, black circles = all data points with values lying within conventional ranges defined
as ‘least altered’. Time scale from Becker et al. (2020). Most Frasnian and Famennian data from White et al. (2018); GRST = grainstone, PK = packstone, WK = wackestone,
MDST = lime mudstone; Early Mississippian data from Cheng et al. (2020). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this

article.)

significant early marine cements (implying active porewater cir-
culation and communication with the overlying oxygenated wa-
ter column), should exhibit minimal effects of porewater anoxia
and the least 238U enrichment. Instead, these facies record rel-
atively higher 238U values. The lack of facies control on §238U
values is also suggested by the range and median of §238U values,
which overlap for well-oxygenated and poorly-oxygenated facies
(Fig. S5C).

Additional stratigraphic observations also argue against local
redox controls, facies-related diagenesis, or Myr-scale eustatic fluc-
tuations influencing §238U trends. First, samples collected from
shoreface grainstone layers intimately interbedded with offshore
lime mudstone layers record the same §238U values (Fig. S3). Myr-
scale §238U shifts observed throughout the studied interval are
recorded across stratigraphic intervals with no facies changes, as
well as across intervals composed of the full range of facies (Fig.
S$3). Finally, no systematic 233U shifts are observed across 11
of the 12 Devonian sequence boundaries generated by eustatic

sea-level rise/falls (Fig. 1). Combined, these relationships argue
against local processes exerting significant control on observed
§238U trends in the Nevada section.

4.1.2. Diagenetic and detrital indicators

The majority of samples yielded Mn/Sr values less than 1, in-
dicating little influence by diagenesis, which is confirmed by the
lack of covariation of Mn/Sr with §238U (Figs. S4, S6). Median
Mg/Ca values of 0.2 indicate that dolomitization did not influence
82380 values (Fig. S6). Stratigraphic trends of wt.% carb do not co-
vary with depositional redox trends, nor do crossplots of wt.% carb
against §238U (Figs. S4, S6). Ugr trends indicate that all samples are
highly enriched in U relative to average crustal values, suggesting
a large authigenic U component in the study samples (McLennan,
2001; Fig. S4). The upper Lochkovian Eu anomaly (section CC) sug-
gests possible hydrothermal fluid influences related to Cenozoic
dike intrusions observed throughout the study area.
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4.1.3. Local geochemical redox indicators

All samples have Ce/Ce* values <1 with the lowest values
(<0.5; most oxic; see SM discussion) in the upper Lochkovian
through lower Eifelian and briefly in the mid-Eifelian, Givetian,
and lower Frasnian. These trends are consistent with the interpre-
tation that the Nevada samples record predominantly oxic water-
mass conditions with the least oxic conditions in the Lochkovian
and briefly in the Middle Devonian (Wallace et al., 2017). Ce/Ce*
against 838U shows no covariation, indicating that local redox
conditions did not strongly influence the §233U signal (Fig. S6). I/Ca
ratios for a portion of the Nevada composite section are reported
by He et al. (2021).

4.2. C-O stable isotopes

Comparison with coeval §13C records worldwide (van Geldern
et al., 2006; Buggisch and Joachimski, 2006; Saltzman et al., 2012;
Becker et al., 2020) shows that the Nevada §'3C record represents a
robust global signal (Fig. 1). First-order (107 yr) temporal relation-
ships between §13C and 238U trends are inversely correlated with
the lowest §13C values in the Middle Devonian associated with the
highest baseline §233U values at the same time (Fig. 1). This rela-
tionship adds support to the interpretation that the Nevada §233U
record reflects near-primary seawater redox conditions and sug-
gests that the intervals with lower §'3C values are best explained
by more oxic global oceans limiting widespread organic carbon
preservation and burial. Second-order (10 yr) §13C vs §238U re-
lationships are also dominantly inversely correlated with minor
intervals of positive covariation. Negative covariations have been
noted in previous §238U studies with temporal offsets between
8238 and §13C excursions, likely because increased organic carbon
burial is not always tightly linked to expanded seawater anoxia
(Dahl et al., 2014; Song et al., 2017; Cheng et al., 2020).

Deep-time 880, records are notoriously prone to diagenetic
alteration. The low and widely scattered 880 values during the
Lochkovian (Fig. S3) likely reflect alteration by burial fluids with
elevated temperatures, and an interpretation of post-depositional
hydrothermal influences in these samples is supported by elevated
Eu/Eu* values. Despite this, the overall negative §'80 excursion
in the upper Lochkovian-Pragian is similar to trends in coeval
81803patite records that are more resistant to diagenetic alteration
(Joachimski et al., 2009). We acknowledge that the 880y, pro-
file shows evidence for diagenetic alteration in this specific part
of the section, but note that alteration is known primarily to in-
crease §238U values, therefore we use the minimum §238U values
to assess Lochkovian seawater redox. Pragian through mid-Frasnian
8180 values are relatively high (>—5%0) and have limited scat-
ter (excluding the mid-Eifelian) and are in general agreement with
the global 61803patite record (Becker et al., 2020). The combined
8180 and 813C trends provide compelling evidence that the Nevada
8238U curve represents a near-primary seawater redox record. The
two intervals of substantially lower 580 values (Lochkovian and
mid-Eifelian) are also characterized by wide §238U scatter, suggest-
ing some degree of alteration during these specific intervals and
we interpret values from these intervals with caution. However,
the majority of the Nevada §233U record outside of these discrete
intervals appears to be well-preserved.

4.3. Laurentian-wide §*33U comparisons

Comparisons between the Nevada and Illinois sections are made
at the stage and conodont zone level; consequently, the position
of individual data points or shifts within individual zones/stages
cannot be evaluated (Fig. 3). For example, the apparent opposing
trends in the hemiansatus Zone could be the result of incomplete
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sampling of the full zone in either section or due to variable sedi-
mentation rates at one or both sites. The Nevada and Illinois pro-
files record clear overlap in absolute §238U values and trends in
the early serotinus, costatus, and australis zones, and values over-
lap in the kockelianus and hemiansatus zones. Within the Pragian,
lower Emsian, and upper Emsian, the Illinois 823U profile shows
similar trends to the Nevada profile, but is consistently enriched
by ~0.2-0.4% (Fig. 3). The higher Illinois §233U values coincided
with an interval during which the Illinois Basin was more isolated
from the Rheic Ocean due to low global sea level (Fig. S1). As a
result, the influence of river systems entering the Illinois Basin on
watermass §233U was greater during that interval. The high detrital
quartz sand content in the Lower Devonian Illinois samples (Table
S1) support the interpretation of increased fluvial input. Long-term
global sea-levels rose subsequently through the Eifelian-Frasnian
(Johnson et al., 1985) presumably expanding the connection to
the Rheic Ocean and backstepping fluvial systems. Recent stud-
ies making use of elemental salinity proxies and related data have
demonstrated brackish conditions and a pronounced salinity gradi-
ent in the Illinois and Appalachian basins during the Late Devonian
(Song et al, 2021; Gilleaudeau et al., 2021). In fact, recent work
on cratonic-interior seaways from multiple continents and from a
range of ages has shown that many of seaways experienced brack-
ish rather than fully marine conditions, demonstrating that the
long-held assumption of marine conditions in such basins requires
re-evaluation.

The position of the Nevada section on the western Laurentian
margin adjacent to the Panthalassic Ocean largely obviates such lo-
cal influences, suggesting that the Nevada section is more likely to
have recorded primary global-ocean §238U values during the Pra-
gian and Emsian, as well as later. Exclusive of the Lower Devonian,
the similarities in §238U values and trends between two study sec-
tions that were separated by >2800 km across Laurentia support
our interpretation that the Nevada §238U profile represents a near-
primary global marine signal.

4.4. Seawater redox trends

Typical carbonate sediment diagenesis, hydrothermal alteration,
and local depositional influences (freshwater influx, terrestrial sed-
iment contamination) are known to enrich primary marine §238U
values (Chen et al., 2018; Tissot et al., 2018). Given this, we use the
lowest (least-altered) values to generate the best-fit curve shown
in Fig. 1. To verify the first-order 823U trends, we analyzed the
Nevada dataset using a range of statistical tests discussed in the
SM.

82380 values for the upper Silurian (Pridoli) and Lochkovian
record the effects of variable post-depositional alteration; however,
their overall pattern using either the lowest values or successive
conodont zone-level average values offers evidence of initially low
Pridoli §238U values that increased into the Lochkovian (Fig. 1).
This pattern is consistent with a shift from more reducing oceans
in the late Silurian to more oxic seawaters near the Lochkovian-
Pragian boundary. Subsequently, a ~0.4%o negative §238U shift oc-
curred over <2 Myr during the Pragian, indicating a return to more
reducing seawater conditions that continued through the Emsian.

Other studies have similarly suggested overall reducing oceans
during the mid to late Silurian using U and TI isotopes, §34S,
I/Ca, Fe-speciation, trace metal concentrations, frequency of large
positive 8'3C excursions associated with biotic turnovers, and the
abundance of organic-rich facies (Calner, 2008; Young et al., 2019;
Bowman et al,, 2019, 2020; Cole et al., 2020; Melchin et al., 2020;
del Rey, 2021; Sperling et al., 2021). Combined with our predom-
inantly low 238U values from the upper Silurian-Lower Devonian,
these data record a ~20-Myr interval spanning the mid-late Sil-
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urian to Early Devonian during which the global ocean was signif-
icantly more reducing than today.

5238U values record a major positive shift of >0.4%o across the
unconformable Lower-Middle Devonian boundary (Emsian-Eifelian
boundary or EEB, ~395 Ma). The apparent abruptness of this shift
is a result of a <4 Myr hiatus along the unconformity. We esti-
mated the hiatal duration based on the number of missing con-
odont zones, which includes the Emsian late serotinus and patulus
zones (~3 Myr) and much of the Eifelian partitus zone (~1 Myr;
Becker et al., 2020). When considering the interpretation of this
positive §233U shift, we considered the range of redox-sensitive
processes that can affect global seawater §233U values. Whereas
euxinic sinks are well-constrained to strongly fractionate U iso-
topes by incorporating 238U into sediments (leaving residual sea-
water enriched in 23°U), U-isotope fractionation associated with
less reducing sinks such as ferruginous and suboxic sediments is
more poorly constrained. Cole et al. (2020) presented data from
a variety of modern and ancient ferruginous environments that
suggested muted fractionation during U removal to sediments un-
der ferruginous conditions, implying that strong fractionation is
specifically linked to euxinia. Thus, a shift towards higher sea-
water §238U values can be interpreted as a shift towards more
oxygenated oceans or as a shift in the primary redox buffer of
anoxic oceans away from H,S (euxinic conditions) and towards
Fe(Il) (ferruginous conditions). This is an important distinction be-
cause Gilleaudeau et al. (2019) reported relatively high §238U val-
ues (~—0.4%o) across a variety of mid-Proterozoic carbonates that
were deposited in a generally low-0; ocean-atmosphere system,
suggesting that this isotopically-heavy signal represents largely fer-
ruginous rather than more oxic oceans.

We consider it more likely that the prominent EEB positive
§238U shift represents a true oxygenation event, rather than a
shift to a more ferruginous ocean. This is because of a funda-
mental difference in the redox balance of mid-Proterozoic oceans
compared to their later Phanerozoic counterparts. During the mid-
Proterozoic, a persistently anoxic deep ocean was likely maintained
by atmospheric pO,; much lower than today (perhaps as low as 1-
4% of the present atmospheric level; Planavsky et al., 2014; Zhang
et al,, 2016). Euxinia was not a major feature of these low-0O;
oceans (Planavsky et al, 2014; Gilleaudeau et al., 2019), how-
ever, likely because of both low seawater sulfate concentrations
(Kah et al., 2004) and low primary productivity rates related to
general phosphorous-limitation (Laakso and Schrag, 2014), as both
sulfate and organic carbon are required to fuel microbial sulfate re-
duction. Instead, Fe(Il) from hydrothermal sources dominated the
deep anoxic oceans of the mid-Proterozoic (Clarkson et al., 2018).
In contrast, higher atmospheric pO, and oceanic sulfate concen-
trations beginning sometime in the early Paleozoic, as well as
generally higher primary productivity rates compared to the mid-
Proterozoic, would likely have favored euxinia over ferruginous
anoxia beginning at least by the Devonian. Sperling et al. (2021)
presented a long-term Fe-speciation record through the early and
middle Paleozoic that revealed a shift from predominantly ferrugi-
nous conditions in the early Paleozoic to the development of local
euxinia by the Early Devonian. They interpreted these results as
due to increased primary productivity/export production linked to
plant-weathering feedbacks (see below). In summary, euxinia be-
came the dominant type of ocean anoxia at least by the Devonian
(and continuing to today), therefore it is unlikely that the posi-
tive §238U shift at the EEB recorded in this study represents a shift
back to Proterozoic-style ferruginous oceans.

After the positive §238U shift at the EEB, baseline §233U val-
ues remained relatively high (average = ~—0.35%o) throughout the
rest of the Devonian and into the Lower Mississippian, suggest-
ing that more oxygenated oceans persisted for >30 Myr after the
~395 Ma event. Three-sink mass balance modeling (Gilleaudeau
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et al., 2019) suggests that a seawater §238U value of —0.3%o corre-
sponds to a maximum euxinic seafloor area of only 0.1%. Even with
the application of a positive 0.3%o diagenetic offset (i.e., Chen et al.,
2018) to Middle-Upper Devonian measured carbonate §233U values
of ~-0.3%o, yields estimates of Devonian seawater §238U values as
low as —0.6%o0 and a modeled maximum euxinic seafloor area of
only 1.5%. This model is scaled to reflect U burial rates in oxic,
anoxic and non-euxinic, and euxinic environments, and is aimed
at quantifying redox conditions across the global seafloor (Gil-
leaudeau et al., 2019). It is difficult to estimate the extent of other
anoxic sinks (such as ferruginous sediments) on the global seafloor
because of smaller and uncertain fractionation factors during U re-
moval under ferruginous conditions (Cole et al., 2020). Regardless,
the positive §238U shift indicates a substantial decrease in seafloor
euxinia, which is interpreted as recording a major oceanic oxy-
genation event at ~395 Ma.

Previous 238U studies of the late Paleozoic (e.g., Zhang et al.,
2018), Mesozoic (Jost et al., 2017; Clarkson et al., 2018; Herrmann
et al.,, 2018), and Cenozoic (Wang et al., 2016) indicate that near-
modern to modern oceanic oxygen levels persisted from the Mid-
dle Devonian onward with the exception of discrete anoxic events
that were often associated with mass extinctions and biogeochem-
ical cycle perturbations. This highlights the significance of the EEB
oxygenation rise in the context of Phanerozoic seawater redox his-
tory (Fig. 2). A major late Silurian-Devonian oxygenation event was
documented in previous studies using independent redox prox-
ies, including Mo isotopes and concentrations (Dahl et al., 2010),
Fe-speciation (Sperling et al., 2015, 2021), I/Ca ratios (Lu et al.,
2018), Corg:P ratios in organic-rich facies (Algeo and Ingall, 2007),
charcoal abundance (Scott and Glasspool, 2006), Ce/Ce* in marine
carbonates (Wallace et al., 2017), and modeling data (Lenton et al.,
2016; Krause et al., 2018). However, due to the low sample res-
olution of most of the previous redox studies, the timing of the
shift was only broadly constrained to the late Silurian to Late De-
vonian interval—a time span of ~60 Myr. Our near-continuous and
high-resolution §238U record, which permits biozone-level age con-
trol, constrains the timing and duration of the oxygenation event
as spanning <4 Myr beginning sometime within the latest Emsian
(late serotinus and patulus zones) to the earliest Eifelian (early-mid
partitus Zone).

The overall more oxic seawater conditions of the ensuing
Middle-Late Devonian and Early Mississippian interval were punc-
tuated by at least seven, high-frequency (Myr-scale) §238U negative
excursions recording brief anoxic events (Fig. 1). The early Eifelian
(costatus Zone) negative excursion was coeval with the globally
recognized ChoteC biotic crisis and anoxic event (Chlupac¢ and
Kukal, 1986). The mid- and late Eifelian negative excursions were
coeval with the Stony Hollow (kockelianus Zone) and Kacak (ensen-
sis Zone) biotic crises, respectively, and the early Givetian (L.-M.
varcus Zone) excursion may have coincided with the Taghanic bi-
otic crisis, all of which were associated with global deposition of
anoxic facies (Becker et al., 2016). Previous studies documented
the relationships between the Late Devonian mass extinction event
(upper and lower Kellwasser), negative §%3%U excursions, and
widespread anoxic facies deposition (Song et al., 2017; White et
al,, 2018). The recognition of these linkages between anoxia and
biotic crises emphasizes the importance of developing continuous
and high-resolution seawater redox records for the entire Phanero-
zoic, and we acknowledge that further high-resolution paired U- vs
C-isotope studies are warranted on the Middle Devonian interval.

4.5. Terrestrial plant evolution and seawater redox relationships
We investigated potential linkages between seawater redox

changes and terrestrial plant evolution by comparing our global
seawater §238U curve with evolutionary changes in middle Pa-
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Fig. 2. Middle Paleozoic global seawater §233U, terrestrial plant evolutionary, and §'3C trends. A) The late Silurian through Devonian-Early Mississippian 8'3C curve is from
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leozoic terrestrial vegetation (Fig. 2). The genus-level land plant
diversity record shown in Fig. 2 indicates a progressive increase
in taxonomic richness through the studied time interval. However,
such diversity curves based on the macrofloral record can be in-
fluenced by inherent taphonomic and rock record biases (Smith
and McGowan, 2007; Kenrick et al., 2012; Cascales-Mifiana et al.,
2013; Cleal and Cascales-Mifiana, 2021). In this case, the observed
diversification may in part reflect the increased prevalence of ter-
restrial deposits (versus marine deposits) that would favor the
preservation of plant macrofossils. The palynological (spore) record
is potentially less biased because spores are found in both ma-
rine and terrestrial deposits and they are highly resistant to post-
depositional alteration processes (Wellman et al., 2013). However,
palynological diversity does not reflect plant diversity because the
relationship between spores and many pre-Carboniferous plants
known from macrofossils is incompletely understood. Because of
these inherent biases in the macrofloral record, we focus on the
timing of major plant evolutionary changes rather than primarily
on quantitative taxonomic diversity trends in our comparisons to
the seawater redox curve.

We interpret the global history of vegetation from the Silurian
through Mississippian using the Evolutionary Floras model of Cleal
and Cascales-Mifiana (2021). Like the Evolutionary Faunas model of
Sepkoski (1984), the Evolutionary Floras model was based on a fac-
tor analysis of a family-rank dataset. It reveals a succession of five
discrete floras through the Phanerozoic, each characterized by a
group of coexisting plant families and orders that formed relatively

coherent communities in time and space. This is supplemented
by a similar analysis of a genus-rank dataset for Devonian floras
(Capel et al., 2021). The combined paleobotanical model resolves
the Silurian to Mississippian plant fossil record into Eotracheo-
phytic, Early and Late Eophytic, and Paleophytic floras, with the
transition between successive floras being marked by the appear-
ance of major evolutionary adaptive innovations.

The Eotracheophytic flora represented the transition from sub-
aquatic to subaerial vegetation. There is palynological and some
macrofloral evidence of terrestrial vegetation from the Ordovi-
cian (Servais et al., 2019), and molecular clock estimates suggest
a possible Cambrian origin (Kenrick et al., 2012), but the oldest
unequivocal macrofossil evidence of eutracheophytes is from the
middle Silurian. The Eotracheophytic flora was dominated by basal
eutracheophytes and rhyniophytoids, and known macrofossils are
slender, leafless stems with terminal sporangia. There is little pre-
served evidence of the lower parts of these plants and it is possible
that the fossils were reproductive structures of partly subaquatic
plants that were exposed to facilitate the dispersal of the spores
(Servais et al., 2019). They nevertheless represent the initial steps
in the terrestrialization process and in diversification of vascular
plants during the Ordovician to earliest Devonian (Capel et al.,
2021).

Eotracheophytic plant size was constrained by their stem struc-
ture, with support for subaerial growth being mainly limited to
turgor in the cortical tissue and sometimes an outer zone of thick-
ened cells (Edwards et al., 1986). Consequently, eutracheophytes
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Fig. 3. Coeval Nevada (blue) and Illinois (red) §238U trends. Gray shaded region
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nificantly enriched in 238U during diagenesis. See text for detailed discussion of
comparisons.

were no more than 2 cm tall (usually less) and so represented very
little biomass. The rooting structures, if any, had few effects on
substrate conditions. Given this, there is little evidence that this
early flora had much impact on oceanic redox trends and §233U
values remained predominantly low, indicating relatively reducing
seawater conditions.

Plants underwent a fundamental change in the late Silurian and
especially the Early Devonian with the appearance of the Early
Eophytic flora. This is when the first unequivocal examples of
fully terrestrial plants with true rhizomorphic stems and rooting
structures appeared (Hetherington et al., 2021). They were much
taller than the Eotracheophytic plants as the stems had developed
a thicker vascular system for transporting water and nutrients
and much-improved mechanical support for upright growth. The
Early Eophytic taxa, which were dominated by zosterophyllopsids,
trimerophytopsids, and early lycopsids, grew to perhaps 0.5 m in
height.

The Early Eophytic flora shows a major peak in taxonomic di-
versity during the late Pragian (Fig. 2). However, although more
than an order of magnitude taller than Eotracheophytic plants,
the Early Eophytic flora was still relatively small, and their pho-
tosynthetic structures were limited to spines and small micro-
phylls (small, single-veined leaves). It seems unlikely, therefore,
that this vegetation would have significantly influenced overall lev-
els of photosynthesis and biomass burial. Although a large upper
Lochkovian positive §238U shift in our dataset suggests more oxic
seawater conditions, it seems unlikely that this was caused by a
diversifying Early Eophytic flora.
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The next major change was the appearance of the Late Eophytic
flora, dominated by cladoxylopsids, rhacophytopsids, subarbores-
cent lycopsids, and early progymnosperms. These plants developed
more complex stem anatomies and larger leaves (Meyer-Berthaud
et al,, 2010), allowing them to grow much larger and to form incip-
ient forest-like ecosystems. After peaking in the Pragian, the tax-
onomic diversity of the Early Eophytic flora declined significantly
during the Emsian, and the Late Eophytic flora did not diversify
significantly until the Eifelian (Fig. 2). This Eifelian diversification
would have had a significant impact on terrestrial systems in that
it facilitated vegetation spread into a much wider range of habi-
tats, and these larger plants were more deeply rooted and had a
much greater biomass than the preceding Early Eophytic flora.

The explosive diversification of the Late Eophytic flora in the
Eifelian coincided with the onset of more positive §233U values
in our seawater redox record, indicating a shift to more oxy-
genated seawater conditions. The development of incipient forest-
like ecosystems with much larger plants and leaves implies signif-
icantly increased levels of terrestrial photosynthesis and biomass
burial, raising atmosphere and oceans oxygen levels. However, this
change did not coincide with an increase in taxonomic diversity
but, rather, with a fundamental change in plant bauplans (struc-
tural plans) and anatomies. In the Givetian, there was rising tax-
onomic diversity, the appearance of the first true forests and in-
creases in tree heights, lignin content, and root depths—probably
as a consequence of the structural changes (Algeo and Scheck-
ler, 1998). Interestingly, these innovations did not apparently alter
long-term seawater oxygen levels.

Vegetation underwent a major change in the Late Devonian
with the rapid diversification of the Paleophytic flora, which went
on to dominate terrestrial habitats during the Carboniferous. This
new vegetation type included early seed plants such as Calamo-
pityales and Lyginopteridales. The development of seeds as part of
their reproductive and dispersal strategies freed the plants from
requiring moisture for gametophyte fertilization, resulting in far
fewer constraints on the spatial distribution of vegetation (Algeo
and Scheckler, 1998). Seeds allowed the Paleophytic vegetation to
spread into a much wider range of terrestrial habitats during the
Famennian and Mississippian, causing a significant increase in the
total biomass of plants. Again, these innovations did not apparently
alter long-term §%38U trends.

4.6. Emsian-Eifelian oxygenation event

Previous studies report a major rise in atmospheric oxygen lev-
els sometime during the late Silurian to Devonian (a potential time
span of ~60 Myr) and interpreted this rise as the result of terres-
trial floral expansion and a resultant increase in organic carbon
burial (Algeo and Scheckler, 1998; Algeo and Ingall, 2007; Dahl
et al., 2010; Sperling et al., 2015, 2021; Lenton et al., 2016; Wal-
lace et al, 2017; Lu et al.,, 2018). Some of these previous studies
specifically argue that the atmospheric O, rise was the result of
the appearance of refractory organic matter or lignin. Lignin occurs
as early as the Early Devonian (progymnosperms) and the Eifelian,
but these did not become large plants until the Givetian and were
not widespread until the Frasnian and especially the Famennian
(Algeo and Scheckler, 1998). Results from this study constrain the
timing of the most significant phase of the oxygenation event to
the EEB (~395 Ma). The timing of this oxygenation rise is consis-
tent with the inference that late Silurian through Early Devonian
plant diversification and, in particular, the shift from smaller Early
Eophytic to larger Late Eophytic taxa along with their spread into
a wider array of environments triggered increased photosynthe-
sis, organic carbon burial, and atmospheric O, buildup. This pO;
increase then tipped the oceans into a more oxygenated state char-
acteristic of the post-Middle Devonian and beyond.
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A key interpretation of the present study is that the Emsian-
Eifelian oxygenation event was related to the evolution and diver-
sification of land plants, and specifically the appearance of the Late
Eophytic flora. Thus, these paleobotanical developments may have
been the primary driver of rising atmospheric O, levels rather than
the spread of true forests, increases in tree height, lignin content,
root depth, and the advent of seeds in the Late Devonian. How-
ever, the Late Eophytic flora, despite consisting of larger plants
with deeper roots, was constrained to moist riparian and wet-
land areas in lowland coastal regions due to their pteridophytic
(spore-bearing) reproductive mechanisms. Thus, it may be inferred
that these habitats supported plant communities whose biomass
and organic matter burial rates were sufficient to cause significant
oxygenation of the Earth’s atmosphere and oceans. The resultant
increase in seawater oxygenation was likely aided by cooler Mid-
dle Devonian SSTs (Joachimski et al., 2009).

There is a positive ~2%o §'3C shift across the EEB that may
signal part of the interpreted plant carbon burial signal; part may
also have been removed along the unconformity. We acknowledge
that there are other positive §'3C shifts of similar magnitude in
the record, but none of these shifts are associated with a similar
magnitude of §238U shift. This does not invalidate our argument
of plant carbon burial driving the EEB oxygenation event, it simply
means that coupling of the C cycle and ocean oxygenation is more
complex than an assumed and overly simplistic 1:1 response. Po-
tential complexities may include that the EEB marks oxygenation
of the ocean-surface layer which would have limited U sequestra-
tion in shelf deposits (where most organic matter is buried) and
thus limited impacts on overall organic carbon burial rates. Other
non-global explanations may include changes in ocean circulation
or ocean-basin configuration.

Additional continuous high-resolution global-ocean redox data
for the early Paleozoic are needed to ascertain whether reducing
conditions persisted continuously from the Neoproterozoic through
the Early Devonian. A recent Fe-speciation record spanning the
early and middle Paleozoic in the Canadian Richardson Trough,
along with compiled data from other deeper ocean basins, sug-
gests predominantly anoxic bottom waters through the entire early
to middle Paleozoic (Sperling et al., 2021). In particular, that record
suggests a shift from predominantly ferruginous anoxic conditions
during the early Paleozoic to locally euxinia conditions in the
Early Devonian (Pragian). However, this shift may represent a local-
ized phenomenon in a Devonian deep-water basin (i.e., Richardson
Trough) because of increased primary productivity/export produc-
tion (linked to plant-weathering feedbacks), despite higher pO,
and more oxygenated surface oceans. The apparent offset in timing
between the Sperling et al. Pragian shift and this study’s Emsian-
Eifelian shift may be due to the difference between graptolite- vs
conodont-based age models and the relatively poor stage-level age
control and relative stratigraphic condensation in that particular
interval of the Sperling et al. data.

Our new results lend support to the interpretation that the
EEB event was a significant oxygenation state change marking a
transition between the reducing conditions of the Proterozoic-early
Paleozoic oceans and the more oxygenated oceans of the middle-
late Paleozoic to Recent oceans. Alternatively, Proterozoic to middle
Paleozoic global oceans may have been characterized by alternat-
ing ~107-Myr intervals of more reducing and more oxic conditions
(Wei et al., 2021), implying that the EEB oxygenation event repre-
sents the final shift to fully oxygenated oceans. In either scenario,
the Emsian-Eifelian oxygenation event was a major turning point
in Earth’s redox history and paved the way for the broad diver-
sity of large, mobile animals that have dominated both marine and
terrestrial environments over the past 400 Myr.
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5. Conclusions

1) Detailed stratigraphy, U-C-O isotopes, and elemental concen-

trations in biostratigraphically well-dated marine carbonates

across Laurentia (Nevada and Illinois) were used to investigate
high-resolution seawater redox trends spanning ~70 Myr from
the late Silurian to Early Mississippian.

Stratigraphic and geochemical trends from the two widely sep-

arated (>2800 km) Laurentian locations indicate that most

of the Nevada 238U records represents a near-primary global
marine signal.

First-order §238U trends are consistent with predominantly

reducing oceans from the late Silurian (Pridoli) through the

Early Devonian (~20 Myr) with an oxic excursion near the

Lochkovian-Pragian boundary. A large oxygen rise occurred in

<4 Myr near the Early-Middle Devonian boundary at ~395

Ma (Emsian-Eifelian boundary), and more oxygenated seawa-

ter conditions continued for the next 30(+) Myr through the

Middle-Late Devonian and Early Mississippian.

4) Superimposed on the more oxic Middle-Late Devonian and
Early Mississippian seawater conditions are seven high-frequency
(Myr-scale) anoxic events which correlate with known global
biotic crises-extinctions, positive §13C excursions, and abun-
dant anoxic facies deposition.

5) This new ~70 Myr-long, high-resolution seawater redox record
suggests that the prominent Emsian-Eifelian oxygenation event
represented a major state change between strongly reducing
mid-late Silurian and Early Devonian oceans and more oxy-
genated Middle-Late Devonian and Early Mississippian oceans.
In fact, the Emsian-Eifelian oxygenation event may mark a ma-
jor biogeochemical transformation in Earth history between
prolonged reducing Proterozoic-early Paleozoic oceans and
well-oxygenated oceans of the middle-late Paleozoic through
Recent.

6) The timing of the oxygenation event is consistent with the in-
terpretation that pO, build-up was the result of the increased
biomass/photosynthesis and burial of late Silurian through ear-
liest Middle Devonian plants rather than of paleobotanical
innovations such as arborescence, increased lignin, and seed
habit, which developed later in the Devonian. This implies that
early land plants characterized by shallower roots and geo-
graphically constrained to moist riparian and lowland coastal
regions had sufficient biomass to drive long-term oxygenation
of the ocean-atmosphere system, paving the way for the evo-
lution of large, mobile animals that have dominated marine
and terrestrial environments since the middle Paleozoic.

7) Our new seawater redox curve provides an important base-
line to further investigate links between seawater redox trends
and a wide range of Earth system processes, analogous to
the wealth of information provided by secular O-C-Sr isotope
curves.
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