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Abstract

The consensus view is that the O, concentration of the Archean atmosphere was very low and that it rose to its present level
of 21% in a series of steps, two of which dwarf the others in importance. The first, known as the Great Oxidation Event,
occurred at ~2.4 Ga. It involved an increase in the relative abundance of O,, which has been estimated at three orders of
magnitude, and it is important because it led to the first surface weathering. The second, although less important in relative
terms, involved the addition of 9 x 10'7 kg of O, to the atmosphere, at least ten times as much as that required to produce the
Great Oxidation Event. Its importance lies in the fact that it correlates with the rise of animals in the Ediacaran and Early
Cambrian periods. Although it is widely accepted that an increase in atmospheric O, facilitated the appearance of animals at
~575 Ma, followed by the Cambrian Explosion ~50 Myr later, the cause of this increase remains controversial. We show that
the surge in the O, level near the Precambrian—Cambrian boundary correlates with major episodes of continent-continent
collision associated with Gondwana’s amalgamation, including convergence between East and West Gondwana, which pro-
duced the 8000-km-long Transgondwanan Supermountains. The eroded roots of these mountains include the oldest lawso-
nite-bearing blueschists and eclogites, and ultra high-pressure metamorphic rocks. The sudden appearance of these low-
thermal gradient, high-pressure metamorphic rocks implies that the Gondwanan orogenic zones were cooler and stronger
than those associated with the assembly of earlier supercontinents and therefore capable of supporting higher mountains.

There is a log-linear relationship between relief and erosion rate, and a linear relationship between sedimentation rate and
organic C burial. Taken together these two relationships imply a log-linear relationship between relief and C sequestration.
We suggest that the Gondwanan supermountains were higher than those produced during the assembly of earlier supercon-
tinents and that rapid erosion of these mountains released a large flux of essential nutrients, including Fe and P, into the rivers
and oceans, which triggered an explosion of algae and cyanobacteria. This, in turn, produced a marked increase in the pro-
duction rate of photosynthetic O,. Rapid sedimentation during this period promoted high rates of burial of biogenic pyrite
and organic matter generated during photosynthesis so that they could not back react with O,, leading to a sustained increase
in atmospheric O,.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION its present level in a series of steps (Canfield, 2005; Kump,

2008). Two of these steps are thought to dominate the rise

The available evidence suggests that the O, content of
Earth’s early atmosphere was very low, probably less than
10~> Present Atmospheric Level (PAL) and that it rose to
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of atmospheric O, (Kump, 2008). The first, initially recog-
nized by Holland (2002) and called by him the Great Oxi-
dation Event, occurred at about 2.4 Ga and was identified
by the disappearance of redox sensitive minerals such as
pyrite and uranite in sedimentary rocks, the appearance
red beds, and a sharp reduction of mass independent frac-
tionation of **S (Farquhar and Wiing, 2003). Calculations
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suggest that mass independent fractionation of **S can only
occur if the O, content of the atmosphere is <107> PAL
(Pavlov and Kasting, 2002) and that the oxidative weather-
ing required to produce red bed deposits requires atmo-
spheric O, to exceed 1% PAL. The amount of O, that
must be added to the atmosphere to produce this increase
is ~10'° kg. The second important step occurred in the late
Neoproterozoic when atmospheric O, levels are thought to
have increased from 5-10% PAL to 60-100% PAL (Can-
field, 2005), requiring the addition of 9 x 10'7 kg of O,.
The first of these oxidation events, which we suggest should
be called the First Great Oxidation Event (GOE-I) is
important because it was during this event that atmospheric
O, rose to the level required for the weathering of rocks.
The importance of the second event, which we suggest
should be called the Second Great Oxidation Event
(GOE-II), is that it resulted in atmospheric O, rising to
the level required for animal life. In relative terms GOE-1
was the dominant event because during this event atmo-
spheric O, rose by at least three orders of magnitude com-
pared with less than two for GOE-II. However, in absolute
terms GOE-II is the more important because it required the
addition of almost 100 times the amount of O, to the atmo-
sphere as GOE-I: 9 x 10'” kg compared with 10'6 kg.

This paper concentrates on GOE-II, when atmospheric
O, rose to the level required to support animal life. It is
widely accepted that O, played a critical role in controlling
first the appearance of animals at 575 Ma (Nursall, 1959;
Berkner and Marshall, 1965; Knoll, 2003; Fike et al.,
2006; Canfield et al., 2007) and later the Cambrian Explo-
sion between 530 and 520 Ma (Cloud, 1968). The appear-
ance of primitive animals probably occurred shortly after
the O, concentrations in the upper oceans exceeded the crit-
ical level required to support them. Furthermore, because
higher concentrations of O, promote increased cell and
body size, and faster development (Berner et al., 2007) it
is likely that the Cambrian Explosion occurred when oce-
anic O, levels exceeded a second threshold: one that al-
lowed animals to flourish and multiply. There is now
convincing evidence that oceanic O, concentrations rose
during the Ediacaran to Early Cambrian periods (635-
510 Ma) and that this increase coincided with the explosive
rise of animals. However, the cause of this increase remains
controversial.

Previously we argued that the rise of animals and sub-
sequent Cambrian Explosion were triggered by rapid ero-
sion of the Transgondwanan Supermountains, which were
produced by the collision of East and West Gondwana
(Squire et al., 2006a). We suggested that this caused a
marked increase in the flux of critical nutrients such as
Fe and P into the oceans that led to an explosion of
primitive plant life, which provided the essential nourish-
ment that promoted first the appearance of animals, and
later the Cambrian Explosion. However, subsequent to
publication of our earlier paper there have been a num-
ber of studies that show a step increase in O, in the late
Neoproterozoic, which correlates with the rise of animals
(Hurtgen et al., 2005; Fike et al., 2006; Canfield et al.,
2007, 2008; Halverson and Hurtgen, 2007; Scott et al.,
2008). Campbell and Allen (2008) have suggested that

step increases in atmospheric O, result from rapid ero-
sion of supermountains produced during the assembly
of supercontinents that increase the flux of nutrients into
the oceans and promote photosynthetic production of O,.
However, they did not explain why the assembly of the
two Phanerozoic supercontinents, Pangea and Gondw-
ana, produced increases in the absolute concentration of
atmospheric O, that were an order of magnitude larger
than earlier increases (Canfield, 2005; Kump, 2008).

In this paper we review the evidence for a late Neopro-
terozoic rise in O, and the competing hypotheses that at-
tempt to explain it. We then document the timing of the
orogenic events associated with the amalgamation of
Gondwana and show that they correlate with the late Neo-
proterozoic rise in O,, whereas the alternate hypotheses do
not. Finally we argue that the late Neoproterozoic and
Phanerozoic step increases in O, are larger than earlier
steps because they follow the sudden appearance of low-
metamorphic-gradient, high-pressure and ultra high-pres-
sure metamorphism from about 630 Ma (see Brown,
2007). We interpret the abrupt increase in the maximum
pressure of orogenic-metamorphic belts to indicate that
mountains produced by continent-continent collisions
younger than about 630 Ma where higher than those pro-
duced prior to that time. We argue that higher mountains
led to higher erosion rates and increased photosynthetic
O, production during the late Neoproterozoic and Phan-
erozoic orogenic events compared with their earlier equiva-
lents. Although we focus on the Gondwanan rise in
atmospheric O, we also show that the same hypothesis
can explain a rise in O, of equivalent magnitude produced
during the assembly of Pangea.

2. SOURCES OF OXYGEN

Three processes produce oxygen: dissociation of water
by ultraviolet light, photosynthesis and biogenic pyrite for-
mation. Negative feedbacks render the first of these pro-
cesses ineffective and it can be neglected as a significant
source of oxygen. The most important source of oxygen is
photosynthesis, which occurs when plants induce a reaction
between CO, and H,O to produce organic C and O, using
light as the energy source. Organic C can also reduce sulfate
to form biogenic pyrite, which produces almost four moles
of O, for each mole of pyrite (Urey, 1952; Canfield, 2005).
If the organic C or biogenic pyrite produced by these pro-
cesses is buried during sedimentation, so that it cannot back
react with O,, the concentration of O, in the atmosphere
will increase. The principal sinks for O, are reduced volca-
nic gasses, weathering of organic C and pyrite in sediments,
oxidation of reduced C and S gasses during burial diagene-
sis and metamorphism, and since ~575 Ma respiration,
which in the modern World largely buffers O, produced
by photosynthesis (Canfield, 2005). Oxidation of Fe and
Mn in minerals other than pyrite is considered to be of les-
ser importance (Holland, 1978). At any time the relation-
ship between O, sources and sinks is finely balanced. An
increase or decrease in the concentration of O, in the atmo-
sphere requires this balance to be disturbed by an external
agent.
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3. EVIDENCE FOR CHANGES IN O, LEVELS
DURING THE PHANEROZOIC EON AND LATE
NEOPROTEROZOIC ERA

There is no geochemical method that can be used to di-
rectly measure the O, concentration of the pre-Cambrian
atmosphere and, as a consequence, changes in the O, con-
centration of the atmosphere must be inferred from changes
in abundance of redox sensitive minerals, changes in the
concentration of redox sensitive elements in sedimentary
rocks and/or variations in C and/or S isotopes. These prob-
lems are compounded by the difficulty of projecting infer-
ences drawn from deep-water sediments to the upper
ocean and atmosphere. We begin by discussing the likely
time scales for transfer of O, between these reservoirs.

3.1. Proterozoic atmospheric O, levels and the exchange of
O, between reservoirs

Geochemical evidence has been widely interpreted to
suggest that the Proterozoic oceans were anoxic (Poulton
et al., 2004; Brocks et al., 2005; Canfield et al., 2007) and
this observation has been used to infer that the O, concen-
tration of the Proterozoic atmosphere was low (Canfield
et al., 2007). Butterfield (2009) has pointed out that this
interpretation is based on limited observations and that
during Phanerozoic oceanic anoxic events birds, mammals,
wildfires and aquatic reptiles were unaffected, showing that
deep-water was not sequestering O, from the mixed layer or
atmosphere and implying that the oceans were stratified
and stable. Before we can accept the low O, interpretation
for the Proterozoic atmosphere, based on the geochemistry
of deep-water sediments, we must first establish the time
scale for transfer for O, between the different O, reservoirs.

Atmospheric O, exchanges readily with O, in the mixed
layer of the upper ocean, which today is about 100 m thick,
by a combination of molecular diffusion and turbulent mix-
ing. As a consequence, a change in the O, concentration in
either of these reservoirs is rapidly transferred to the other,
unless the mixed layer becomes O,-saturated at the relevant
temperature. The transfer of O, to the deep ocean, on the
other hand, is by vertical turbulent diffusion and can be ra-
pid or slow depending on the nature of the circulation ac-
tive at the time. An example of O, being transferred
quickly to the deep ocean is the rapid decent of cold, salty,
oxygenated water at high latitudes in modern oceans. On
the other hand an ocean basin or sub-basin can have an
oxic upper mixed layer and be anoxic at depth and this con-
dition can persist for an extended period. There are several
examples of global anoxic oceans in the Phanerozoic, for
example at end Permian, Mid-upper Cretaceous and late
Devonian (Butterfield, 2009, and references therein). How-
ever, the time scales for Phanerozoic oceanic anoxic events
are always less than 1 Myr (Jones and Jenkyns, 2001). In
the modern oceans stable stratification is not a steady-state
condition because vertical turbulent diffusion mixes the
upper and lower waters on a time scale of order 1000—
10,000 years (Ganopolski and Rahmstorf, 2001). Maintain-
ing stable stratification in the oceans requires the thermoha-
line circulation to be blocked by connected landmasses or

surface forcing by the discharge of a large flux of fresh
water into the oceans during melting of ice sheets (Gano-
polski and Rahmstorf, 2001). The addition of fresh water
to the oceans could induce global stratification of the
oceans, but the expected time scale for such events is short,
less than 10,000 years for melting of the Pleistocene glacia-
tions. The time scale for melting of the extreme Proterozoic
snowball Earth events is poorly constrained but was unli-
kely to exceed 1 Myr and is probably much less than that
(Higgins and Schrag, 2003; Le Hir et al., 2009). As a conse-
quence, although caution should be exercised in projecting
short-term changes in O,, inferred from sediments that
formed below the upper ocean mixed layer to the atmo-
sphere, changes in O, that persist in deep sediments on a
global scale for extended periods of time, conservatively
for more than 1 Myr, can be projected to the atmosphere
with confidence. Therefore, we suggest that the widely held
interpretation of low O, concentrations in the Proterozoic
atmosphere (Canfield et al., 2007) is valid.

3.2. Phanerozoic changes in O, levels

From a low base in the Proterozoic eon, atmospheric O,
levels rose to at least 60% Present Atmospheric Level
(PAL), the minimum O, level required to sustain fire, by
about 420 Ma (Kump, 2008). Berner (2006) modeled varia-
tions in atmospheric O, during the Phanerozoic eon, based
largely on detailed variations in C and S isotopes (Fig. 1c).
Features of his model include an increase in O, during the
Cambrian period, a decline between 420 and 350 Ma, a step
increase between 350 and 275 Ma (see also Beerling et al.
(2002)), a further period of decline between 275 and
200 Ma and a gradual increase between 200 Ma and today
(Fig. le). The charcoal record in sedimentary rocks sup-
ports these estimates of changing atmospheric O, over the
last 420 Myr (Scott and Glasspool, 2006). As already noted,
the first appearance of charcoal at 420 Ma requires atmo-
spheric O, to have reached 60% PAL by that time. A gap
in the charcoal record between 400 and 360 Ma (Kump,
2008) corresponds to the decline in O, over that period
and it is followed by an increase in fossilised charcoal be-
tween 360 and 260 Ma (Berner et al., 2007) that coincides
with the increase in O, during the Carboniferous and Perm-
ian periods. Finally, an increase in charcoal from 40 Ma to
the present in North Pacific sedimentary rocks shows that
atmospheric O, has increased over the last 40 Myr (Derry
and France-Lanord, 1996). The case for an increase in
atmospheric O, between 360 and 260 gains further support
from gigantism in several arthropod groups and reptile like
animals over that period (Graham et al., 1995; Dudley,
1998), which is attributed to elevated O, levels. Similarly
an increase in mammal body size through the Tertiary per-
iod has been attributed to rising levels of O, (Falkowski
et al., 2005).

3.3. Cambrian and late Neoproterozoic increases in O, levels
Variations in atmospheric O, levels during the Cam-

brian and late Neoproterozoic intervals are of special inter-
est in the current context. Several detailed studies, three of
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which use different methodologies, suggest that the Cam-
brian increase in atmospheric O,, noted by Berner (2006),
started during the late Neoproterozoic era. Fike et al.
(2006) used high-resolution carbon and sulfur isotope data
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from the late Neoproterozoic marine sedimentary rocks
from the Huqf Supergroup in Oman to identify two in-
creases in oceanic O, levels during the Ediacaran period,
which were identified from increases in A3*S, the difference
between sulfate 5**S and the most negative 8°*S value in
pyrite. The first, following the Marinoan Glaciation (636—
663 Ma, Halverson et al., 2005), is based on a gradual in-
crease in A**S from 19, to 12%, at 636 Ma to ~35%, at
580 Ma, requiring an increase in marine seawater sulfate
from less than 200 uM to greater than 200 uM. The second
occurred between 548 and 542 Ma and is recognized from
an increase in A**S to 50%,. Values of A*S above 46%,
are unknown in the Proterozoic eon and have been inter-
preted to suggest bacterial sulfur disproportionation in
which intermediate-valency sulfur species are split into
8*S-enriched sulfate species and 8°*S-poor hydrogen sul-
fide, which requires an increase in the level of oxidation.
A third increase was postulated by Fike et al. (2006) follow-
ing Gaskiers Glaciation at ~580 Ma. It was identified from
a prolonged negative excursion in 8'*C in marine carbon-
ates, called the Shuram Excursion, in which values fell to
well below mantle values for at least 25 Myr. However,
the Fike et al. (2006) interpretation of Shuram Excursion
has been discredited by Bristow and Kennedy (2008) on
the basis of dissolved organic C mass balance and the scale
of the event, which they argue cannot have lasted more than

<

Fig. 1. The timing of orogenic events associated with the assembly of
Pangea and Gondwana determined from U/Pb detrital zircon ages
compared with variation in atmospheric O,, P,Os in phosphate
deposits, Mo concentrations in black shales, and S, C and Srisotopes
through time. (a) Variation in the tonnes of P,Os in phosphate
deposits through time (Cook and Shergold, 1984). (b) Variation in
87Sr/%%Sr in seawater through time (Shields and Veizer, 2002). (c)
Variations in '*3C in marine carbonates (blue) and **3S in sulfate
(green) from Berner (2006), '38C data between 800 and 550 Ma from
Halverson et al. (2005). Black lines correspond to ice ages.
4 = Gaskiers Glaciation, 3 = Marinoan Glaciation, 2 = Sturtian
Glaciation, 1 = Bitter Springs stage. (d) Variations in the Mo
concentration in black shales (Scott et al., 2008). (e) Estimated
variations in % atmospheric O, through time. The general form of the
figure follows Berner (2006) but the extension into the Neoprotero-
zoic era is based on the evidence of Canfield et al. (2008) and Fike
et al. (2006). Canfield et al. (2007) estimated the O, content of the
Early Cambrian atmosphere to be at least 15% of PAL, Bergman
et al. (2004) suggested 25% PAL, whereas others (Hurtgen et al.,
2005; Halverson and Hurtgen, 2007) suggested a value slightly less
than present day levels. (f) Laser ablation ICP-MS U/Pb ages for
6968 detrital zircons younger than 850 Ma. The data for Asia,
Europe, and North and South America are from 5249 zircons
separated from sands collected near the mouths of 40 major rivers
(Campbell and Allen, 2008) and are supplemented by SHRIMP
zircon data from Australian sand dunes (Pell et al., 1997) (n = 1136),
and from Antarctic Paleozoic sediments (Goodge et al., 2004;
Flowerdew et al., 2007) (n = 583). The timing of orogenic events is
determined by geochronology and, as a consequence, the compila-
tion of U/Pb dates can be used to identify the principal tectonic
events that have affected Earth. The compilation picks out the Pan-
African and Hercynian-Alleghanian orogenies associated with the
assembly of the Gondwana and Pangea supercontinents, respec-
tively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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800 kyr. Bristow and Kennedy (2008) and Knauth and
Kennedy (2009) attribute the Shuram Excursion to diage-
netic alteration.

Nevertheless the overall conclusions of Fike et al. (2006),
which are based on an increase in A*S in the Ediacaran
ocean, imply that sulfate was replacing sulfide as the domi-
nant S species in late Neoproterozoic oceans, are valid. Anal-
yses of sulfate and pyrite in sedimentary rocks from South
Australia and Namibia gave similar results and are also inter-
preted to indicate an increase in atmospheric O, to roughly
Phanerozoic levels by the end of the Neoproterozoic era
(Hurtgen et al., 2005; Halverson and Hurtgen, 2007).

Canfield et al. (2007) used a different method to demon-
strate an increase in ocean O, in the Ediacaran period. They
measured variations in the fraction of highly reactive Fe
(FeHR) to total Fe (FeT) in late Neoproterozoic sediments
from Newfoundland, Canada to demonstrate an increase in
oxidation state. A fraction of FeHR/FeT less than 0.38 is
indicative of oxic conditions. They found evidence for neg-
ligible O, in the deep oceanic water during the 580 Ma
Gaskiers Glaciation, but showed that it increased sharply
to at least 15% PAL following this glaciation. Similarly
Shen et al. (2008) documented a sharp drop in FeHR/
FeT from mostly greater than 0.38 to less than 0.25 in black
pyrite-rich shales for the Northwest Territories, Canada,
which they constrain to have occurred between 580 and
610 Ma. A more extensive study of late Neoproterozoic
sedimentary rocks deposited below the storm-wave-base
by Canfield et al. (2008), in which over 700 samples were
analyzed from 34 formations and 13 location with ages be-
tween 850 and 530 Ma, found that samples frequently had
FeHR/FeT below 0.38 indicating that oxic bottom waters
were common. Although both anoxic and oxic deep-water
are indicated throughout the late Neoproterozoic era, there
is a general increase in the fraction of deep-water sedimen-
tary rocks with FeHR/FeT less than 0.38 through time.
FeHR/FeT for sedimentary rocks older than 650 Ma are
generally more than 0.38 (i.e., conditions were anoxic),
but become sub-equal to 0.38 between 650 and 580 Ma,
and were overwhelmingly less than 0.38 (i.e., oxic condi-
tions) between 560 and 580 Ma. Finally, the conclusion that
upper ocean O, levels began to rise, starting at about
650 Ma, is supported by a marked increase in redox sensi-
tive Mo in sulfide-bearing black shale between 663 and
551 Ma (Fig. 1d) (Scott et al., 2008).

Although the absolute concentrations of O, in the Neo-
proterozoic oceans and atmosphere are not well constrained,
these five studies, taken together, provide convincing evi-
dence for a significant increase in oceanic O, levels during
the Ediacaran period. The best estimates suggest that atmo-
spheric O, concentrations rose from 5-10% PAL at 650 Ma
(Canfield, 2005; Kump, 2008) to 60-80% PAL by 500 Ma
(Canfield, 2005; Berner, 2006). Fig. 1a shows a plot of the esti-
mated O, concentration of the atmosphere over the last
850 Myr, based on the Berner (2006) model for the Phanero-
zoic eon, but modified to accommodate the constraints sug-
gested by Fike et al. (2006), Hurtgen et al. (20095),
Halverson and Hurtgen (2007) and Canfield et al. (2007)
for an increase in O, over the Ediacaran period. Although de-
tails of this rise in O, are uncertain the widespread evidence of

anoxia in the pre-Neoproterozoic oceans, referred to earlier,
suggests that the O, concentrations in the oceans and atmo-
sphere were low (Poulton et al., 2004; Brocks et al., 2005;
Canfield et al., 2007). This conclusion is supported by the
reappearance of small Fe formations associated with the
snowball Earth glaciations, which suggest that upper ocean
O, levels had fallen to the low levels required for the transport
of Feas Fe?*, a condition not seen since the disappearance of
banded iron formations at 1.85 Ga, although this could be
due to short-term anoxia in the oceans if they were com-
pletely covered by ice as suggested by Kirschvink (1992).
As already noted, the appearance of charcoal at 420 Ma re-
quires atmospheric O, to have reached 60% PAL by that
time.

4. HYPOTHESES FOR THE RISE IN O,

4.1. Hypotheses based on evolution

Several evolutionary mechanisms have been suggested to
explain the Ediacaran-Early Cambrian rise in O,. For
example the rise in O, has been attributed to the advent
of muscular unidirectional guts in animals enabling rapid
transportation of organic matter, in the form of dense fecal
pellets, to the sea floor where it could be buried and ‘stored’
(Logan et al., 1995). The problem with this hypothesis is
that macrozooplankton, the first animal that was large en-
ough to produce fecal pellets that would sink rapidly, did
not appear until after ~543 Ma based on molecular-clock
data (Peterson et al., 2005), or after ~520 Ma based on fos-
sil evidence (Chen and Zhou, 1997; Vannier and Chen,
2000). Furthermore, studies of modern sediments show that
zooplankton fecal pellets are a minor component of the or-
ganic C flux (Turner, 2002). Most of the organic C rain is
transferred from the epipelagic to the sea floor by aggrega-
tion of phytoplankton or marine snow, which do not ap-
pear to undergo consumption while sinking through the
water column (Turner, 2002) and renders the improved effi-
ciency of an animal driven biological plump unnecessary
(Butterfield, 2009).

Sperling et al. (2007) suggested that the evolution of
sponges many tens of millions of years prior to macrozoo-
plankton may have been responsible for the late Neoprote-
rozoic rise in oxygen levels. Sponges feed principally on
dissolved organic carbon, part of which is oxidized during
respiration and part of which is excreted as insoluble C.
The significance of this process is that dissolved organic C
is not readily sequestered in sediments whereas the fraction
that is converted to insoluble C can be sequestered. Sponges
are highly efficient at circulating water through their bodies
and a large modern sponge can process its own volume in
10-20 s. However, because sponges are animals, this pro-
cess consumes O,. Whether the insoluble C secreted by
the sponges is sufficient to offset the O, they consume has
yet to be demonstrated quantitatively. More importantly,
animals including sponges cannot have driven the rise in
O, required for their existence.

An alternate biological trigger for rising O, levels is the
emergence of a land-based biosphere, which may have
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helped to accelerate rock weathering. Kennedy et al. (2006)
suggested that the rise of a land-based biosphere led to a
marked increase in the rate of clay production through
the breakdown of tektosilicates, and that erosion of this
material led to high rates of C burial and thus oxygen pro-
duction. Kennedy et al. (2006) noted a marked increase in
the ratio of phylosilicates to quartz in mudstones between
750 and 500 Ma that they attributed to the expansion of
land-based biota, which they correlated with the rise of ani-
mals. The discovery of lichen-like fossils in marine phos-
phates from southern China, which are bracketed by
U/Pb dating to have been deposited between 551 to
635 Ma, but based on fossil evidence are more likely to have
formed between 551 and 580 Ma, support the hypothesis
that primitive soil biota preceded vascular plants on land
(Yuan et al., 2005). However, soil biota may have made
their appearance on land much sooner and well before
the appearance of animals at 575 Ma. Pave (2002) docu-
mented biological structures in non-marine 1.2-1.0 Ga silic-
iclastic rocks from Scotland, including the occurrence of
wrinkle structures, and morphological features similar to
microbial crusts, which they attributed to land-based biota.
This conclusion is supported by protein sequence analyses
(Heckman et al., 2001), which suggest that green algae
and fungi were present on land by 1000 Ma. Although the
Kennedy et al. (2006) hypothesis is difficult to test because
the timing of the appearance of primitive soil biota is
poorly constrained, the appearance of soil biota in the
Mesoproterozoic or Neoproterozoic eras must have acceler-
ated soil production and erosion, and provided an addi-
tional source of organic C to compliment organic C
production in the oceans.

Another plausible evolutionary hypothesis for the rise in
late Neoproterozoic O, is an increase in the abundance of
large, single-celled eukaryotic algae (phytoplankton), which
occurred at that time (Falkowski and Knoll, 2007; Falkow-
ski and Isozaki, 2008). However, multicellular red algae are
known from at least 1200 Ma (Butterfield et al., 1990) and
single-celled eukaryotic algae logically existed even earlier.
The observed increase in eukaryotic algae could be due to
better preservation. For example, tougher animal-resistant
species may have become dominant in the late Neoprotero-
zoic era. More likely, the increase in phytoplankton was
due to an increase in the supply of nutrients reaching the
oceans, as suggested by Squire et al. (2006a). Alternatively,
an increase in the cell size of phytoplankton from pico-
plankton to (0.2-2.0 pm) to export-prone net-plankton
(2-200 pum), in response to the emergence of grazing zoo-
plankton, may have increased the efficiency of the biologi-
cal plump (Butterfield, 2009). Net-plankton aggregate and
sink faster than picoplankton. The cell size of Ediacaran
phytoplankton is a matter for speculation, and the occur-
rence of C-rich shale in sequences that formed as much as
2.0 Gyr before the appearance of animals suggests that this
is not a first-order consideration.

4.2. Snowball Earth hypothesis

The Neoproterozoic era is characterized by two extreme
global glaciations, the Sturtian and Marinoan Glaciations,

which are commonly referred to as snowball Earth events
(Kirschvink, 1992; Hoffman et al., 1998). Although the
snowball Earth hypothesis is controversial because it re-
quires the equatorial oceans to be ice-bound, there is gen-
eral agreement that ice extended to the sea at low
latitudes (Allen and Etienne, 2008). Halverson and Hurtgen
(2007) attribute the rise in O, during the middle Ediacaran
period (~600 Ma) to a catastrophic increases in the rate of
erosion in a post-glaciation, CO,-rich, ultra-greenhouse
environment that followed the 663-636 Ma Marinoan Gla-
ciation. They argue that this led to high rates of nutrient
delivery into Earth’s oceans, and to enhanced photosynthe-
sis and organic C burial. Evidence used to support their
interpretation included the presence of abundant organic
C-rich post-glacial sedimentary rocks that are broadly coin-
cident with a rise in the marine ¥’Sr/*®Sr record (Fig. lc).
Although enhanced post-glacial erosion may have contrib-
uted to the late Neoproterozoic rise in O,, especially its on-
set, it cannot be the driving mechanism because the rise in
O, continued to about 515 Ma, well beyond the youngest
Neoproterozic glaciation (Gaskiers, Fig. 1c) at 580 Ma.
Furthermore, the 723 Ma Sturtian Glaciation, which pre-
ceded the Marinoan Glaciation (Halverson et al., 2005),
did not produce a documented increase in atmospheric O,
(Fig. lc).

4.3. Tectonic hypothesis

There is a positive correlation between sedimentation
rates and the C content of sedimentary rocks in oxic oceans
(Berner and Canfield, 1989; Stein, 1990). There are two rea-
sons for this. First, rapid sedimentation occurs during peri-
ods of rapid erosion when the flux of essential nutrients into
the oceans is high, which promotes the growth of primitive
plants in the oceans. Second, high sedimentation rates favor
the preservation of organic C by reducing the time it spends
lying on the sea floor in an oxic ocean (Stein, 1990). Fur-
thermore, high surface organic C production rates lead to
a high flux of C though the ocean, which lowers the oxygen
content of the water through which it sinks and increases
the fraction of organic C reaching the sea floor. The mod-
ern sedimentary rocks with the highest C contents are
found near the mouths of modern rivers where the terrige-
nous input is high, areas of rapid sedimentation such as
turbidites (Stein, 1990) and areas of nutrient upwelling such
as the Peru—Chile coast (Berner, 1982). Of these, deltaic
sediments constitute the most important sink for modern
C. Berner (1982) estimates that 1.3 x 10" kg of
1.57 x 10" kg per year or 83% of organic C buried in mod-
ern sediments is stored in deltaic sediments. The organic C
content of continental shelf sediments deposited away from
rivers is low (Berner, 1982). These observations show the
importance of the supply of terrigenous nutrients in con-
trolling the rate organic C production and storage in sedi-
ments, and therefore photosynthetic O, production.

It has been suggested that enhanced sedimentation rates
during periods of continental break-up (Knoll et al., 1986;
Derry et al., 1992; Lindsay and Brasier, 2002) or during
the opening and closing of an ocean basin (Des Marais
et al., 1992) could lead to increased C burial and an increase
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in atmospheric O,. However, the highest sedimentation rate
in Earth’s history occur not during periods of continental
break-up but during the erosion of mountains produced
by continent—continent collisions, especially those associ-
ated with supercontinent assembly (Squire et al., 2006a).

4.4. Continental growth and supermountains

Campbell and Allen (2008) have argued that the princi-
pal sources for atmospheric O, are burial of organic carbon
and pyrite in sediments and that the principal sinks are re-
duced volcanic gasses. They suggest that atmospheric O,
has increased over Earth history because the balance shifted
from reduced volcanic sinks in the Archean to oxidizing
sedimentary sources during the Proterozoic. Volcanism
has logically declined over Earth history in response to
the declining contribution from radioactivity to the man-
tle’s heat budget while the contribution from sedimentary
sources has increased. Two factors contribute to the latter.
First, most models for growth of the continental crust sug-
gest that it has grown through time and that growth was
only ~50% complete by the end of the Archean (McLennon
and Taylor, 1982; Wang et al., 2009). Second, the abun-
dance of pillow basalts in the Archean and the relative pau-
city of sedimentary rocks, most of which are volcanogenic,
suggest that the continental crust was largely below sea le-
vel. During the Archean, basalts dominated the supracru-
stal sequences with sedimentary rocks a minor
component. By 2.5 Ga this situation reversed and O, pro-
ducing sediments dominated the supracrustal sequences at
the expense of reducing basalts. This fundamental change
in the nature of supracrustal rocks coincides with Holland’s
(2002) Great Oxidation Event. Superimposed on this over-
all increase in O, are a series of steps, which Campbell and
Allen (2008) correlated with the amalgamation of
supercontinents.

Sedimentation rates are a function of denudation rates.
A remarkable log-linear correlation between relief and
denudation, over almost three orders of magnitude in sev-
eral studies, shows that relief is the dominant factor con-
trolling erosion rates (Vance et al., 2003, and references
therein), and therefore the supply of nutrients to the oceans
and organic C burial rates. High rainfall, soil biota and
high atmospheric CO, promote the mechanical, biological
and chemical breakdown of rocks respectively but, in the
absence of relief, do not give rise to high rates of erosion
and sedimentation. Wind and continental glaciations are
the only effective agents of erosion on a flat surface. If the
log-linear relationship between relief and denudation rate
is combined with the linear relationship between sedimenta-
tion rate and C burial, and if it is assumed that sedimenta-
tion rate is a function of denudation rate, there must be a
log-linear relationship between relief and C sequestration.

The highest average global erosion rates occur during
the formation of supercontinents. Squire et al. (2006a) sug-
gested that continent—continent collisions that occurred
during the amalgamation of supercontinents produced
large mountain ranges that eroded rapidly, releasing a large
flux of critical nutrients such as P and Fe into the oceans. P
is the bio-limiting nutrient in the oceans (Broker, 1982) and

Fe is required to facilitate the electron transfer reactions
essential for N-fixing bacteria (Falkowski, 1997). The in-
creased supply of these nutrients in the upper oceans led
to an explosion of algae and cyanobacteria, and to the pro-
duction of photosynthetic O,. Because orogenic episodes
are periods of high sedimentation it likely that a high frac-
tion of the organic C and biogenic pyrite produced were
buried so that they could not back react with O,, leading
to sustained increases in atmospheric O,. Campbell and Al-
len (2008) pointed out that five of six recognized step in-
creases in atmospheric O, correlate with assembly of the
five known supercontinents: Pangea, Gondwana, Rodinia,
Nuna and Superia-Sclavia. The sixth rise coincides with
an orogenic event at 2.45 Ga (Fig. 1), which Pehrsson and
Jefferson (2009) suggests is a previously unrecognized
supercontinent called Nunavutia. A slight increase in atmo-
spheric O, over the last 40 Myr correlates with the collision
between India and Eurasia (Derry and France-Lanord,
1996).

Berner and Canfield (1989) have argued that the organic
C and pyrite burial rate is independent of sedimentation
rate. Their reasoning is that sedimentary rocks are derived
from erosion of older sedimentary successions and that bur-
ial of C and pyrite during a given cycle of erosion and sed-
imentation is balanced by oxidation of C and pyrite during
erosion of the older sedimentary source. This argument
may be valid for sedimentation during anorogenic periods
but it is not valid for sedimentation during an orogenic
event for two reasons.

First, as Berner and Canfield (1989) have shown, the C
content of sedimentary rocks increases with the sedimenta-
tion rate. Therefore the Berner and Canfield (1989) argument
is only valid if the older, eroded and new sedimentary rocks
were deposited at the same rate. If the new sedimentary units
were deposited faster than the old ones that were eroded to
form them, the new successions will have a higher C content.
Conversely, if the new sedimentary units were deposited at a
slower rate than the new ones they will have a lower C con-
tent. Because of the log-linear relationship between relief
and erosion rate mentioned previously, global sedimentation
rates must be higher during orogenic periods than during
anorogenic periods. If, as is likely, a high fraction of the sed-
imentary rock that was eroded during an orogenic period was
derived from average or low-deposition-rate, low-C succes-
sions, the C content of the rapidly deposited orogenic se-
quences will be higher than the global average. The
converse is true for low-depositional-rate anorogenic sedi-
mentary rocks. That is, on average, orogenic sedimentary
rocks should be C-rich, and anorogenic sedimentary rocks
C-poor, relative to the global average.

Second, the Berner and Canfield (1989) hypothesis
ignores the contribution of igneous rocks to sedimentary
cycles. Although erosion of igneous material may make a
minor contribution to anorogenic sediments it is expected
to make a significant contribution to orogenic sediments.
This is because major orogenic events are accompanied
by significant igneous activity, as both granitic intrusions
that stiffen the spine of mountain belts, and as complimen-
tary volcanism. Therefore, orogenic sedimentary cycles in-
clude both recycled sedimentary detritus and new
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sedimentary detritus derived from weathering of igneous
rocks. The global sedimentary mass has therefore increased
though Earth history for two reasons: first because the mass
of the continental crust has increased through Earth history
(McLennon and Taylor, 1982), and second, because igne-
ous material has been continually eroded and incorporated
into the sedimentary mass. The latter will be more impor-
tant during orogenic periods than during anorogenic
periods.

5. THE RISE IN O, DURING THE LATE
NEOPROTEROZOIC AND CAMBRIAN INTERVAL

Of special interest in the context of this study is the in-
crease in atmospheric O, associated with the assembly of
Gondwana (Fig. 2). We argue that rapid erosion of the
mountains generated during Gondwana’s amalgamation
produced an enhanced supply of nutrients into rivers, lakes
and oceans, which led to an explosion of primitive plant life
and to a marked increase in the production of O,. The
marked increase in seawater ¥’Sr/%®Sr in the late Neoprote-
rozoic to the highest values recorded in Earth’s history
(Fig. 1b) shows that this was a period of rapid continental
erosion, as does the widespread occurrence of phosphate
beds in the Cambrian (Cook and Shergold, 1984)
(Fig. la). Equally important, increased sedimentation en-
sured that a high fraction of the complimentary organic C
and pyrite were buried so that they could not back react
with O,. Erosion of the Transgondwanan Supermountains,
generated by the collision of East and West Gondwana,
produced  >100 million km*® of sedimentary rocks
(2.5 x 10*° kg), enough material to cover the USA with a
layer of rocks 10 km thick (i.e., the Gondwana Superfan
System, Squire et al., 2006a), so the amount of organic C
and biogenic pyrite produced and buried during this period
must have been enormous.

The validity of our hypothesis depends on two critical
factors:

1. The timing of the amalgamation of Gondwana and the
formation of the large mountain ranges, including the
Transgondwanan Supermountains, relative to the late
Neoproterozoic rise in O,.

2. There should be evidence of abundant C-rich Gondwa-
nan sedimentary rocks to provide the complimentary
organic C reservoir required for the rise in O,.

We therefore briefly review the evidence for when and
where large mountain ranges grew during Gondwana’s
amalgamation and for the existence of sedimentary rocks
rich in C.

5.1. The size of the mountains and timing of their formation

Abundant evidence exists for several large mountain
ranges forming in Gondwana between about 650 and
515 Ma but confusion remains as to whether the conti-
nent-continent collisions that created them were the result
of convergence between East and West Gondwana (Stern,
1994; Jacobs and Thomas, 2004; Squire et al., 2006a),
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Fig. 2. Sketch maps showing the episodic growth of the Gondwa-
nan supermountains. (a) Initial collision zones between about 650
and 620 Ma. (b) Uplift and exhumation was more widespread from
about 580 Ma, during which time the Transgondwanan Super-
mountains, the largest of the Gondwanan mountain ranges, grew
largely within the ‘high precipitation zone’ between about 15° and
35° latitude. (c) Even during the final stages of orogenesis the active
parts of the Transgondwanan Supermountains stayed in or near
the ‘high precipitation zone’. Also, mountain ranges developed
along Gondwana’s outer margins became increasingly important
during the final stages of supercontinent amalgamation. Letters A
to S show the locations of data used in Table 1. Modified after
Squire et al. (2006a), Cawood (2005) and Squire et al. (2006b).

North and South Gondwana (i.e., Australia, Antarctica
and perhaps southern-most Africa colliding with India,
Madagascar and Africa, Meert, 2003; Collins and
Pisarevsky, 2005; Fitzsimons and Hulscher, 2005; Cawood



Second Great Oxidation Event 4195

and Buchan, 2007), or a succession of smaller collisional
events (Veevers, 2003). Although we support the proposi-
tion involving convergence between East and West Gondw-
ana, the purpose of this discussion is not to determine
which of these hypotheses is correct, but to highlight that
large volumes of rocks from Gondwana’s late Neoprotero-
zoic orogens were deeply buried and rapidly exhumed be-
tween about 650 and 500 Ma. A summary of the principal
data used in this discussion is provided in Table 1.

The following discussion focuses primarily on evidence
for eclogite-facies metamorphic rocks and associated gran-
ulites in each of the principal Gondwanan orogens, plus the
timing and rates of cooling of those rocks. This is because
eclogites and granulites occur in the root zones of modern
mountain chains, as well as the deeper parts of subduction
zones, and are good indicators of crustal-thickening events
(e.g., Maruyama et al., 1996; Zang et al., 2009). Himalayan-
style mountain chains, generated by continent—continent
collisions, are generally taller and larger in volume than An-
des-style ranges generated by subduction-related processes
(Hyndman, 2005), which is important in the context of
delivering organic C to the ocean. Therefore, we also review
the evidence for involvement of oceanic crust and magmatic
arcs that enable the styles of the mountain ranges to be
determined. To begin, we discuss the evidence for moun-
tain-building along the 8000-km-long and up to 1500-km-
wide East African — Antarctic Orogen (i.e., the root zone
to the Transgondwanan Supermountains), which is the
largest of the Gondwanan Orgoens, then follow with
descriptions of the others.

5.1.1. Orogens comprising the Transgondwanan
Supermountains

The 2500-km-long Keraf-Kabus-Sekerr Suture formed
during the late Neoproterozoic when northern Africa’s Sah-
aran Metacraton collided with the Arabian-Nubian Shield
(Abdelsalam et al., 2002, 2003). Granulite-facies migmatitic
rocks from the Sabaloka region, Sudan, have metamorphic
assemblages consistent with burial to pressures of 6-8 kbar
and temperatures of 600-800 °C, and are interpreted to re-
flect depths up to about 30 km (Kroner et al., 1987).
Although granulite peak metamorphic conditions were ini-
tially dated at ~700 Ma (Kroner et al., 1987), recent U-Pb
monazite ages suggest it could be as young as 620 Ma (Kiis-
ter et al., 2008). **Ar—>*Ar biotite and hornblende ages of
about 580 Ma from deformed granites in northern Sudan
indicate that the granulites were uplifted and cooled soon
after peak burial (Abdelsalam et al., 1998). Other evidence
for the Keraf-Kabus-Sekerr Suture representing a major
continent—continent collision zone involving closure of an
ocean basin includes the occurrence of Neoproterozoic
juvenile successions such as dismembered ophiolite belts,
arc assemblages and A-type granitoids (Abdelsalam et al.,
2003).

The late Neoproterozoic amalgamation of southern In-
dia, Madagascar and East Africa (i.e., the Mozambique
Belt) is controversial. Several authors have postulated that
this unusually wide (up to 1500 km) orogen formed during
accretion of outboard terranes and involved relatively min-
or continent—continent collisions (e.g., Azania and proto-

Madagascar) between about 655 and 610 Ma (Meert,
2003; Collins and Pisarevsky, 2005; Cawood and Buchan,
2007, Maruyama et al., 2009; Santosh et al., 2009). How-
ever, a growing body of metamorphic and structural data
suggest that the region experienced a major episode of crus-
tal-thickening between about 580 and 550 Ma (Boger and
Miller, 2004; Sommer et al., 2005; Cutten et al., 2006; Hau-
zenberger et al., 2007; Rossetti et al., 2008; Bingen et al.,
2009). This is confirmed by the presence of garnet-pyrox-
ene-bearing granulites in Mozambique that indicate burial
of these rocks to depths of up to 55 km between about
580 and 550 Ma; reaction textures and garnet zoning asso-
ciated with these rocks have been used to suggest that they
were rapidly exhumed soon after peak metamorphism
(Engvik et al., 2007). Evidence also exists for a younger
crustal-thickening event in the region. In Malawi, ~530-
500 Ma garnet-bearing gneisses were buried to ~60-—
70 km (17-18 kbar) then rapidly exhumed (Ring et al.,
2002), and in southern India eclogites (about 19 kbar) and
high-pressure granulites (about 12 kbar) were generated at
about 535 Ma then quickly uplifted (Santosh and Sajeev,
2006; Santosh et al., 2009). The presence of fault-bounded
slices of ophiolites and arc volcanic rocks throughout the
Mozambique Belt supports closure of an ocean basin dur-
ing a continent—continent collision.

Although the Antarctica ice cap and South Africa’s Kar-
0o Sandstone now cover most of the rocks generated along
the 3000-km-long boundary between the Kalahari and East
Antarctic Cratons, studies of the sparse outcrops from the
region suggest that they represent the products of a major
continent—continent collision zone associated with Gondw-
ana’s amalgamation. In the Shackleton Range, East Ant-
arctica, garnet-olivine-bearing ultramafic rocks have
metamorphic assemblages consistent with burial to depths
of about 70 km and garnet-whole-rock Sm-Nd isochron
ages of 525 4+ 5 and 520 4 14 Ma (Romer et al., 2009). In
western Dronning Maud Land, East Antarctica, high-pres-
sure granulite-facies rocks with interpreted burial depths of
47-52 km (Board et al., 2005) are also present. Garnet-
omphacite-bearing mafic eclogite boudins are also present
among these granulites, which were buried to depths of
~47-52 km, but are of uncertain (Mesoproterozoic to
540 Ma) age. Rb/Sr biotite cooling ages of 500 & 10 Ma
in the Shackleton Range indicate that rapid exhumation oc-
curred soon after peak metamorphism (Zeh et al., 1999).
The presence of the ultramafic rocks in the Shackleton
Range suggests oceanic crust was involved during the deep
burial event associated with a continent—continent collision.

5.1.2. Other major orogens of Gondwana

The ~2500-km-long and ~750-km-wide Damara-Lufil-
ian-Zambezi Orogen was formed by a collision between
the Kalahari and Congo-Tanzania Cratons in southern
Africa during the late Neoproterozoic. In the Zambezi Belt,
central Zambia, phengite- and kyanite-bearing mafic eclog-
ites with garnet-whole-rock Sm-Nd isocron ages of
595 4+ 10 and 638 + 16 Ma have interpreted burial depths
of ~90 km (John et al., 2003), and the Lufilian Arc contains
whiteschists (talc-kyanite schists) characteristic of granu-
lite-facies metamorphism involving burial to 12-14 kbar
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Garnet clinopyroxenite; garnet-whole-rock Sm—Nd isochron age of nearby granulite ; Campos Neto and Caby

(1999)
Garnet-omphacite mafic gneiss in nappes; ages from U-Pb dating of zircons (Attoh et al. (1991) and Attoh

Garnet-bearing granulite; age inferred from Rb-Sr and garnet-whole-rock Sm—Nd isochron data; Jahn et al.
(1998))

Kyanite-omphacite micaschist; Rb-Sr and garnet-whole-rock Sm—Nd isochron ages; Jahn et al. (2001), Caby
(2001)

Mafic garnet-bearing granulite; ages from U-Pb dating of zircons (Basei et al., 1995); Del Lama et al. (2000)
et al. (2008)

Gneissic pyroxene-bearing eclogite; inferred age based on Saraiva dos Santos et al. (2009)

Metabasic granulites; inferred age; Heilbron (2004) and Machado et al. (1996); Frimmel and Frank (1998)
Saraiva dos Santos et al. (2009)
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at ~530 Ma (John et al, 2004). **Ar—*°Ar ages of
507.9 £2.5Ma for retrograde hornblende assemblages
from the Lufilian Arc rocks indicate that rapid uplift and
erosion occurred within a few tens of millions of years after
peak granulite-facies metamorphism (Vinyu et al., 1999).
The presence of Mesoproterozoic ophiolites in the Zambezi
Belt (Johnson and Oliver, 2000, 2004) and the low geother-
mal gradient of the eclogites (John et al., 2003) are inter-
preted to represent long-lived and rapid subduction of a
relatively large (~1000 km wide) basin of cold oceanic lith-
osphere prior to continent-continent collision from about
600 and 500 Ma (John et al., 2003).

Meert (2003) suggested that the collision zone between
the Kalahari and Congo-Tanzania Cratons (i.e., the
Damara-Lufilian-Zambezi Orogen) extended farther along
strike to the boundary between India and Antarctica, which
he defined as the Kuunga Suture. However, Squire et al.
(2006a) pointed out that the rocks in the postulated colli-
sion zone between the Indian and Antarctic Cratons do
not contain ophiolites or any evidence for arc-related mag-
matism, and that the boundary zone was locally less than
100 km wide and generally defined by high-strain textures
(e.g., McLean et al., 2009). Although we acknowledge that
some controversy still exists over the nature of this largely
ice-covered boundary, the available data suggests a major
(Himalayan-style) mountain range did not exist in the re-
gion. However, if Meert (2003) is correct then the large
Gondwanan mountain ranges are even more extensive than
shown in Fig. 2.

The ~4000-km-long and ~750-km-wide Pinjara Orogen
stretched from the western margin of Western Australia’s
Yilgarn Craton into Antarctica, where ice currently ob-
scures most of its location. In the southern Prydz Bay re-
gion, ortho- and paragneisses of the Prydz Complex
reached granulite-facies conditions during burial to depths
of ~25 km (6 kbar and ~850 °C, Fitzsimons, 1996) at about
550-530 Ma (Fitzsimons, 1997). These rocks were rapidly
uplifted from about 515 Ma (Zhao et al., 2003), which is
similar to the age of exhumed felsic orthogneiss collected
from dredge samples from the Naturaliste Plateau, offshore
Western Australia (peak conditions of ~700°C and
~6.5 kbar at about 515 Ma, Halpin et al., 2008). Rare ultra
high-temperature metasedimentary rocks are also present in
the Prydz Bay region, which indicate that some rocks were
buried to depths in excess of 30 km (10-12 kbar and
~950 °C, Kelsey et al., 2003). Although metamorphic data
indicate that the Pinjarra Orogen underwent rapid uplift
and exhumation from about 550 Ma, controversy remains
over whether the region represents a major continent-conti-
nent collision zone (e.g., Fitzsimons, 1996; Boger et al.,
2001; Collins and Pisarevsky, 2005) or a major intraconti-
nental deformation zone (e.g., Phillips et al., 2006, 2009;
Kelsey et al., 2008). The presence of eclogite-facies meta-
morphism, rapidly exhumed from ~40 km in the 300-km-
wide and 1000-km-long Petermann Orogen, central Austra-
lia (Camacho and McDougall, 1997), which is universally
accepted to have formed in an intracontinental setting
(Scrimgeour and Close, 1999), highlights that high meta-
morphic grades do not always equate to convergent-margin
settings (Raimondo et al., 2009). Despite this, a mountain
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range must have developed above this orogen from at least
550 Ma, although it height and width may not have been as
great as the Transgondwanan Supermountains.

The ~4000-km-long and ~400-km-wide Adamastor
Orogen formed between the combined Amazon and Rio
de la Plata Cratons of South America and Africa’s Con-
go-Tanzanian and Kalahari Cratons in Africa (Cawood
and Buchan, 2007). Although many of the rocks from this
orogen are now submerged beneath the Atlantic Ocean,
minor on land exposures are preserved in northeastern
South America and southeastern Africa. Evidence for this
orogen representing continent-continent collision associ-
ated with the closure of a late Neoproterozoic ocean basin
between the African and South American cratons includes
the presence of ~900 Ma rift-related volcanic rocks and
the inferred remains of ~800 Ma ophiolites in the Ara-
uai-West Congo Orogen (Pedrosa-Soares et al., 2001), plus
900-750 Ma rift-related and oceanic magmatism in the
Gariep Belt (Frimmel and Frank, 1998). The emplacement
of inferred arc-related granites between about 620 and
570 Ma in eastern-most Brazil is considered to represent
ocean basin closure in the Araguai-West Congo Orogen,
and granites and granulite facies metamorphic rocks in
the Ribiera Orogen record burial to pressures of about
7 kbar and temperatures of about 700 °C between about
590 and 550 Ma (Frimmel and Frank, 1998; Pedrosa-
Soares et al., 2001; Heilbron et al., 2004; Cawood and Bu-
chan, 2007). The relatively low metamorphic grades in the
orogen (i.e., no known eclogite-facies rocks) and the sparse
(and somewhat equivocal) data for closure of a large late
Neoproterozoic ocean basin during collision between the
African (Congo and Kalahari Cratons) and South Ameri-
can (Rio de la Plata and Sao Francisco Cratons) compo-
nents may be due to oblique convergence between them
(see Goscombe et al. (2005) and Goscombe and Gray
(2008)). This may have restricted the height of the mountain
range developed along this orogen.

The sparse and discontinuous exposures of Neoprotero-
zoic rocks along the ~4000-km-long Brasilia Orogen and
the ~2000-km-long Transaharan Orogen has created some
uncertainty about the nature of collisional events associated
with amalgamation of West Gondwana, yet age data sug-
gest peak burial and rapid exhumation occurred at about
the same time in both regions. In South America, the Bor-
borema Province contains eclogites (up to 17.3 kbar and
740-800 °C) and granulites (up to 13.3-16.3 kbar and
735-1010 °C) generated between about 650 and 610 Ma
(Saraiva dos Santos et al., 2009), which correlate tempo-
rally with the eclogites (up to 17.5 kbar and ~660 °C) and
granulites (up to 14.4 kbar and 1040 °C) in the Guaxupé
Belt that were generated between about 640 and 615 Ma
(Basei et al., 1995; Campos Neto and Caby, 1999; Del
Lama et al., 2000). These ages and characteristics also
match those in the Transaharan Orogen, which include
eclogites (18 kbar and ~600 °C) in Togo granulites in Gha-
na (14 kbar and 800-900 °C) that were formed about
610 Ma (Attoh et al., 1997; Attoh, 1998) as well as eclogites
(25 kbar and ~690-750 °C) and granulites (14 kbar and
~800-900 °C) in nappes in Mali (Jahn et al., 2001; Caby
et al., 2008). Evidence is also available from these regions

for rapid exhumation soon after peak burial, such as in
the Dahomeyides where Ar—Ar isotope correlation ages of
hornblendes indicate cooling through 500 °C at about
590-570 Ma (Attoh et al., 1997). Remnants of oceanic crust
and/or magmatic arc assemblages are also common (e.g.,
Caby, 1989; Campos Neto and Caby, 1999; Fonseca
et al., 2004; Valeriano et al., 2004; dos Santos et al.,
2008), which together with the high- and ultra high-pressure
metamorphic rocks support the Brasilia and Transaharan
Orogens producing major mountain ranges.

Subduction at the margins of Gondwana also produced
long mountain ranges during the final stages of, and imme-
diately following, supercontinent amalgamation. The larg-
est and most important of these mountains were probably
associated with the 18,000-km-long Terra Australis Orogen,
located along the proto-Pacific margin of Gondwana
(Fig. 2, Cawood, 2005). Age data for magmatic, ophiolitic
and/or metamorphic rocks that were generated or pro-
cessed in supra-subduction—zone settings along the Terra
Australis Orogen suggest that it was active from about
570 Ma until around 300-230 Ma (Cawood, 2005, and ref-
erences therein). However, in the context of delivering or-
ganic C to the ocean, the relative importance of Terra
Australis mountains must be assessed carefully. As we
pointed out earlier, mountain ranges associated with sub-
duction zones are generally not as high and are smaller in
volume than those involving continent-continent collisions
(Hyndman, 2005). In the Lachan Orogen, which is the larg-
est of the belts comprising the Terra Australis Orogen in
eastern Australia, high-grade metamorphic rocks are absent
and the granites commonly intrude their own volcanic pile
(Chappell and Stephens, 1988), suggesting that they were
never deeply buried or extensively eroded. This interpreta-
tion is consistent with palaeotectonic reconstructions of
the late Neoproterozoic to Phanerozoic margin of eastern
Australia, which displays marked similarities with the West
Pacific today (Crawford et al., 2003) and where large moun-
tain ranges are rare. In contrast, structural and metamor-
phic data from Antartica suggest that subduction-related
orogeny probably did involve substantial mountain ranges,
particularly from about 500 Ma (di Vincenzo et al., 1997;
Goodge et al., 2004; Cawood, 2005). Similar mountains
probably also existed along the margin of West Gondwana,
but the evidence for involvement of a subduction zone in
the rocks from this region can only be traced back to about
530 Ma (Cawood, 2005). Nevertheless, the enormous size of
the Terra Australis Orogen means the peri-Gondwanan
mountain ranges would have made a significant additional
contribution of nutrients into the late Neoproterozoic—
Paleozoic oceans.

5.1.3. Integration of the Gondwanan orogenic events

Our supermountains hypothesis for the late Neoprotero-
zoic rise in O, predicts a temporal correlation with moun-
tain-building events associated with Gondwana’s
amalgamation. As stated earlier, the greater the volume
of the supermountains, the greater mass-flux of nutrients
into the oceans, the higher the global rate of sedimentation,
and the greater the rate of O, production and carbon bur-
ial. Testing this prediction requires an integration of the
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various orogenic events that contributed to the assembly of
Gondwana, many of which overlap in time.

The timing of orogenic events is determined by geochro-
nology and the most robust dating method is U-Pb in zir-
cons. We have therefore used a compilation of U-Pb dates
of detrital zircons from Earth’s major rivers as a proxy for
the integrated global orogenic activity (Fig. le). Note that
the peaks in U/Pb dates at 650-450 Ma and 350-225 Ma
correlate with the formation of Gondwana and Pangea
respectively. Significant zircon production, and presumably
orogenic activity, started at 650 Ma and peaked between
550 and 525 Ma. The date of 650 Ma agrees with an esti-
mate of 630 Ma by Cawood (2005) for the start of Gondw-
ana amalgamation. 650 Ma also coincides with the start of
the rise in O,, and 530 Ma with a peak in the Berner (2006)
atmospheric O, curve and with the Cambrian radiation
(Fig. 1). There is therefore excellent agreement between
the rise in atmospheric O, and the increasing orogenic
activity as assessed from the U-Pb in detrital zircon
(Fig. le). In particular our hypothesis predicts an increase
in atmospheric O, from ~650 Ma to the Cambrian Explo-
sion of life at ~530 Ma, which is consistent with O, curve as
it is known. We stress, however, that the atmospheric O,
curve is not well known beyond 420 Ma because it cannot
be constrained by the appearance, disappearance and
change in abundance of charcoal.

5.2. C content of Gondwanan sedimentary rocks

5.2.1. Sedimentary recycling during erosion of the
Gondwanan supermountains

Erosion of igneous material in the Gondwanan super-
mountains would have produced new sedimentary detritus
to add to Earth’s global sedimentary mass. The fraction
of igneous material in the Gondwanan supermountains is
difficult to estimate, but it must have been significant to ex-
plain the peak in zircon production during the Pan-African
orogeny (Fig. 1f). Veevers (2007) reported ages for numer-
ous Pan-African granites but we are unaware of any at-
tempt to estimate the fraction of granite in the eroded
roots of the orogeny. Many of the Pan-African granites
have formed by melting older sedimentary rocks (Borg
and DePaolo, 1991) and in this sense erosion of this mate-
rial is effectively recycling older sediments. However, melt-
ing of the crust requires a heat source and the most likely
source of that heat is mantle-derived basalt that ponds in
the crust and mixes with the crustal melts it produces (Haw-
kesworth et al., 1981). Oxygen isotopes (8'%0) for Pan-Afri-
can granites vary between 4.5 and 10.5 (Valley et al., 2005),
with samples tending to concentrate toward the mantle end
(5.3), showing that there is a significant but variable mantle
component in Pan-African granites.

5.2.2. Evidence for C-rich Gondwanan sedimentary rocks
There is abundant evidence that the Ediacaran, Cam-
brian and Ordovician sedimentary rocks produced by ero-
sion of the Gondwanan supermountains were C-rich.
Thick packages of Ediacaran C-rich mudstone are found
in northwest Canada, East Greenland, Svalbard, central
Australia, throughout north Africa, India, Pakistan and

Siberia (Halverson and Hurtgen, 2007; Grosjean et al.,
2009). In Oman, these rocks represent the oldest-known
source material for economically significant oil deposits
(Grosjean et al., 2009). Extensive C-rich Cambro-Ordovi-
cian sedimentary rocks are found in Arabia, northern Afri-
ca, India, Australia (Delamerian Orogen, Grampians,
Stawell Zone, Bendigo Zone, Melbourne Zone, Eastern
Lachlan Orogen and Tyennan Orogen), New Zealand,
Antarctica, South Africa and South America (northern
Patagonia) (Squire et al., 2006a, and references therein).

5.2.3. O, production from stored organic C in the Ediacaran-
Cambrian-Ordovician sedimentary rocks

The mass of O, produced by the burial of organic C and
pyrite in the Gondwanan sediments can be calculated from
the mass of sediment and the average C and S content of
ancient terriginous sedimentary rocks. The average C con-
tent of modern terriginous sediment rocks is 0.6% and the
S content is 0.25% (Berner, 1982). However, ancient terrig-
inous successions have an average of 0.9% C and 0.35% S
(Holland, 1978). Berner (1982) attributes this difference to
increased erosion due to anthropogenic activity, which he
argues leads to dilution of the C and S in modern sedimen-
tary units. We have therefore used the average values of
Holland (1978) for ancient sedimentary rocks. Taking
2.5 x 10% kg as the minimum mass of buried Gondwanan
sedimentary (Squire et al., 2006) successions and 0.9% as
its C content, the mass C stored in Ediacaran-Cambrian-
Ordovician sedimentary units is at least 2.25 x 10'® Kg.
The mass of O, released by burying a given mass of C
can be calculated from the following reaction, which is
assumed to represent photosynthesis:

C02 + HzO = CHzo + 02 (1)

P (GPa)
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Fig. 3. Peak pressure plotted against age for metamorphic rocks
for the global data set of Brown (2007). (a) Individual data points
and (b) a nineteen point moving average. Data from Brown (2007)
Tables 1-5, plus additional data for samples with ages between 500
and 650 Ma referenced in Table 1.
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From Eq. (1) 2.67 kg of O, are released for each kg of C
sequested in sedimentary rocks. The mass of O, released by
burial of C in the Gondwanan sedimentary rocks is there-
fore 6 x 10'® kg.

The bacterial reduction of seawater sulfate to sulfide, re-
ferred to in Section 2, occurs in anoxic terriginous sedi-
ments within a few centimeters to meters of the top of
consolidating sediments. Organic C and detrital Fe react
with seawater sulfate to produce pyrite plus O, and this
reaction continues until all of the C or detrital Fe are con-
sumed. The net effect is that organic C, which might other-
wise have reduced O,, instead reduces sulfate to produce
O,. It can be represented by the following equation (Berner
and Canfield, 1989)

2Fe,0; + 16Ca*" + 16HCO; + 8SO;~
= 4FeS,; + 16CaCO; + 8H,0 + 150, (2)

from which the burial of 1 kg of S releases 1.9 kg of O,.
The mass of O, released by burial of pyrite in
225 x 10 kg of sediment containing an average of
0.35% S is 1.5 x 10'® kg and the total mass of O, produced
by burial of C and pyrite is at least 7.5 x 10'® kg. This is ten
times the amount of O5 (0.6-1.0 x 10'® kg) required to raise
its concentration in the atmosphere from the low levels (say
5% PAL) expected in the early Neoproterozoic to the 60—
100% PAL estimated by Berner (2006) and Canfield
(2005) for the Cambrian. We suggested that the excess O,
was consumed by O, sinks, especially oxidation of C and
pyrite during erosion of the sediments in the Gondwanan
Supermountains and the oxidation of reduced volcanic gas-
ses, over this period.

6. WHY DID EROSION OF THE GONDWANAN
SUPERMOUNTAINS PRODUCE SO MUCH O;,?

The best estimate of the increase in atmospheric O, be-
tween 650 and 500 Ma is from 5-10% PAL to 60-80% PAL
(Canfield, 2005), an increase of at least 50% PAL, which
compares with earlier step increases of no more that 5%
PAL. If, as we have argued, these step increases are due
to the enhanced sediment flux produced by erosion of
supermountains following supercontinent amalgamation,
the obvious question that must be addressed is why erosion
of the Gondwanan supermountains produced an increase in
the absolute concentration of atmospheric O, that is an or-
der of magnitude greater than those associated with the
assembly of earlier supercontinents.

We suggest that erosion of the Gondwanan supermoun-
tains produced more free-O, than earlier supercontinent
amalgamations because the maximum height of the Gon-
dwanan supermountains was greater. Brown (2007) showed
that blueschists first appeared in the Neoproterozoic era
and became dominant in the Phanerozoic Eon together
with lawsonite-bearing blueschists and eclogites, and ultra
high-pressure metamorphic rocks. He attributes the sudden
appearance of these low geothermal gradient, high-pressure
and ultra high-pressure metamorphic rocks to a change
from Proterozoic to modern plate tectonics. The change
in the pressure of metamorphic rocks with time is illustrated

in Fig. 3. Note that, with the exception of a single point at
2.4 Ga, there is a sharp increase in the maximum pressure
of metamorphic rocks from 2 to 5 GPa starting from about
650 Ma (Fig. 3a), and in the average metamorphic pressure
from 1.2 to 2.5 GPa (Fig. 3b). Notice also that there is a
systematic increase in the average metamorphic pressure
from 1.1 to 1.4 GPa between the Late Archean and Neo-
proterozoic intervals, with a small step between 1.0 and
1.1 Ga, although the latter is based on limited data. We
interpret this observation to indicate that there has been a
small but systematic increase in the thickness of orogenic
belts with time though the Archean and Proterozoic, which
may have been followed by a sharp increase of uncertain
magnitude in the Late Neoproterozoic.

Caution must be exercised in interpreting the sudden in-
crease in metamorphic pressures at 650 Ma to indicate an
increase in the thickness of orogenic belts and therefore
mountain heights. The Phanerozoic data is almost certainly
biased by over sampling of the high-pressure end-members.
Furthermore, outcrops of ultra high-pressure rocks are nor-
mally small and the pressures they yield require them to
come from depths greater than 90 km, which places them
within the mantle, well below the likely base of thickened
crust (Yin et al., 2007). They are found in association with
subduction zones or continent-continent collisions and are
interpreted to be fragments of continental crust that have
been dragged into the mantle and returned to the crust in
buoyancy driven diapirs (Hall and Kincaid, 2001; Yin
et al., 2007) or through channel flow along the subduction
zone (Mancktelow, 1995). Furthermore, the ultra-high-
pressure rocks in the European Alps formed before the start
of the collision between the African and Eurasian plates
(Rubatto and Hermann, 2001). As a consequence, the high
pressures they record do not imply that they were exposed
to high-pressure under a thickened continent and exhumed
by erosion of the crustal overburden. High-pressure meta-
morphic rocks can also be exhumed during extension,
which occurs during the gravitational collapse of a conver-
gent orogeny, when the over-thickened crust becomes
unstable (Dewey, 1988; England and Molnar, 2005; Lister
and Forster, 2009). Although tectonic exhumation reduces
the role of erosion in exposing high-pressure metamorphic
rocks it does not remove the need for deep burial to pro-
duce them and therefore the need for thicken continental
crust.

Despite these reservations the correlation between the
appearance of high-pressure, low-thermal-gradient meta-
morphic rocks and GOE-II is intriguing and we suggest
that the increase in metamorphic pressure seen in Fig. 3
does correlate with an increase in the height of the moun-
tains that overlay the orogenic belts, although by an
amount that is appreciably less than a simplistic interpreta-
tion of the data might imply. This conclusion is consistent
with appearance of low-thermal-gradient orogenic belts.
Cool orogenic zone are stronger and better able to support
thickened continental crust and higher mountains before
the onset of gravitational collapse.

If the mountains that formed during the amalgamation
of Gondwana and Pangea were higher than those that
formed during the amalgamation of earlier supercontinents
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average relief must also have been greater. As we have
pointed out, there is log-linear relationship between relief
and organic C burial so that a relatively small increase in
average global relief will produce a much larger increase
in C sequestration. Furthermore, O, production must ex-
ceed the threshold required to neutralize O, sinks, such as
reducing volcanic gasses and the oxidation of organic C
and pyrite during weathering. The effectiveness of a given
increase in O, production in raising atmospheric O, there-
fore depends not only on the magnitude of the increase
but also on the extent that the rate of increase exceeds the
O, sink threshold.

6.1. Other factors

Although we have argued that relief dominated erosion
and sedimentation rates in the late Neoproterozoic it is likely
that two glaciations, the Marinoan and Gaskiers glaciations
at 663-636 and 580 Ma, respectively, also contributed. We
agree with Halverson and Hurtgen (2007) that a CO,-rich
post-glacial atmosphere and the mechanical abrasion of con-
tinental glaciers would have promoted weathering and ero-
sion respectively and note that the Marinoan Glaciation
correlates with the onset for the rise of O, at ~650 Ma. How-
ever, as we have already pointed out, there is no evidence that
the Sturtian Glaciation produced an increase in atmospheric
O,. Furthermore, the glaciations cannot explain the rise in O,
continuing to about 530 Ma (Fig. 1), 50 Myr after the last
glaciation. We therefore suggest that although the Marinoan
and Gaskiers glaciations contributed to erosion and sedi-
mentation during the late Neoproterozic, their influence
was second order compared with relief.

Two other factors combine to make the late Neoprote-
rozoic a period of rapid erosion and sedimentation. First,
primitive land-based biota, which are capable of breaking
down feldspars the glue that binds most igneous rocks to-
gether, had evolved in the soils. The erosion of supermoun-
tains that formed during the amalgamation of pre-
Gondwanan supercontinents would have been slowed by
the absence of soil biota. Second, the Transgondwanan
Supermountains, the largest mountain range in Gondwana,
formed in or close to the monsoon belt (Fig. 2). The short
seasons of extreme rainfall associated with monsoons pro-
vide ideal conditions for the rapid erosion and sedimenta-
tion (Leier et al., 2005) and therefore for the production
and burial of organic C.

7. THE RISE OF ATMOSPHERIC O, BETWEEN 350
AND 275 MA

We also suggest that the rise of atmospheric O, between
350 and 275 Ma was a consequence of erosion of the super-
mountains produced during the assembly of Pangea. This
mountain chain, which was 8000 km long and up to
1000 km wide (Matte, 2001), is similar in size to the Trans-
gondwanan Supermountains and it is interesting to note
that the amount of O, that must be added to the atmo-
sphere to produce the calculated O, increase in the Berner
model (Berner, 2006), for both the 350-275 Ma and 650—
525 Ma increases, is 9 x 10! kg. It has been argued that

burial of large amounts of lignite, in the widespread Car-
boniferous and Permian coal measures, was responsible
for the 350-275 Ma increase in O, (Berner, 2006). The rel-
ative importance of terrestrial or marine sediments as C
sinks in the modern Earth is uncertain due principally to
the scarcity of relevant data (Stallard, 1998). Field et al.
(1998) argue that over 55% of the O, production today
comes from phytoplankton whereas Dean and Gorham
(1998) calculate that only 25% of modern organic C is
sequestered in marine sediments, the balance being stored
in lakes (10%), reservoirs (40%) and peatlands (25%). If
the contribution of man-made reservoirs is ignored the per-
centage of C stored in marine sediments rises to 40%. How-
ever, on a stable continent these figures are largely
irrelevant because C storage in terrestrial reservoirs, such
as lakes and peatlands, is temporary and will eventually
be reworked during denudation, and either oxidized or
transported to the oceans.

The situation in an active tectonic region is different.
Deformation can lead to the formation of intra continental
basins suitable for the accumulation and preservation of
large volumes in terrestrial sediments, foreland basins being
an example (Catuneanu et al., 2005). The Mid-Pangean
Mountains formed close to the equator and resulting high
orographic rain would have produced ideal conditions for
the growth of tropical rain forests. Furthermore, rapid ero-
sion and high sedimentation rates during this tectonically
active period would have provided nutrients to the subsid-
ing coal swamps and ensured that a high fraction of the
peat produced was buried so that it could not back react
with atmospheric O,. The importance of terrestrial C
sequestration during this period can be assessed from the
high C/S ratio of Permo-Carboniferous sediments, which
require the sediments to be pyrite-poor, and indicate depo-
sition in a non-marine freshwater or euxinic environment
(Berner and Raiswell, 1983). Although lignite burial may
have been the dominate form of C sequestration during
the Permo-Carboniferous we note that the 650-525 Ma in-
crease in atmospheric O,, which is comparable in magni-
tude to the 350-275Ma increase, was accomplished
without lignite burial. Therefore we suggest that phyto-
plankton also made a significant contribution to the high
concentration of O, in the Permo-Carboniferous atmo-
spheric, which at its peak may have reached 30% (Fig. le).

8. CONCLUSIONS

Divergence of lineages during the Proterozoic, especially
the emergence of soil biota during the Mesoproterozoic or
Neoproterozoic eras and evolutionary changes in eukary-
otic algae, may have prepared the way for the emergence
of animals and the Cambrian Explosion (Knoll and Car-
roll, 1999) but cannot explain these events. A trigger is re-
quired. Oxygen, which was critical to the evolution of
animals, is the most likely candidate (Canfield et al.,
2007). We suggest that high relief over a large area, which
resulted from the formation of the Transgondwanan Super-
mountains, led to a marked increase in the rate of erosion
and, as a consequence, to a marked increase in the global
flux of sediment into the oceans. The resulting increase in
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the supply of essential nutrients into the oceans, especially P
and Fe, led to an explosion of primitive plant life in the
Gondwanan upper oceans, and to increased photosynthetic
activity and O, production. The log-linear relationship be-
tween relief and C burial suggests that relief is the diving
mechanism for C sequestration and that evolutionary fac-
tors are of secondary importance. Enhanced C burial be-
tween 650 and 530 Ma initially raised atmospheric O, to
the critical level required for the existence of animals, and
later to a higher level that allowed them to flourish and
multiply (i.e., the Cambrian Explosion).
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