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Hypothesized link between Neoproterozoic greening
of the land surface and the establishment of an

oxygen-rich atmosphere
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Considerable geological, geochemical, paleontological, and iso-
topic evidence exists to support the hypothesis that the atmo-
spheric oxygen level rose from an Archean baseline of essentially
zero to modern values in two steps roughly 2.3 billion and 0.8-0.6
billion years ago (Ga). The first step in oxygen content, the Great
Oxidation Event, was likely a threshold response to diminishing
reductant input from Earth’s interior. Here | provide an alternative
to previous suggestions that the second step was the result of the
establishment of the first terrestrial fungal-lichen ecosystems. The
consumption of oxygen by aerobes respiring this new source of
organic matter in soils would have necessitated an increase in the
atmospheric oxygen content to compensate for the reduced de-
livery of oxygen to the weathering environment below the organic-
rich upper soil layer. Support for this hypothesis comes from the
observed spread toward more negative carbon isotope composi-
tions in Neoproterozoic (1.0-0.542 Ga) and younger limestones al-
tered under the influence of ground waters, and the positive
correlation between the carbon isotope composition and oxygen
content of modern ground waters in contact with limestones.
Thus, the greening of the planet’s land surfaces forced the atmo-
spheric oxygen level to a new, higher equilibrium state.
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Colonization of the Land Surface

Although vascular plants evolved much later, microfossils in 1.0
billion years ago (Ga) cherts have been interpreted as terrestrial
bacteria that affected soil chemistry and weathering rates on
land (1). Molecular clock determinations argue for the origin
of fungi by 0.85 Ga (2), and controversial body fossil evidence
for terrestrial lichens dates back to 0.6 Ga (3). An apparent
increase in the proportion of pedogenic clay minerals in Neo-
proterozoic mudstones has been attributed to a growing stabili-
zation of soils by organic matter derived from an early terrestrial
soil biota that generated a moist, cation-rich environment for
precipitating clay minerals (4). These observations indicate
that life on land may have become well established during the
Neoproterozoic.

Perhaps the most compelling evidence for a Neoproterozoic
expansion of terrestrial ecosystems and their influence on the
soil weathering environment comes from the carbon and oxygen
isotopic composition of marine limestones and dolostones (5).
Carbonate rocks deposited before 0.85 Ga show a wide range of
580 values, indicating significant alteration by meteoric waters
and burial diagenesis, but lack the low 8'°C values characteristic
of Phanerozoic rocks which have been affected by the respira-
tion of isotopically light organic matter in the soil environment
(Fig. 1). The inference is that only after 0.85 Ga were terrestrial
ecosystems sufficiently well established that they were able to alter
the soil gas and water chemistry through aerobic respiration (5),
increasing the pCO,, and, importantly, decreasing the pO, com-
pared with the atmosphere.
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Effect of Modern Soil Biota on Oxygen and Carbon Isotopes

Support for this inference comes from a study of carbonate ground
waters and springs in central Pennsylvania (6, 7; Fig. 2). Excluding
those samples that were argued to be impacted by human waste-
water, there is a strong correlation between 8'*C of dissolved in-
organic carbon and dissolved oxygen content of ground waters,
with waters saturated with atmospheric O, the heaviest (8"°C ~
—12.2 %o0) and, through extrapolation, those with complete O,
depletion ~2 %o lighter as a result of addition of low 5'°C CO,
from organic matter decay by the aerobic soil biota. All of these
waters have experienced considerable limestone dissolution, and
presumably have evolved from equilibration with an initial soil gas
source that was isotopically depleted (8'°C < =21 %o) to heavier
values with the addition of carbonate ions derived from limestone
dissolution (6).

The implication of these observations from modern ground
waters is that the appearance of strongly '*C-depleted isotope
values in carbonate rocks after 0.85 Ga was the result of in-
creased photosynthetic organic carbon production on land and
its respiration in the soil environment. One consequence of this
“greening” of the land surface was limited oxygen penetration
into the soil. Assuming that the rate of oxidation of crustal
materials during Proterozoic weathering was just sufficient to
oxidize all of the reduced minerals but limited by the supply of
oxygen by gaseous diffusion or rainwater percolation through the
soil (8), the consumption of oxygen by weathering would have
been temporarily reduced with the intensification of aerobic soil
respiration and reduction in soil oxygen content. The natural
response would have been an increase in atmospheric oxygen
content until the rate of oxygen supply to the subsurface and
attendant oxidative weathering rate was restored to its pre-
perturbation level.

Significance

The evolution of the biota and of atmospheric composition
have been tightly coupled throughout Earth history. Of key
importance has been the establishment of an oxygen-rich at-
mosphere, and this has apparently occurred in two major steps.
The second step occurred during the Neoproterozoic, at the
time when various lines of evidence suggest a significant ex-
pansion of terrestrial life and soil development. The present
paper links these two events in a unique way, not through
increased oxygen production on land, but through increased
consumption in biotic soils that until compensated by higher
atmospheric oxygen levels, restricted the supply of oxygen to
the weathering environment.
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Fig. 1. Histograms showing the distribution of 5'0 and §'3C values for altered marine carbonate rocks deposited before 0.85 Ga (B and D, respectively)
and during the Phanerozoic (A and C). The oxygen isotope distributions (A and B) are similarly shaped although the pre-850-Ma distribution has
a stronger negative skewness (—0.86 vs. —0.32 for the Phanerozoic) and is shifted toward the left (lighter values), reflecting the higher degree of al-
teration of these rocks. The carbon isotope distributions (C and D) contrast markedly, with the pre-850-Ma skewness positive (0.79) but shifted slightly to
the left (lighter values) and the Phanerozoic skewness negative (—1.6), a reflection of the larger negative tail of '*C-depleted isotope values in post-
Neoproterozoic rocks. Data from ref. 5. Note that the analyses of Neoproterozoic rocks younger than 850 Ma are excluded from these figures to highlight
the contrast between more ancient and “postgreening” diagenetic effects and avoid the complications of the anomalous values associated with Neo-

proterozoic glaciation.

Estimating Atmospheric Oxygen Levels

One can use the formulation of Holland and Zbinden (8) to es-
timate atmospheric pO, in the Proterozoic before the establish-
ment of a significant terrestrial biota (>0.85 Ga). The calculation
is based on the following: (i) an assumed steady state for atmo-
spheric pO, where the rate of O, production by organic carbon
burial (10'* mol/y; 9) was balanced by the consumption of oxygen
during weathering; (if) that diffusion through the soil atmosphere
controlled the supply of O, to the weathering environment,
according to the following equation:

-2 _1) _Dsoir X (pO24ir —pO21)

q0, diffusion (l’IlOl cm 'y 2 x1.4x 1037

1]

where Dy is the soil O, diffusivity (0.016 cm?/s), pO, i is the
atmospheric oxygen partial pressure and pO, . is the O, partial
pressure at the water table, L is the typical depth to water table
(1,000 cm), and 1.4 x 10? is a constant that converts mol to liter
gas and seconds to years (8); (iii) the assumption that just
enough oxygen was provided by diffusion through the soil to
consume all of the oxygen at the base of the oxidative weathering
zone (at the water table; i.e., pO,, = 0) and thus oxidize essen-
tially all of the reduced soil minerals; and (iv) the simplification
that the Proterozoic land area was roughly equivalent to today’s
(148 x 10° km?). Then, setting the rate of oxygen production
equal to the rate of oxygen consumption by oxidative weathering
according to Eq. 1, and accepting the uncertainties in Eq. 1 as
presented by ref. 8, which largely arise because of variations in
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soil diffusivity in modern soils and in soil thicknesses, one can
solve for the atmospheric pO;:

1013

~3x10™%¥atm ~103PAL
2% 102 x 148 x 106 x 1010 > X 1Y =36atm ’

[2]

pOZ,alm =

where 10'? is the number of cm?/km?, the uncertainty is a factor
of 36, and PAL is the present atmospheric level (0.21 atm).

This estimate, a minimum to provide sufficient oxygen by dif-
fusion for oxidative weathering to balance the oxygen production
from organic carbon burial, is lower than the upper limits based on
observations from the marine record of Fe deposition and sulfur-
isotope fractionation (5-18% PAL; 10). Moreover, it is likely an
underestimate of the minimum because it presumes that the entire
land surface was involved in oxidative weathering.

After the establishment of biotic soils, this value would rep-
resent the minimum value at the base of the soil; atmospheric
oxygen levels (at and above the soil-air interface) had to have
been higher than this because of consumption of oxygen by the
soil biota. The extent to which modern soil respiration reduces
the oxygen content of the soil atmosphere (ApO, = pOyaim —
PO s0i1; PAL) ranges from very small depletions in upland ridges
even in tropical locations (ApO, ~ 10% PAL; 11), to larger
depletions in moister tropical valleys (ApO, ~ 50% PAL; 11),
and poorly drained peat soils (ApO, ~ 75% PAL; 12). Water-
saturated soils are often anoxic. Nevertheless, and consistent
with the calculation above, the supply of oxygen to the weath-
ering zone today greatly exceeds the demand, such that oxidative
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weathering is essentially complete (13). Modeling suggests that
PO2.atm must be below 10% PAL for O,-dependent feedbacks
on weathering to be important in the regulation of atmospheric
0, (13).

Clearly the extent of oxygen depletion depends on a host of
environmental and soil parameters beyond terrestrial biotic pro-
ductivity, especially the water content of the soil, so it is unclear
what the ApO, of the Neoproterozoic soil biota was. The observed
shift in carbonate 8'*C (Fig. 1 and ref. 5) from pre-Neoproterozoic
to Phanerozoic of ~2 %o is consistent with an O, depletion ca-
pacity comparable to today’s. The Neoproterozoic depletion likely
was considerably smaller, but if even a fraction of today’s, would
require a substantial increase in atmospheric pO,.

This is not the first suggestion that the greening of the land
surface affected the oxygen content of the atmosphere. Lenton
and Watson (14) proposed that biotic enhancement of weathering
in the Neoproterozoic led to the enhanced delivery of phosphorus
to the ocean, promoting increased marine productivity and or-
ganic carbon burial, a resulting stepwise increase in atmospheric
oxygen, and drawdown of atmospheric CO,, perhaps triggering
Neoproterozoic glaciation. Knauth and Kennedy (5) also focused
on the greening’s effect on oxygen production rather than oxygen
consumption as done here, speculating that biotically enhanced
weathering and clay mineral production led to an increase in nu-
trient and clay mineral supply to marine environments, promoting
marine biological productivity and providing enhanced burial
preservation of organic matter protected from degradation by
adsorption onto the clays. Neither of these hypotheses, which in-
volve changes in the mechanism of oxygen production, precludes
the effect described here that acts on the oxygen consumption side
of the balance.

Hypothesis for the Stepwise Oxygenation of the
Atmosphere

The emerging picture of atmospheric oxygen regulation is a sys-
tem that has evolved with the evolution of the solid Earth and
biosphere. Archean oxygen levels were vanishingly low because
of an excess of sinks for oxygen arising from more reducing
volcanic (15-18) and/or metamorphic (19) fluids. A diminution
of this volcanic-metamorphic sink, to below the net source of
oxygen associated with the sequestration of organic matter pro-
duced by oxygenic photosynthesis, occurred at or near the Archean—
Proterozoic transition as the continents stabilized and became
largely subaerially exposed. This Great Oxidation Event may have
been somewhat protracted (20) as oxidative weathering of a large,
accumulated reservoir of reduced crustal materials put a damper on
oxygen accumulation (21). Eventually this damper was overwhelmed,
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Fig. 2. Positive correlation (7 = 0.73) between the 5'C of Central Pennsylvania
carbonate ground waters and their oxygen concentration, indicating that as
organic matter is respired to CO; in the subsurface, the aqueous carbon species
are increasingly influenced by the low 8'3C of this respired carbon. Data from
refs. 6-7.
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Fig. 3. Cartoon depicting the distribution of oxygen in the regolith and
bedrock of pre-850-Ma weathering environments contrasted with those of
the postgreening Neoproterozoic. Neoproterozoic weathering environments
incorporate biotic soils that deplete soil oxygen levels (red curve) through
respiration, reducing the effective oxygen concentration in the weathering
environment to that of the pre-850-Ma world.

and atmospheric oxygen levels may have significantly overshot (22—
24) their intermediate Proterozoic steady state of ca. 1-10% PAL
(10), until weathering feedbacks were able to stabilize atmospheric
oxygen levels within this range. Then, the Neoproterozoic greening
of the land surface caused a temporary reduction in the sink as-
sociated with terrestrial weathering by choking off the supply of O,
to the subsurface. Atmospheric oxygen levels rose such that at the
base of the soil, oxygen concentrations were roughly equivalent to
the pregreening atmosphere, restoring the original oxygen supply to
ground waters (Fig. 3).

Unfortunately, a systematic study of the supply of oxygen to
the weathering environment, as it is affected by varying degrees
of respiratory consumption in the organic-rich upper soil, and its
consumption during oxidative weathering has not been made. As
a result, the hypothesis presented here awaits more definitive
field tests.

Any viable explanation for stepwise oxygen evolution must in-
volve a fundamental change in the way the Earth system operates;
perturbations, even massive organic carbon burial events, bolide
impacts, or flood basalt eruptions, in themselves cannot effect
permanent change in Earth’s surface environment [unless the sys-
tem is bistable (25, 26); the persistently anoxic Archean suggests
that bistability, if it existed, developed as a result of secular evo-
lution]. Temporal trends in solar luminosity, heat flow, and the
supply of reductant from Earth’s interior can drive the Earth sys-
tem through thresholds, leading to stepwise change. Biological
innovation can also exert lasting effects. In this context, the advent,
expansion, and diversification of terrestrial ecosystems are likely to
have had a global, lasting effect on surface conditions, leading to
a stepwise and permanent increase in atmospheric oxygen levels.
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