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ABSTRACT.  The rock record of organic carbon abundance and its isotopic com-
position is consistent with the evolution of life more than 3800 million years ago
(Ma). Despite this, there are very few insights as to the ecology of this ancient bio-
sphere or to its level of activity. One possible insight, however, comes from the iso-
topic composition of inorganic and organic carbon in ancient rocks. This isotope
record can be used, in principle, to determine the proportion of inorganic carbon
entering the oceans that was buried in sediments as organic matter, and thus it helps
constrain the activity level of the ancient biosphere. A quantitative analysis of this iso-
tope record, however, requires that we understand how the Earth-surface carbon res-
ervoir has evolved over time, as burial rates of organic matter in marine sediments
depend on the input rates of carbon to the oceans. We must also know how organic
matter is weathered as a function of atmospheric oxygen concentrations, thus indicat-
ing how much of the organic matter in sediments is newly formed or recycled. To
explore these issues, a carbon cycle model is developed here that includes an evolv-
ing Earth-surface carbon reservoir as well as the oxygen dependency of the organic
matter weathering in rocks. The model also allows for the release of CO; from or-
ganic matter during metamorphism and it contains a rock cycle with young and old
reservoirs with appropriate transfer fluxes between them. The model shows that
before the Great Oxidation Event (GOE) about 2400 Ma, only about 5 percent to 10
percent as much organic matter was buried into marine sediments as compared with
today. Such low rates of organic matter burial would be consistent with a subdued
marine biosphere. Such a subdued biosphere could possibly be consistent with pri-
mary production driven by anoxygenic photosynthesis coupled to an iron cycle. In
association with, and in the aftermath of, the GOE, the biosphere likely increased its
activity level by an order of magnitude. This large increase would have completely
transformed the biology of the Earth and could have resulted from either the evolu-
tion and/or expansion of oxygen-producing cyanobacteria or a dramatic increase in
the availability of nutrients to fuel oxygenic phototrophs.

Key words: carbon isotope, Archean, Proterozoic, GOE, Lomagundi, evolution,
oxygen, cyanobacteria, carbon burial, carbon cycle, model, rock cycle

INTRODUCTION

The Hadean (4550-4000 Ma) and Archean (4000-2500 Ma) Eons represent, to-
gether, 44 percent of all Earth history. Little is known, however, of the Hadean envi-
ronment as no rocks are available, and only mineral grains are preserved. An Hadean-
aged zircon grain from 4100 Ma contains traces of disordered graphite with a 8'°C of
—24 permil, consistent with organic matter production by organisms (Bell and others,
2015), and the oxygen isotopic composition of zircon grains from 4400 to 4300 Ma is
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consistent with the emergence of continental crust and of liquid oceans by that time
(Mojzsis and others, 2001; Wilde and others, 2001).

Some early Archean sedimentary rocks from Isua, Greenland, contain layers of
abundant graphite with 3'°C values as low as -20 permil (Rosing, 1999), consistent
with a biological source, while kerogens from 3500 Ga hydrothermal dikes from the
North Pole region, western Australia, have 313C values as low as -38 permil, consistent
not only with life but also with methanotrophy in the hydrothermal system (Ueno and
others, 2004). Indeed, fluid inclusions from these hydrothermal deposits contain
methane with §'°C values as low as -56 permil, consistent with the biological produc-
tion of methane by methanogensis (Ueno and others, 2006). In addition, sedimentary
rocks from the 3400 Ma Buck Reef Chert from South Africa contain organic matter in
deep-water facies with 8'°C values of around -20 permil, and with values of -30 to -35
permil in shallow-water facies (Tice and Lowe, 2006b). These isotopic values are con-
sistent with a biological origin for the organic matter, and perhaps also with multiple
stages of biological processing in the shallow settings including methanogenesis and
methanotrophy (Tice and Lowe, 2006b). The shallow settings also contained micro-
bial mats that may have formed by photosynthetic organisms (Tice and Lowe, 2004),
possibly anoxygenic phototrophs (Tice and Lowe, 2006a).

While these studies are consistent with a biological origin for organic matter pro-
duction by early Archean times, and perhaps before, the history of photosynthetic oxy-
gen production is both equivocal and indirect. For example, there is evidence for the
oxidative weathering and mobilization of Cr and U from the 3000 Ma Nsuze paleosol
from the Pongola Supergroup, South Africa (Crowe and others, 2013). Modeling of
these results is consistent with levels of atmospheric oxygen at least 3 x 10°* present
atmospheric levels (PAL), concentrations high enough to seemingly require photo-
synthetic oxygen production (Crowe and others, 2013). There is also evidence for the
oxidative cycling of trace metals in younger ca. 2600 to 2500 Ma Archean rocks (for
example, Anbar and others, 2007; Wille and others, 2007), consistent with the pres-
ence of photosynthetic oxygen production. It is argued that these episodes of atmos-
pheric oxygenation represent “whiffs” of atmospheric oxygen (Anbar and others,
2007) to levels elevated over a general baseline of < 10> of PAL as constrained from
the record of minor sulfur isotopes and its modeling (Farquhar and others, 2000;
Pavlov and Kasting, 2002; Bekker and others, 2004; Zahnle and others, 2006;
Farquhar and others, 2007).

Recent molecular clock estimates, however, suggest that cyanobacteria emerged
in the late Archean Eon, with stem group cyanobacteria evolving some 2500 to 2800
Ma and with crown group diversification sometime between 2700 and 2000 Ma (Shih
and others, 2017; Magnabosco and others, 2018). These estimates place the origin
and diversification of cyanobacteria in approximate timing with a profound oxidation
of the Earth's atmosphere that occurred around 2400 to 2300 Ma (Holland, 1994;
Bekker and others, 2004; Farquhar and others, 2007), where atmospheric oxygen lev-
els rose from low concentrations (Pavlov and Kasting, 2002) to concentrations that
may have approached Phanerozoic Eon levels between 2350 and 2000 Ma (Bekker
and Holland, 2012; Bachan and Kump, 2015). There is also a suggested link between
the evolution of cyanobacteria and the rise of oxygen during the GOE (for example,
Shih and others, 2017). If, however, cyanobacteria first emerged in the late Archean
Eon, and in association with the GOE, then oxidants other than oxygen must have
been responsible for the mobilization of trace metals in earlier Archean times (Martin
and others, 2018), although it is not clear what these oxidants would have been.

Regardless of when cyanobacteria evolved, their impact on life and the environ-
ment would have been profound. Other than the obvious production of oxygen, lead-
ing to the evolution and expansion of aerobic organisms, cyanobacteria use water as
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the electron donor. As water is abundant, the emergence of cyanobacteria likely ele-
vated the activity level in the biosphere dramatically over what was possible with more
dispersed electron donors like Fe?*, HoS and H, (for example, Canfield and others,
2006; Ward and Shih, 2019). In one estimate, an Ho-based biosphere would have been
about 1 percent as active as today's marine biosphere, while a sulfur-based biosphere
would have been 10 times less active than this. The most active biosphere would have
been based on iron recycling, and such a biosphere may have been up to 10 percent
as active as today's biosphere (Canfield and others, 2006).

In principle, the isotopic compositions of inorganic and organic carbon can be
used to evaluate, at least broadly, the activity level of the ancient biosphere. This is
because, in the most general terms, the isotopic composition of carbonate in seawater
responds to the burial in sediments of isotopically distinct organic carbon. In this way,
the proportion of the carbon entering the oceans and buried as organic matter can
be evaluated from the isotopic compositions of organic and inorganic carbon in con-
temporaneous rocks. Thus, from a simple mass balance:

Slscin - (Slgcorgforg—’— 0 ]SCIC(I *ﬁ)rg) (1)

where §'°Cy, is the isotopic composition of inorganic carbon entering the oceans,
§"Cy is the isotopic composition of inorganic carbon precipitated from the oceans
as carbonate, 513C0rg is the isotopic composition of organic matter removed to sedi-
ments, and f,., is the proportion of the total carbon removed from the oceans as or-
ganic matter. This expression can be rewritten such that:

Jorg = (8"Cic — 8"Cin) /(8 Cic — 8" Corg) (2)

Thus, with a knowledge of 8'3C,,, and independent measures of Slgcorg and
SIECIC, Jorg can be calculated. We can explore how this works with a sample calculation
relevant for early Archean times. Thus, if we consider the early Archean biosphere, an
alf“corg of 20 %o to -30 %o seems to be a reasonable range as noted above. A SISCIC of
0 %o is also reasonable value based on multiple analyses of early Archean carbonate
rocks (Schidlowski and others, 1983; Krissansen-Totton and others, 2015) (more on
the carbonate record below). If we use a 8'°C;, of -5 permil, the mantle value (Des
Marais and others, 1992), a range of f,, values from 0.17 to 0.25 are calculated. This
range in f,, is similar to previous determinations of f,,, during early Archean times
(Krissansen-Totton and others, 2015) and means that somewhere between 17 percent
to 25 percent of the inorganic carbon entering the oceans would have been buried as
organic carbon. It might be assumed that this high range of /., values implies a very
active early-Archean biosphere to produce the organic carbon, especially considering
that the present-day f,, is around 0.2 (Hayes and others, 1999). Such an active bio-
sphere might also suggest the presence of oxygen-producing cyanobacteria in the
ecosystem.

This assessment, however, is made with an incomplete accounting of the ancient
carbon cycle. For example, the weathering of organic matter is oxygen sensitive
(Chang and Berner, 1999; Petsch and others, 2000; Bolton and others, 2006), and
lower oxygen levels could impact the amount of organic carbon recycling (Daines
and others, 2017). Furthermore, the carbon cycle has evolved through time (Hayes
and Waldbauer, 2006), and any assessment of the activity level of the biosphere based
on an evaluation of f,., depends also on the rate with which inorganic carbon is intro-
duced to the oceans. Also, in discussing the activity level of the ancient biosphere, we
must also consider how primary production might scale with organic matter burial.
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Therefore, given these uncertainties, a model is presented here where the evolu-
tion of carbon cycle dynamics is evaluated in light of the evolution of the crustal inven-
tory of sedimentary rocks, the crustal inventory of carbon and the evolution of
atmospheric oxygen concentrations. Overall, organic carbon burial rates are con-
strained from the existing carbon isotope record, including the influence of changing
oxygen levels of the weathering of organic carbon on land. This modeling effort joins
other new models considering the long-term evolution of biogeochemical cycles in
the context of an evolving carbon cycle (for example, Alcott and others, 2019) and
bears some similarities to the carbon cycle model of Miyazaki and others (2018).
Indeed, Miyazaki and others (2018) also consider how the influence of oxygen on or-
ganic matter cycling could have influenced the carbon isotope record after the GOE,
but they do not focus on the evolution of carbon cycle and rates of carbon cycle proc-
esses as is done here.

The Model

The model developed here takes its inspiration from the idea that in the rock
cycle, the newest-formed rocks recycle the fastest (Berner, 1987; Berner and Canfield,
1989). The model also has an evolving carbon cycle (Hayes and Waldbauer, 2006),
and in addition, the influence of oxygen on the weathering rates of organic carbon is
considered (for example, Daines and others, 2017; Miyazaki and others, 2018; Alcott
and others, 2019). The model also tracks the carbon cycle through a stable carbon iso-
tope mass balance. Each of these issues will be explored below.

An Evolving Rock Cycle

While the continents have grown from nothing at the time the Earth was first
formed to what we have today, there are wildly different reconstructions of the history
of continental growth (Cawood and others, 2013; Harrison, 2020). These different
growth models encompass a variety of approaches and isotope systems aimed at
understanding the timing over which continental crustal material was extracted from
the mantle. A particular unknown in generating these models is the rate with which
continental crustal material is recycled back into the mantle (Harrison, 2020). For
this reason, isotope systems may be consistent with a range of continental growths his-
tories depending on assumptions on the history of crustal recycling (Harrison, 2020).
As a minimum constraint on the growth of the continental crust, Korenaga (2018)
proposed a more or less linear trend in continental growth from the time of Earth for-
mation to now, recognizing that more crustal recycling will lead to an earlier accumu-
lation of the continental crust. Indeed, Rosas and Korenaga (2018) argue that the Sm-
Nd isotope system is best explained by an early rapid growth of the crust accompanied
by rapid early recycling in the mantle. In this model the present volume of continental
crust was in place by 3800 Ma.

The Standard Model adopted here lies in between these extreme growth model
estimates and is based on the analysis of Dhuime and others (2012), which, in turn, is
based on the combined analysis of hafnium and oxygen isotopes in detrital zircons
allowing a differentiation between recycled and new continental crust. In this model,
continentals reached 63 percent of the present volume by 3000 Ma. The continental
growth model of Dhuime and others (2012) is approximated by the equation:

%CV = —4.97 x 10°5(Ma)’*+ 6.25 x 1074 (Ma) + 100 (3)

where CV represents the present-day mass of continental rocks. However, we also
explore a Rapid Growth continental growth model where the present volume of conti-
nental crust was in place by 3800 Ma. This model is in line with the early estimate of
Armstrong (1981) and similar to the model of Rosas and Korenaga (2018).
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From here, we consider the growth of the sedimentary rock reservoir. A recent
analysis of the Macrostrat database (https://macrostrat.org) suggests that sedimentary
rocks of North America have increased as a proportion of total crustal rocks by about
one order of magnitude through time (Husson and Peters, 2017). This increase
includes an approximately 25 percent increase from the Archean into the Proterozoic
Eons and a further increase by about a factor of 8 into the Phanerozoic Eon. It is not
obvious how crystalline rocks for the Archean and Proterozoic Eons would have been
subject to less weathering, erosion, and delivery into marine sediments compared to
rocks of the Phanerozoic Eon. Indeed, pre-Phanerozoic rocks generally display chemi-
cal indices of weathering indicating weathering intensities that were compatible to, or
even greater than, weathering intensities from Phanerozoic-aged rocks (for example,
Condie and others, 2001; Gonzalez-Alvarez and Kerrich, 2012), suggesting active
weathering during pre-Phanerozoic times. Thus, it seems possible that the current dis-
tribution of sedimentary rock proportions over time reflects an overprint of preferen-
tial sedimentary rock recycling, particularly of young sedimentary rocks. Preferential
recycling of young sedimentary rocks might be expected as after deposition, sedimen-
tary rocks are often susceptible to rapid erosion and recycling due to sealevel changes
and to tectonic and other processes encouraging coastal uplift (for example, Veizer
and Jansen, 1985; Berner, 1987; McLennan, 1988). This idea of rapid sediment recy-
cling will be explored in more detail below. It is also possible that massive loss of pre-
Phanerozoic-aged sedimentary rock occurred during the Neoproterozoic-aged “great
unconformity” (for example, Delucia and others, 2017).

Thus, it is assumed here that the clastic sedimentary rock reservoir grew in pro-
portion with the crustal reservoir. However, as we explore different and widely rang-
ing crustal growth models, we also explore a reasonable range in the evolution of the
sedimentary rock reservoir. We note that the evolution of the sedimentary rock reser-
voir, and not the evolution of the total crustal rock reservoir, is the primary input to
the model. We do not, however, explore the proposal of Husson and Peters (2017)
that the sedimentary rock reservoir was small during pre-Phanerozoic times, increas-
ing by nearly an order of magnitude across the Proterozoic-Phanerozoic boundary. In
all modeling scenarios, the carbonate rock reservoir grows as carbonates are precipi-
tated from seawater as outlined below.

The rock cycle modeled here operates as envisioned for the Phanerozoic Eon
(Berner, 1987; Berner and Canfield, 1989), where rocks are proportioned into a
young reservoir subject to relatively rapid weathering, and an old reservoir subject to
relatively slow weathering, with a transfer (aging) between the young and the old res-
ervoirs (fig. 1). The young reservoir represents rocks more recently extracted from
the oceans, while the old reservoir might be viewed as rocks in continental interiors
and less subject to weathering (Berner, 1987; Berner and Canfield, 1989). While geo-
logically reasonable, the partitioning of rocks into young and old reservoirs was ini-
tially introduced to buffer towards excessive swings in geochemical properties like
atmosphere oxygen over time in models (Berner, 1987; Berner and Canfield, 1989).
The current model does not explicitly contain an oxygen budget, but the young and
old reservoir concept has been preserved.

The relative proportions of continental rock reservoirs, as well as the reservoir of
modern marine sediments, are established here based on estimates for their volumes
in Phanerozoic-aged rocks and sediments (table 1). As noted above, in the present
model, all rock and sediment reservoirs retain these proportions as the continental
reservoir of rocks grows through time. Thus, in the Standard Model, the mass of the
various rock reservoirs over time, including the mass of marine sediments, become
the modern mass of these reservoirs multiplied by CV (divided by 100) as given in
Equation 1 and presented in figure 2A. In the Rapid Growth model, the sedimentary
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Fig. 1. Cartoons showing the evolution of the rock cycle and the carbon cycle as developed in this
model. (A) The rock cycle is shown, with the rate constants “k” indicating the fluxes between the different
compartments of the cycle. (B) Evolution of the carbon cycle with fluxes between different compartments
show n. See table 2 for definitions and the text for details.

rock reservoir grows linearly from 4500 Ma to 3800 Ma to its present mass, and it
remains constant from this time forward (fig. 2A).

Note that while the mass of deep-sea sediments is included in table 1, these sedi-
ments will not be considered explicitly in the calculations that follow as most of this
sediment becomes subducted (Hay and others, 1988) with little trace in the terrestrial
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TABLE 1
Mass of sediments and sedimentary rocks

setting Total mass? Carbonate-free
mass®
x10?!' g x10?! g

Terrestrial
Cratonic' 346 285
Geosyncline Precambrian to

Paleozoic 524 419
Geosyncline Mesozoic to

Cenozoic 503 402
total 1383 1106
Marine
Passive margin 205 156
Active margin 41 31
Slope and rise 607 462
Deep-sea 249 129
total 1102 778 (649)°

“data from Southam and Hay (1981).

bassuming 20% calcium carbonate for terrestrial rocks after Holser and others (1988), 23.8% calcium carbonate
for continental margin sediments calculated from an average inorganic carbon content of 2.86 wt% from Southam
and Hay (1981), and 52% calcium carbonate for deep-sea sediments calculated from an average inorganic carbon
content of 6.2 wt% from Holser and others (1988).

“not including deep-sea sediments.

record of sedimentary rocks. However, deep-sea processes as they relate to aspects of
the carbon cycle will be considered implicitly as described below. Table 2 provides def-
initions of all the reservoirs, fluxes and other terms used in the modeling.

The rate constants, kwy and kwo, for rock weathering were determined for 2 sce-
narios as outlined by Berner (1987). In one scenario, the ratio between the weather-
ing rates of the young and old rock reservoirs (kwy/kwo) is 4/1 and in the other
scenario, the ratio is 9/1. Individual k values were determined assuming these differ-
ent ratios and a total modern sediment flux to the oceans of 1.3 x 10'° g yfl (Berner,
1987). Other estimates for the flux of sediment to the ocean include a total denuda-
tion rate estimate of 1.5 x 10'° g y~! (Wittmann and others, 2020) and a total modern
sediment discharge rate of 1.9 x 10'® g y~' (Milliman and Farnsworth, 2013). The
somewhat lower flux estimate used here (1.3 x 10'® g y') is retained recognizing
that modern river discharge may be somewhat higher than the long-term average due
to the influence Pleistocene glaciation on erosion and sediment transport to the
ocean (Herman and others, 2013). The basic equation for rock weathering is:

kwy* Mty + kwo™* Mto = 1.3 x 1016g y_1 (4)

where Mty is the mass of the young terrestrial reservoir, Mto is the mass of the old ter-
restrial reservoir, and in addition, kwy = 4kwo or kwy = 9kwo. The k values are shown
in table 3. After this, the rate constants associated with the transfer from the young to
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Fig. 2. Plots showing the evolution of the continental crust and carbon cycle in the current model.
(A) Accumulation of continental crust through time from the both the Standard and Rapid Growth mod-
els. (B) The evolution of the Earth-surface carbon reservoir for 3 different models including the Standard
Model and the Rapid Growth models of the current contribution and the results of a previous model pro-
posed by Hayes and Waldbauer (Hayes and Waldbauer, 2006).

the old reservoir, kyo, are calculated. The rate constants are calculated to replace the
mass of rock lost in the old reservoir by weathering, and the values are provided in ta-
ble 3. In a subsequent study Berner and Canfield (1989) favored a value for a kwy/ kwo
of 4/1 yielding a transfer time (1/kyo) between the young reservoir and old reservoirs
of about 100 million years. With a kwy/kwo of 9/1, the transfer time (1/kyo) between
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Terms and definitions
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Term Definition

Mty mass of young terrestrial rock

Mtol mass of old terrestrial rocks low grade

Mtoh mass of old terrestrial rocks high grade

Mit mass of terrestrial inorganic carbon pool

Mm mass of marine sediment (carbonate free)

Cyl percent organic carbon in young low-grade pool

Cml percent organic carbon in young high-grade pool

Cmh percent high grade organic carbon in marine sediment

Cmn percent new organic carbon in marine sediments

Mim mass of marine inorganic carbon pool

Ctoll percent low grade organic carbon in low grade terrestrial pool

Ctolh percent of high-grade organic carbon in low grade terrestrial pool

CTotm percent total organic carbon in marine sediments

Im percent inorganic carbon in marine sediments

MCryl mass organic carbon in young low-grade pool

MCtyh mass organic carbon in young high-grade pool

MCtohl mass high grade organic carbon in old low-grade pool

MCtoll mass low grade organic carbon in old low-grade pool

MCtoh mass organic carbon in old high-grade pool

MCml mass low organic grade carbon in marine sediments

MCmh mass high grade carbon in marine sediment

MCmn mass new carbon in marine sediments

Mm mass of marine sediment

FCnet net flux of CO; from the mantle

FwCtyl weathering flux of organic carbon from young low-grade pool

FwCtyh weathering flux of organic carbon from young high-grade pool

Fwit weathering flux of inorganic carbon pool

FwCtoll weathering flux of low-grade organic carbon from old low-grade pool
FwCtolh weathering flux of high-grade organic matter from old low-grade pool
FwCtoh weathering flux of organic carbon from old high-grade pool

FuwCtyl flux of unweathered low-grade organic carbon from young low-grade pool
FuwCtyh flux of unweathered high-grade organic carbon from young high-grade pool
FuwCtoll flux of unweathered low-grade organic carbon from old low-grade pool
FuwCtolh flux of unweathered high-grade organic matter from old low-grade pool
FuwCtoh flux of unweathered high-grade organic carbon from old high-grade pool
FCuwyl-ol flux of low-grade organic carbon from young low-grade pool to old low-grade pool
FCtyh-ol flux of high-grade organic carbon from young low-grade pool to old low-grade pool
FCtoll-oh flux of low-grade organic carbon in old low-grade pool to high-grade pool
Ctolh-oh flux of high-grade organic carbon in old low-grade pool transferred to high-grade pool during metamorphism
FmetC flux of CO; released as low-grade organic carbon is metamorphosed to high-grade organic carbon
FCnm-ty flux of new organic carbon from the marine to the terrestrial young reservoir
FClm-ty flux of low-grade organic matter from marine to terrestrial young reservoir
FChm-ty Flux of high-grade organic matter from marine to terrestrial young reservoir
FIm-t Flux of inorganic carbon from marine to terrestrial young reservoir

Flt-m total flux of DIC to oceans

Fsed total flux of sediment to the oceans

MetaM proportion of metamorphosed organic carbon returned to Earth surface as CO,
delmantle 8"3C of mantle CO,

delSW 8°C of seawater

delBCmn 8"C of new carbon buried in marine sediments

delCmn 8"3C of new organic carbon in marine sediments

delCml 8"3C of low-grade organic carbon in marine sediments

delCmh 8"C of high-grade organic carbon in marine sediments

delCtyl 81C of low-grade organic carbon in young terrestrial reservoir

delCtyh 8'3C of high-grade organic carbon in young terrestrial reservoir

delCtoll 8"C of low-grade organic carbon in old low-grade terrestrial reservoir
delCtolh 8"C of high-grade organic carbon in old low-grade terrestrial reservoir
delCtohh 8"3C of high-grade organic carbon in old high-grade terrestrial reservoir
delFItm 8"3C of inorganic carbon flux from the terrestrial to the marine environment
PAL fraction of present atmospheric level

Km half saturation constant for organic matter weathering

Forg fraction total carbon buried as organic carbon

Kwy weathering constant for young rocks

Kwo weathering constant for old rocks

Kwi weathering constant for carbonate rocks

Kmt transfer constant from marine to terrestrial

Kih transfer constant from low-grade to high-grade terrestrial reservoir

Kyo transfer constant from young to old terrestrial reservoir
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TaBLE 3

Rate constants

Rate constant
-1

my

kwy=4kwo

kwy 22.5x1073
kwo 5.62x1073
kyo 9.84x1073
klh 5.62x10
kwy=9kwo

fowy 27x10°%
kwo 3.0x107
kyo 5.26x1073
kih 3.0x107
kwi 13x1073
kmt 2.0x1073

the young and old reservoirs is much longer at about 200 million years. The shorter
transfer time with a kwy/kwo of 4/1 allows for faster response in terrestrial rocks to
changes ultimately coming, in the present model, from changes in the carbon cycle of
the oceans and the oxygen content of the atmosphere. In the modeling performed
here, both values for kwy/kwo were explored with no substantive difference in model
outcomes and conclusions. Therefore, in all subsequent modeling, a kwy/kwo of 4/1
will be used.

Marine sediments are the source of continental sedimentary rocks through sea-
level change, uplift and other tectonic processes such as continental collision. It is
assumed that the marine reservoir of sediments (carbonate-free and excluding deep-
sea sediments) replaces the terrestrial rocks lost by weathering. Replacing these rocks
yields a rate constant for the transfer from marine sediments to the terrestrial rock res-
ervoir, kmt, of 0.02 Ma~'. The reservoir of carbonate rocks also represents a substan-
tial part of the rock record. The dynamics of the inorganic carbon cycle is dealt with
separately and will be discussed in more detail when describing carbon cycle
modeling.

Also introduced here is the idea that metamorphism will influence the carbon
cycle. The carbon cycle, including the influence of metamorphism, will be dealt with
in more detail below. But, in the context of the rock cycle as modeled here, metamor-
phism influences rocks of the “old” terrestrial reservoir. We are aware of no compila-
tions of the distribution of metamorphic rocks through geologic time, but in the
absence of this, it is assumed that 50 percent of the old rock reservoir is comprised of
metamorphic rocks of high degrees of thermal maturity. In the context of the carbon
cycle as discussed below, this would translate to upper greenschist grade metamorphic
rocks heated to over 400 °C where graphite begins to form (Buseck and Huang, 1985)
and where the metamorphic loss of carbon becomes important (Raiswell and Berner,
1987). To model the formation of metamorphic rocks, we assume that the mass of the
old terrestrial high maturity reservoir (Mtoh) removed by weathering (equivalent to
one half of the total mass of the terrestrial old reservoir, Mto) is replaced by metamor-
phic transformation from the old terrestrial low-maturity reservoir (Mtol). With the
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TABLE 4

Distribution of carbon in Earth surface reservoirs

setting Organic carbon  Inorganic carbon Grand total
x10'® moles x10'® moles

Terrestrial

Cratonic 149 802

Geosynclines 455 1971

Marine

Shelf/slope 350 200

Deep-sea 63 1267

Total (moles) 1014 5246 6260x10'®

Total (grams) 12.2x10%! 63x10%! 75.2x10%!

“Data from Holser and others (1988).

distribution of reservoir masses as shown in table 1, and as discussed above, the rate
constants describing the transformation from the low maturity to high maturity terres-
trial reservoir, kl-h are given in table 3 for both kwy/kwo = 4 and kwy/kwo = 9.

An Evolving Carbon Cycle

We begin with an inventory of the carbon reservoirs on the modern Earth (table
4). These values are taken from Holser and others (1988), yieldir(1$ a total (both or-
ganic carbon and inorganic carbon) carbon inventory of 75 x 10? g. In the carbon
cycle modeling of Hayes and Waldbauer (2006), a total carbon inventory of 102 x
102 g was assumed. This value was taken from Wilkinson and Walker (1989), who cal-
culated carbon abundances from a number of sources, but for terrestrial carbon,
relied on the volumes of various rock types through time as presented in Ronov and
others (1980), with assumptions of porosity and carbonate contents for each rock
type. However, separately, but using the same data, Ronov (1976) directly calculated
the carbon inventory of terrestrial rocks at 61.4 x 10*' based on an estimate of total
terrestrial rock mass of 1598 x 10?! g. The rock/carbon cycle developed here is based
on the estimates of total rock mass from Southam and Hay (1981), with a somewhat
lower estimate of 1383 x 10%' g (table 1). If Ronov's terrestrial carbon inventory is
scaled to the terrestrial rock mass of Southam and Hay (1981), a carbon inventory of
53 x 10*' g is obtained. If this value is added to the carbon inventory of marine sedi-
ments (22.6 x 10°' g, table 1), the total carbon inventory becomes 75.6 x 10*' g,
nearly identical to the value we use, and thus consistent with the available literature.

Taking inspiration from previous models (for example, Sleep and Zahnle, 2001;
Hayes and Waldbauer, 2006), the carbon reservoir evolves through Earth history to its
present inventory. The model developed here follows in the spirit of Hayes and
Waldbauer (2006), who make the reasonable argument that the surface inventory of
carbon could only grow as continents themselves grew in volume. Therefore, it is
assumed here that the Earth-surface carbon reservoir accumulated in cadence with
continental growth for each of the continental growth models explored here. In these
cases, the carbon inventory at any time is the product of the current inventory and
Equation 3 (divided by 100), expressing the percent of the current continental crustal
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volume over time (fig. 1B). In addition, we also explore directly the carbon growth
model of Hayes and Waldbauer (2006), and finally, we explore cross models where
the carbon inventory history from the Standard model is combined with the sediment
inventory of the Rapid Growth crustal model, and vice versa.

In reality, the carbon that accumulates in the surface environment is the net
result of degassing of COq from the mantle and the removal of marine carbon back
into the mantle through both the subduction of carbon in sediments and the weather-
ing (carbonatization) of mid-ocean ridge basalts as seawater circulates through these
rocks. Such an approach was taken by Hayes and Waldbauer (2006) to model the
accumulation of the carbon reservoir, and these steps are implicit in the approach
taken here as we consider the net accumulation of carbon into the Earth surface
reservoir.

After carbon is introduced to the Earth surface, the carbon cycle evolves dynami-
cally. The model develops in time steps of 1 million years, and in the first step, COs
enters the surface environment from the mantle. This flux, FCnet, is deposited into
marine sediments, as either new organic carbon, FCmn (flux of organic carbon into
the new marine reservoir) or inorganic carbon, FIm (flux of inorganic carbon into ma-
rine reservoir) depending on the forg, which defines the proportion of the total car-
bon buried in marine sediments as organic carbon as described above.

FCmn = FCnet* forg (6)

FIm = FCnet — FCmn (7)

In the subsequent steps, a portion of the marine carbon reservoir, including both
organic carbon and inorganic carbon, is transferred to the terrestrial young reservoir
as low-grade organic matter depending on the transfer kinetics as described above.
This organic carbon becomes subject to weathering and to transfer to the other terres-
trial reservoirs as described above and as shown in figure 1. We can follow, for exam-
ple, evolution of the young terrestrial low-grade organic carbon pool, MCtyl:

MCytliv1 = MCtyli+ FCnm-ty + FClm-ty— FwCtyl — FuwCtyl — FCtyl-ol (8)

where MCytl;,; represents the mass of the young terrestrial low-grade organic carbon
reservoir at time ¢ + I, and MCtyl; represents the mass of this reservoir at time ¢ Other
parameters include FCnm-ty, the flux of new organic carbon from the marine to the
terrestrial young reservoir, FClm-ty, the flux of low-grade organic matter from the ma-
rine to the terrestrial young reservoir FwCtyl, the weathering flux of organic carbon
from the young low-grade pool, FuwCtyl, the flux of unweathered low-grade organic
carbon from the young low-grade pool and FCtyl-ol, the flux of low-grade organic car-
bon from the young low-grade pool to the old low-grade pool (see table 2 for defini-
tions). The fluxes and reservoir sizes of the carbon cycle as developed here are fully
described in the interactive model presented in the supplemental Excel sheet
(http://earth.geology.yale.edu/ %7eajs/SupplementaryData/2021 /Canfield). Note
that model does not contain an atmospheric reservoir for COs.

After the terrestrial reservoir accumulates, and after a few initial time steps, the
flux of inorganic carbon to the marine realm, Ftm, includes, in addition to outgassing
from the mantle, weathering from the terrestrial organic and inorganic pools and the
metamorphic release of COs:

Fltm = FCnet + Fwlt + FwCtyl + FwCtyh + FwCtoll + FwCtolh + FwCtoh + FmetC 9)
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where I'Cnetis the net flux of COs from the mantle, Fwlt, the weathering flux from the
inorganic carbon pool, FwCtyl, the weathering flux of organic carbon from the young
low-grade pool, FwCtyh, the weathering flux of carbon from the young high-grade
pool, FwCtoll, the weathering flux of low-grade organic carbon from the old low-grade
pool, FwCtolh, the weathering flux of high-grade organic matter from the old low-
grade pool, FwCtoh, weathering flux of high-grade organic matter from the old low-
grade pool and FmetCis the flux of COq released as low-grade organic carbon is meta-
morphosed to high-grade organic carbon . With these fluxes, an evolving pool of inor-
ganic carbon becomes available to fuel primary production in the oceans, and after
the first initial time step (Equation 6), the burial of new organic matter in the oceans,
FCmn, becomes:

FCmn = Fltm*forg (10)
and the burial of inorganic carbon in the oceans, F7m, becomes:

FIm = Fltm — FCmn (11)

Inorganic carbon on land forms its own terrestrial reservoir. This reservoir accu-
mulates based on the balance between addition from the marine environment, F/m¢,
and weathering, Fwlt:

Mty = MIt; + Flmt — Fwlt (12)
and:

Fwlt = kwi* MIt (13)

The rate constant associated with weathering of the inorganic carbonate pool,
kwi, is set at 0.013 Ma™'. This value is 1.5 times the weathering rate of terrestrial rocks
(including both the young and old terrestrial sedimentary rock reservoirs when taken
together) as estimated by Mackenzie and Morse (1992). The modeling of the inor-
ganic carbon pool is simpler than for organic carbon as there is no known relation-
ship between inorganic carbon weatherability and oxygen concentration (as there is
for organic matter as explored below), and we do not differentiate carbonate weather-
ability based on thermal maturity.

Returning to the organic carbon pool on land, a portion of organic carbon in the
young terrestrial reservoir, FClyl, will be transferred to the old terrestrial reservoir,
I'Ctol, depending on the transfer kinetics:

FCtyl-ol = kyo* MCtyl (14)

This organic matter is still considered to be of low thermal maturity. However, a
portion of this low-maturity organic carbon in the old rock pool will be converted by
metamorphism into high-maturity organic carbon, based on the flux FCtoll-oh:

FCtoll-oh = klh * MCtoll (15)
During this metamorphic transformation, some amount of the organic carbon,

FmetC (as noted above) will be oxidized and returned back to the Earth surface as
COQZ
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FmetC = FCtoll-oh* MetaM (16)

where MetaM is that fraction of organic carbon undergoing metamorphism that is
released as COo.

Indeed, the thermal heating and metamorphism of organic matter will lead to
gaseous carbon products including both COy and methane (CHy4) (Tissot and Welte,
1984). In presence of oxygen, the methane produced and liberated to the atmosphere
will be rapidly (years) photolytically oxidized to COs, but in the absence of oxygen,
the methane will be oxidized to hydrocarbons of intermediate oxidation levels that
can polymerize and condense back to the Earth surface (Kasting and others, 1983), in
essence returning organic matter to the surface reservoir. The present model will not
track methane and thus will not account for potential differences in the methane
cycle in the presence and absence of oxygen. However, MetaM is a free parameter,
and different values will be explored that can accommodate different fates of the gase-
ous carbon products of metamorphism, as well as different overall amounts of carbon
release during metamorphism. In the Standard Model a MetaM of 0.5 is adopted. This
value is compatible with organic matter loss during both contact and regional meta-
morphism (for example, Clayton and Bostick, 1986; Raiswell and Berner, 1987;
Agirrezabala and others, 2014).

Following Bolton and others (2006), the weathering of the terrestrial organic
matter pools is oxygen-dependent following Michaelis-Menten kinetics. For example,
the weathering flux of organic carbon in the low-maturity young reservoir, FwCtyl (gC
Ma ') is expressed as:

FwCtyl = kwy* MCty* Rmaxl* (PAL/(PAL+km)) (17)

where, in addition to the terms already defined, Rmax! (although unitless) represents
the maximum oxidation rate of low-maturity organic matter (Rmaxh is the equivalent
expression for high-maturity organic matter), PAL is the fraction of the present atmos-
pheric oxygen level, and km is the half-saturation constant with respect to weathering.
The organic matter that is unoxidized during rock weathering is transferred to ocean
sediments as detritus carrying the same designation as it had on land. As an example,
the flux of unweathered organic carbon in the low-maturity young reservoir to marine
sediments, FuwCtyl, is given as:

FuwCtyl = kwy* MCty — FwCtyl (18)

To summarize, marine sediments accumulate detrital organic carbon from land,
but also new organic carbon fueled by marine primary production. As noted above, the
inorganic carbon available to fuel this primary production (/tm) includes degassing
from the mantle, the oxidative weathering of organic carbon and the weathering of inor-
ganic carbon on land, as well as the metamorphic release of COs. Thus, a mix of newly
formed recycled detrital organic matter of various degrees of maturity are transported to
the terrestrial young reservoir based on the kinetics of the formation of these rocks from
marine sediments. In subsequent time steps, these processes continue as both continen-
tal land mass and the Earth-surface carbon reservoir accumulate and as dynamics change
including variable atmospheric oxygen concentrations and changes in forg.

Oxygen-Dependent Organic Matter Oxidation
Field studies provide some insight into the weatherability of organic carbon and
show, for example, that organic carbon in shales is oxidized much more readily than
pyrite (Petsch and others, 2000; Petsch, 2014). Studies from both rivers and marine
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sediments, however, show that the oxidation of rock-hosted “petrographic” organic
carbon is not necessarily complete during weathering, and even today, with high
atmospheric oxygen concentrations, some petrographic carbon is recycled through
rivers and into marine sediments (Dickens and others, 2004a; Dickens and others,
2004b; Galy and others, 2008; Galy and others, 2015; Li and others, 2015; Bao and
others, 2019, Blattmann and others, 2019).

Recycled petrographic carbon includes both graphite and kerogen, and the con-
centrations of recycled graphitic carbon have been determined in modern marine
sediments in a few cases. Indeed, values of 0.031 wt% to 0.09wt% have been deter-
mined for Washington shelf sediment (Dickens and others, 2004a; Haberstroh and
others, 2006), with values of 0.016 wt% for sediments off the Mexican margin, 0.012 wt
% for sediments of the Equatorial Pacific (Haberstroh and others, 2006) and 0.01 to
0.11wt% for sediments of the Gulf of Cadiz (Spain) (Sdnchez-Garcia and others,
2013). The concentrations of recycled kerogen have not been well studied, but in one
instance, recycled kerogen (and graphite) has been identified in sediments depositing
from rapidly uplifting terrains of Southern Taiwan (Sparkes and others, 2020). The
concentrations of recycled kerogen were not determined, but they might be relatively
high due to the incomplete oxidative weathering organic matter in soils experiencing
rapid uplift (Bolton and others, 2006).

The half saturation constant, km is also important in determining the kinetics of
the oxygen-dependent oxidation of organic carbon in sedimentary rocks. There is lit-
tle data on petrographic carbon oxidation kinetics, but in one experimental study,
the oxygen-dependency of coal carbon oxidation was explored (Chang and Berner,
1999). When results from this study were analyzed with a Michaelis-Menten model, a
km value of 0.2 PAL was determined (Bolton and others, 2006). Furthermore, when
the oxidation kinetics from Chang and Berner (1999) were applied to a soil weather-
ing model (Bolton and others, 2006), petrographic carbon was fully oxidized with
atmospheric oxygen concentrations of 0.25 PAL and the mean continental erosion
rate of 5cm ky  (Holland, 1978).

The complete oxidation of petrographic carbon is not fully consistent with its
recycling during weathering as discussed above. Therefore, the present model is cali-
brated to recycle 0.04wt% of high maturity carbon (the equivalent of graphite) in
modern marine sediments at 0.25 PAL. This calibration determines the value of
Rmaxh, representing the maximum oxidation rate of high-maturity terrestrial carbon.
The value of Rmaxl, representing the maximum oxidation rate of low-maturity terres-
trial carbon, is determined with the same values of km and PAL, but assuming that this
low-maturity carbon (the equivalent of kerogen) is also recycled into marine sedi-
ments with a concentration of 0.04wt% (giving a total of 0.08wt% recycled petro-
graphic carbon). To accomplish this calibration, the model was run through all of
Earth history and by fixing Phanerozoic Eon oxygen levels at 0.25 PAL (higher levels
of oxygen produce no further organic carbon oxidation), while Neoproterozoic levels
were fixed at 0.1 PAL. With the kinetics of the rock cycle as modeled here, the history
of oxygen before 1000 Ma has little bearing on the organic carbon dynamics of mod-
ern sediments. With these input parameters, values of Rmaxh of 1.2 and Rmaxl of 1.7
were determined. All subsequent model runs will use these values. While the amount
of recycled petrographic carbon in modern sediments is not obviously coupled to the
modeling the early-Earth carbon cycle, this value is needed to calibrate the oxygen-de-
pendent organic matter oxidation kinetics during weathering as explored above.

Isotope Mass Balance
All organic carbon and inorganic carbon in this model adopt an isotopic compo-
sition at the time they are newly deposited onto marine sediments, and they maintain
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these isotopic compositions through subsequent rock cycling and weathering. The iso-
topic composition of the input COy from the mantle, delmantle, is assumed to have
been constant with a 8'*C of -5%o, consistent with assumptions of the mantle value
(Deines, 1980; Des Marais and others, 1992). While the subduction of carbon is
implicit in the present model, it is assumed that subducted carbon, on average, main-
tains the mantle 3'°C of -5%o. This may not be completely correct as COyq emer%ing
from modern volcanic arcs have variable, but average, 8'*C values slightly more *>C-
enriched than this at -3.8%o to -4.6%. (Mason and others, 2017). How the §'°C input
of COy from convergent boundaries might have changed over time is unknown.
However, changing the mantle input value, especially by small amounts, would have
little influence on the conclusions offered here. Therefore, it is assumed that through
Earth history, the isotopic composition of all carbon in the Earth surface reservoir has
had a constant 3'*C of -5%o, although the isotopic compositions of carbon in individ-
ual reservoirs vary as a function of rock and carbon cycling as explored below.

As noted above, the model begins with the input of COs from the mantle. This
carbon forms organic matter and inorganic carbon based on the value of forg as
described above, while the isotopic difference between inorganic carbon and inor-
ganic carbon depends on a fractionation factor, frac:

frac = (8"Cic — 8 Coc) (19)

Assuming that 3'’Cic = 3"Csw (the §'°C of seawater), Equation 19 is combined
with Equation 2 and rearranged so that:

83Cic = 8"Csw = frac* forg+8'Cin (20)

In standard modeling, a value for frac of 25 %o will be used. This value is compati-
ble with the Archean and Paleoproterozoic carbon isotope record (Krissansen-Totton
and others, 2015), although other values will be explored in a sensitivity analysis.

In the initial step of the model, 5'%Cin is taken as the mantle value, delmantle.
From here, as noted above, all carbon follows through the rock cycle with isotopic
compositions inherited when the carbon initially deposited into marine sediments.
Thus, each carbon pool carries an isotopic composition distinct from the others and a
product of its specific history of cycling and recycling. In these subsequent time steps,
3'°Cin, becomes delFItm (see table 2), the isotopic composition of inorganic carbon
input to the Earth surface, which is the sum of the isotopic signal of all weathering,
degassing and metamorphism processes specific to each individual time step. The
value of dellFItm can vary greatly from the mantle value. All mass balance equations can
be found in the interactive model in the supplemental Excel sheet (http://earth.
geology.yale.edu/%7eajs/SupplementaryData/2021/Canfield). As part of the model
development, and before implementation, it was verified that the model maintained
mass balance with respect to rock and sediment mass, carbon mass, and carbon
isotopes.

MODEL RESULTS AND DISCUSSION

Carbon Isotope Record
Model results will be compared to, and calibrated with, the carbonate carbon iso-
tope record (Krissansen-Totton and others, 2015). It is well-known that the carbon iso-
tope record can be subject to a variety of processes that can alter §'°C values from
those originally deposited with the sediment. These processes include the diagenetic
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recrystallization of carbonates through fluid interactions with waters containing a dif-
ferent isotopic value (for example, Lohmann, 1988; Swart, 2015; Hoffman and
Lamothe, 2019). Furthermore, carbonates can be incorporated into sediments by dif-
ferent processes including primary precipitation from seawater (either biologically or
abiologically mediated) and through early sediment diagenesis. During early diagene-
sis, the isotopic composition of sediment pore waters plays a significant role in estab-
lishing the isotopic composition of the precipitated carbonate (for example, Fischer
and others, 2009; Blanchet and others, 2012; Schrag and others, 2013; Canfield and
others, 2018; Canfield and others, 2020). Furthermore, benthic photosynthesis and
associated respiration can impact the isotopic composition of carbonates precipitated
directly on the seafloor (Geyman and Maloof, 2019), while both lateral and vertical
gradients in the isotopic composition of marine inorganic carbon can generate vari-
ability in the isotopic composition of marine carbonates precipitated contemporane-
ously from seawater (Hilting and others, 2008). The carbon isotope record can also
vary substantially over time intervals ranging from hundreds of thousands to millions
of years (for example, Halverson and others, 2005; Saltzman and Thomas, 2012;
Canfield and others, 2020). Such variability could generate significant time correla-
tion issues early in Earth history where biostratigraphy is impossible and where chro-
nology is relatively imprecise.

The isotope record of marine carbonates used in subsequent modehng (fig. 3)
shows a few prominent features including a trend of relatlvely stable 8'°C values of
around 0%o from 3500 to about 2500 Ma. From here, §'°C values become more vari-
able through the Huronian glaciations (2450-2220 Ma) after which they become
highly elevated durlng the subsequent Lomagundi isotope event. Altogether, there
are relatively few 8'°C data considering the vast stretch of geologic time represented
(ca. 1/3 of Earth history). Still, as a first-order assumption, we assume these values
reflect, at least approximately, the isotopic composition of contemporaneous sea-
water. The modeling considers broad trends in carbon cycle evolution, and while the
issues related to the integrity of the carbon isotope record as noted above are signifi-
cant, the assumption of seawater equivalence does not mean that every point need
represent a seawater value, it only requires that average values through protracted
periods of time do. This assumption seems reasonable. We also note that for the
prominent Lomagundi isotope event, the large positive 8'*C excursion is known from
multiple locations and seems to reflect a real evolution in seawater §'°C values
(Melezhik and others, 2005; Bekker and others, 2006; Maheshwari and others, 2010).
The range of values represented in this event, however, is large, and in some instan-
ces, isotope values may reflect some facies control (for example, Melezhik and others,
2005). Therefore, the extreme values may overemphasize the true magnitude of the
event (Melezhik and others, 2005). For this reason, our target during the Lomagundi
isotope event is approximately 5 permil, an approximate average of values through
this event.

Pre-GOE Carbon Burial

The model is grounded in the basic assumption that levels of atmospheric oxygen
before the GOE were low, and for modeling purposes, a value of 0.00001 PAL was
used. As noted above, “whiffs” of somewhat elevated oxygen levels may have punctu-
ated middle and late Archean times (for example, Anbar and others, 2007; Wille and
others, 2007; Crowe and others, 2013). The oxygen levels required, however, to pro-
duce the geochemical signals representing these oxygen “whiffs” could have been in
the range of 0.0001 to 0.001 PAL (Johnson and others, 2019). Even these elevated oxy-
gen levels would not have influenced model results given the relatively high km value
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Fig. 3. (A) comparing model results for the 8'*C of seawater from the Standard Model with the Rapid
Growth model with different values of forg compared to the carbon 1sotope record. Atmospheric oxygen
concentrations were held to 0.00001 PAL. (B) Model results for the 8'*C of the inorganic carbon input to
the oceans from the Standard Model compared to the Rapid Growth model with different values of forg.
These values reflect, mainly, the evolution of the terrestrial inorganic carbon pool. Atmospheric oxygen
concentrations were held to a PAL of 0.00001. (C) Organic carbon burial rates in the oceans the oceans
from the Standard Model compared to the Rapid Growth model with different values of forg. Atmospheric
oxygen concentrations were held to a PAL of 0.00001. Breaks in the curves result from changes in model
input parameters.

for the oxidation of rock-hosted carbon (0.2 PAL). Indeed, much higher values of ox-
ygen (up to 0.01 PAL) could have been used with an almost identical result.

We do not know when life first evolved on Earth or when biologically produced
isotopically depleted carbon first deposited mto marine sediments. But, as noted
above, this likely occurred before deposition of '*C-depleted carbon in ca. 3800 Ma
sedimentary rocks from Isua, Greenland (Rosing, 1999). Given our ignorance as to
when life first evolved, a low forg of 0.01 was used for the time before 3800 Ma, consist-
ent with a biosphere that fixed very little carbon compared to the carbon flowing
through the Earth surface system. This value of forgis low enough to have only a small
influence on the carbon cycle. From here, values of forgwere adjusted in the pre-GOE
time window from 3800 to 2350 Ma, and constrained by comparison with the carbon
isotope record (Krissansen-Totton and others, 2015).



the Great Oxidation of the atmosphere 315

Results from both the Standard and Rapid Growth model are similar and show
that an forg = 0.1, a value considerably lower than the 0.17 to 0.25 obtained with a
strict interpretation of the carbon isotope record as discussed above, does a poor job
of reproducing the carbon isotope record (fig. 3A). The isotope record is not repro-
duced because in the absence of the oxidative weathering of organic carbon on land,
the isotO}l)ic composition of inorganic entering the oceans from land, dellTtm,
becomes '*C-enriched compared to the mantle value (fig. 38B), thus enriching the
8'3C of seawater in the absence of significant organic matter formation. Overall, in
the absence of oxidative weathering of organic carbon on land, the Archean and early
Paleoproterozoic isotope record must be interpreted with caution.

We see that for both models, the best fit to the isotope data occurs with an forg of
around 0.03, especially in the late Archean isotope record (fig. 3A). An forg of 0.01
does not generate a sufficiently '*C-enriched isotope signal, while an forg of 0.05
slightly overestimates the 5'°C values of the isotope record, particularly in the late
Archean Eon, with a somewhat worse fit with the Rapid Growth model. Mixed models
were also explored where the growth of the carbon reservoir from the Standard
Model was combined with the growth of the sedimentary rock reservoir of the Rapid
Growth model, and vice versa. It was found (not shown) that the carbon growth
model drove the results and that growth of the sedimentary rock reservoir had little
influence on the model output parameters depicted in figure 3. These mixed models
were explored no further.

Modeled rates of organic carbon burial into marine sediments are shown in
figure 3C. These burial rates are those associated with contemporaneous primary pro-
duction in the oceans and do not include the recycling of organic carbon from land.
From these results, and with an forg of 0.03, rates of organic carbon burial depend
very much on the crustal growth model especially during the Archean Eon. In the
Standard Model, a change in forgfrom 0.01 to 0.03 results in an immediate increase in
organic carbon burial rates from about 0.005 x 10*' g my ™' in the early Archean Eon,
to a value of about 0.01 x 10*' g my ' just before the GOE. These rates of carbon bur-
ial amount to about 4 percent of the modern burial rate of about 0.12 x 10*' g my ™'
(Baturin, 2007) at 3800 Ma and about 8 percent of this rate at 2350 Ma. With the
Rapid Growth model, early Archean rates of organic carbon burial are much higher
at about 0.016 x 10*" g my™ ' reflecting the rapid growth of the carbon reservoir.
From here, the rates decrease to about 0.012 x 10*' g my ' reflecting the redistribu-
tion of carbon into the various compartments of the rock cycle. Even at their highest,
these rates of carbon burial are about 13 percent as nigh as modern rates of carbon
burial. Overall, these models predict rates of pre-GOE carbon burial that were some 4
percent to 13 percent as rapid as modern rates.

We also explored the Hayes and Waldbauer (2006) (H and W) carbon accumula-
tion model (fig. 4). During pre-GOE times, this model yields similar results to the
Standard Model, but an forg of 0.05 better fits the isotope data. However, this higher
forg generates similar carbon burial rates to the Standard Model (with an forg of 0.03)
in pre-GOE times as the H and W model introduces less carbon into the early Earth
surface environment (fig. 1). The H and W GOE model results will be discussed
below.

In a sensitivity analysis, MetaM, the fraction of organic matter liberated to COs9
during metamorphism, was also varied between values of 0.2 to 0.8 (fig. 5). All model
calculations were performed with an forg of 0.03 for the time window between 3800
and 2350 Ma, an frac of 0.01 from 4500 Ma to 3800 Ma and an oxygen level of 0.00001
PAL. It is clear pre-GOE, changing MetaM had little influence on both the isotope fit
(fig. bA), as well as organic carbon burial rates (fig. 5B). There was a change, however,
in the input §"°C to the oceans, where higher degrees of metamorphic COj liberation
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Fig. 4. Results from the Hayes and Waldbauer (H and W) model of continental growth compared to
the Standard Model. For pre-GOE times, atmospheric oxygen was set to 0.00001 PAL, and forg was set to
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sediments. Breaks in the curves result from changes in model input parameters.
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Fig. 5. Sensitivity analysis comparing different values for the metamorphic release of carbon to the
Earth surface during metamorphism through the variable MetaM. For pre-GOE times, atmospheric oxygen
was set to 0.00001 PAL, and forg was set to 0.03. For the GOE and the Lomagundi isotope event, atmos-
pheric oxygen was set to 0.25 PAL and forg was set to 0.4 for all models. A value of MetaM of 0.5 is the
same as used in the Standard Model. (A) Evolution of seawater 8'°C, (B) evolution of the organic carbon
burial rate into marine sediments, (C) isotopic composition of inorganic carbon entering the Earth sur-
face as a product of weathering, degassing and metamorphic carbon release. Breaks in the curves result
from changes in model input parameters.

generated more '*C-depleted COs (fig. 5C). In another sensitivity analysis, the fractio-
nation factor, frac, between the inorganic carbon precipitated from the oceans and
the organic carbon forming in sediments was varied between 20 permil and 30 permil
(fig. 6). Changing of frac through this range had little influence on fitting the pre-
GOE isotope record (fig. 6A), with some influence on the §'°C input carbon to the
oceans (fig. 6B). Higher fractionations produced more '*C-enriched input to the
oceans as higher fractionations produced more '*C enriched carbonates precipitated
onto marine sediments. Changing the fractionation factor had no influence on the
burial rates of organic carbon, so these results are not shown.

Overall, model results generate low rates of pre-GOE organic carbon burial and
might suggest low pre-GOE rates of primary production and thus a sluggish bio-
sphere. Overall, however, the extent to which rates of carbon burial can be compared
to rates of primary production depends on the efficiency with which primary
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produced carbon is transferred for burial into sediments. This, in turn, can depend
on many factors, including, most importantly, the settling rates of organic matter
through the water column and the efficiency of organic matter decomposition during
settling in the water column and within sediments during diagenesis (for example,
Zhang and others, 2016; Fakhraee and others, 2020). If settling is slow, as might be
expected with an ecosystem constructed of small prokaryotic organisms (Logan and
others, 1995), then more extensive water-column organic matter mineralization might
lead to more nutrient availability, boosting primary production and thus elevating
rates of primary production relative to rates of carbon burial. If, on the other hand,
rates of organic matter mineralization are reduced under anoxic water column and
sediment conditions as might be expected on a low-oxygen Earth, then rates of pri-
mary production might be reduced relative to rate of organic carbon burial (Laakso
and Schrag, 2019; Fakhraee and others, 2020). The balance of these two drivers is not
fully resolved, and for the purpose of the present discussion, it will be assumed that
rates of primary production, and thus the activity of the biosphere, scales at least
approximately with carbon burial rates.

Therefore, the results presented here are viewed as compatible with a subdued
pre-GOE biosphere when compared to the biosphere today. There could be many
explanations for a subdued pre-GOE biosphere. These explanations include phospho-
rus limitation, where in one estimate, limited phosphorus availability in the late
Archean Eon could have supported rates of net primary production of only about 7
percent of present-day rates (Hao and others, 2020). This estimate is remarkably close
to the estimate here using the Standard Model of late-Archean organic carbon burial
rates compared to modern rates as discussed above. Another explanation could lie in
the state of biological evolution and the nature of primary-producing organisms in
the pre-GOE world. For example, if cyanobacteria had not yet evolved before the
GOE, as discussed above, rates of biological productivity would have been necessarily
lower due to a lack of suitable electron donors to fuel primary production. The activity
level of the biosphere before the evolution of cyanobacteria is highly uncertain, but as
noted above, a biosphere based on the recycling of iron, as was likely important dur-
ing the Archean and early Proterozoic Eons (for example, James, 1983; Beukes and
Klein, 1992; Konhauser and others, 2002; Konhauser and others, 2017) could have
provided rates of net primary production up to 10 percent of present-day rates. Thus,
cyanobacteria may not have been necessary to generate the pre-GOE burial rates or
organic carbon as calculated here.

THE GOE AND LOMAGUNDI ISOTOPE EVENT

The Great Oxidation Event, or GOE, marks a profound change in the oxidation
level of the Earth-surface environment, where atmospheric oxygen levels rose to con-
centrations sufficient for significant oxidative weathering of redox-sensitive minerals
on land (for example, Cloud, 1972; Holland, 1994; Holland, 1999; Melezhik and
others, 1999b). The GOE is commonly marked by the loss of the mass-independent
sulfur (MIF) isotope signal in the sedimentary sulfur record, indicating the full oxida-
tion of atmospheric SOy gas to sulfate (for example, Farquhar and others, 2000;
Pavlov and Kasting, 2002; Bekker and others, 2004; Warke and others, 2020). The ear-
liest indication for the loss of the MIF signal loss is between 2501 and 2434 Ma, imme-
diately preceding the first of the Paleoproterozom Huronlan glaciations (Warke and
others, 2020). There are indications of a positive 5'>C excursion to about 6 %o to 8 %o
in the Duitschland Formation of the ca. 2400 Transvaal Supergroup of South Africa
(Buick and others, 1998), and there is a large and sustained positive 3'3C excursion,
known as the Lomagundi isotope event, lasting from about 2300 to 2060 Ma, as intro-
duced above. The Lomagundi isotope event follows the end of the Huronian
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glaciations (for example, Karhu and Holland, 1996; Melezhik and others, 1999b;
Maheshwari and others, 2010; Lajoinie and others, 2019), with the 313C of many car-
bonate values exceeding 10 %o. Near the end of this event is the deposition, in some
locations, of extremely organic rich sediments known as shungite (Melezhik and
others, 1999a; Melezhik and others, 2004).

High concentrations of atmospheric oxygen have been inferred for the
Lomagundi isotope event (Bekker and Holland, 2012), and in one model exercise,
oxygen levels of between about 0.67 and 2 times PAL are indicated (Bachan and
Kump, 2015). Elevated oxygen levels through this time period, and especially through
the Lomagundi event, are supported by evidence for high enrichments of uranium in
shales (Partin and others, 2013), elevated concentrations of iodine in carbonates
(Hardisty and others, 2014), elevated 3”®*Mo values in shales (Canfield and others,
2013) and abundant sulfate evaporites (Schroder and others, 2008; Blittler and
others, 2018). In the modeling that follows, a GOE and post-GOE oxygen level of 0.25
PAL will be used, as higher oxygen levels produce no further organic carbon oxida-
tion during weathering. The consequences of lower oxygen levels, however, will also
be explored.

Thus, the modeling of the GOE and Lomagundi events entails following the conse-
quences of increased oxygen concentrations on the carbon cycle. By doing so, the
model aims to reproduce the carbon isotope record and to constrain burial rates of or-
ganic carbon, allowing comparisons between the activity level of the GOE and post-GOE
biospheres with the pre-GOE biosphere as modelled above. If we take 5 permil as a rea-
sonable fit to the late GOE and Lomagundi isotope record (as discussed above), then
with 0.25 PAL oxygen, an forg of 0.4 is required to match the isotope record (fig. 7A).
This is true for the Standard Model, the Rapid Growth model (fig. 7A) and the H and
W model (fig. 4A). An elevated forg for the GOE, and especially the Lomagundi isotope
event, is consistent with previous modelling of the isotope record (Karhu and Holland,
1996; Bjerrum and Canfield, 2004; Krissansen-Totton and others, 2015; Miyazaki and
others, 2018). The present modelling, however, shows that an increase in forg through
and after the GOE, combined with an increase in the flux of inorganic carbon to the
oceans as generated from high oxygen levels, results in increases in organic carbon bur-
ial rate by over a factor of 10 (figs. 4 and 7) compared to pre-GOE values.

Reducing PAL to 0.1 hinders the oxidation of organic carbon on land (see below),
raising the 8"C of the inorganic carbon input to the oceans (fig. 7B). Preserving an forg
of 0.4 produces an increase in the §'°C of seawater (figs. 5A and 6A) compared to when
PAL is 0.25, and with a PAL of 0.1, modeled 813C values are in the upper range of those
observed during the Lomagundi isotope event. With an forg of 0.4, organic carbon burial
rates are marginally reduced with 0.1 PAL oxygen compared to 0.25 PAL (fig. 7C).
Thus, even with oxygen levels of 0.1 PAL, the model here suggests that organic carbon
burial rates were some 80 percent of those reproduced at 0.25 PAL in both the
Standard and Rapid Growth models. All models suggest carbon burial rates on the order
of 0.16 to 0.23 x 10*' gCmy ' (figs. 4, 5, and 7).

The W and H carbon accumulation model yields nearly identical carbon isotope
fits to the 5'°C record with the same input parameters of PAL (0.25) and forg (0.4),
with slightly reduced rates of carbon burial (fig. 4), reflecting a somewhat smaller car-
bon inventory at this time (fig. 1). Changing MetaM has only a small effect on the car-
bon isotope fit to the §'°C record and also has little impact on carbon burial rates,
although the input 8'*C to the oceans is somewhat affected (fig. 5). Changing frac
influences the fit to the 3'*C record. With the same input parameters of PAL (0.25)
and forg (0.4), a frac value of 20 permil produces lower 8'°C values than the standard
fit with a frac of 25 permil, and a frac of 30 permil produces higher 3'°C values than in
the standard model (fig. 6). To reproduce a seawater 8'°C of -5%o, the frac 20 permil
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Figure 7. (A) Model results for the 81%C of seawater from the Standard and Rapid Growth models
with different values of forg and PAL, with focus on GOE and post-GOE times compared to the carbon iso-
tope record. Also shown for comparison is the Standard and Rapid Growth model results with forg = 0.03
and PAL=0.00001. (B) Model results for the 3'°C of the i inorganic carbon input to the oceans from the
Standard and Rapid Growth models with different values of forg and PAL, with focus on GOE and post-
GOE times. Also shown is the Standard and Rapid Growth model results with an Jorg = 0.03 and
PAL=0.00001. (C) Organic carbon burial rates in the oceans from the Standard and Rapid Growth mod-
els with different values of forg and PAL, with focus on GOE and post-GOE times. Also shown is the
Standard and Rapid Growth Model results with an forg = 0.03 and PAL=0.00001. (D) Evolution of the
input rates of inorganic carbon to the oceans from the Standard and Rapid Growth models with different
values of forg and PAL, with a focus on GOE and post-GOE times. Also shown is the Standard and Rapid
Growth Model results with an forg = 0.03 and PAL=0.00001. Breaks in the curves result from changes in
model input parameters.
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model would need an forg of 0.48 generating an organic carbon burial rate of 0.23 x
10*!' gC my ' at 2000 Ma (not shown). The frac 30 permil model would need an forg
of 0.33 producing an organic carbon burial rate of 0.16 x 10?' gC my ' at 2000 Ma
(not shown). These organic matter burial rates are all within the estimates for
Lomagundi event as outlined above.

Carbon Cycle Evolution

The discussion above provides a general picture as to how changing oxygen levels
and forg have influenced the evolution of the carbon cycle. However, it is also instruc-
tive to analyze all components of the carbon cycle to appreciate how they respond
individually to changes in PAL and forg. To do this, we follow the carbon cycle through
its whole course of evolution from pre-GOE times through the Lomagundi isotope
event. We explore the case where PAL increases from 0.00001 to 0.25 through the
GOE and forg increases from 0.03 to 0.4 through the same transition. The results for
both the Standard Model and the Rapid Growth model are quantitatively and qualita-
tively similar (figs. 8 and 9). In pre-GOE times, most of the organic matter depositing
into marine sediments (figs. 8A and 9A) was recycled from land particularly as low ma-
turity carbon (Cml), but with increasing amounts of high maturity carbon (Cmh)
towards the GOE. The increase in PAL and forg in association with the GOE resulted,
first, in efficient oxidation of organic matter in rocks during weathering and hence a
large reduction in the delivery of recycled petrographic to marine sediments. This
reduction in the delivery of recycled carbon dramatically decreased its concentration
in the marine sediment pool (figs. 8A and 9A). In association with the increase in forg,
newly produced marine organic matter came to dominate the organic carbon pool in
marine sediments. An increase in the production of organic carbon in the oceans
reduced the deposition of inorganic carbon as evidenced by its decreased concentra-
tion in marine sediments (figs. 8G and 9G).

As the large flux of newly formed marine organic matter associated with the GOE
was transported onto land, the concentrations of low-maturity carbon in the terrestrial
pool of young rocks (Ctyl) increased. There was also a decrease in the concentration
of high maturity carbon (Ctyh) in the young terrestrial pool (figs. 8C and 9C) as would
be expected with an increase in oxygen concentrations and the reduced recycling of
high maturity carbon into marine sediments. As the young terrestrial pool matured to
the old terrestrial pool, there was an increase in the concentration of low-maturity car-
bon in the old terrestrial pool of low thermal grade (Ctoll) as well as the expected
decrease in the concentration of high maturity carbon in the old terrestrial pool of
low-thermal grade (Ctohl) (figs. 8E and 9E). As organic carbon in low maturity old ter-
restrial rocks was metamorphosed, a portion of it (minus the portion that was lost as
COy) was converted to high maturity carbon (Ctoh), and this pool increased in associa-
tion with the GOE (figs. 8E and 9E). Some high-maturity recycled carbon was also
transferred without metamorphic effect from the low-maturity rocks. The isotopic
consequences of these transformations are nearly identical between the Standard
Model and the Rapid Growth models (compare figs. 8B, 8D, 8F, and 8H with figs. 9B,
9D, 9F, and 9H).

An Active GOE and Lomagundi Biosphere

If we accept that the GOE, and especially the Lomagundi isotope event, was asso-
ciated with oxygen levels of greater than 0.1 PAL, as would be consistent with model-
ing (Bachan and Kump, 2015), then regardless of the Earth-surface carbon inventory
model we use, the GOE was accompanied by a dramatic change in the burial rates of
organic matter. Indeed, modeling suggests that organic carbon burial rates were on
the order of 0.16 to 0.23 x 10*' gC rn}fl (figs. 4 and 7). These rates are some 13 to 19
times greater than during pre-GOE times (figs. 3 and 4) and 1.3 to 1.9 times greater
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than the modern organic matter burial rate of 0.12 x 10*' gC my ™' (Baturin, 2007).
This dramatic increase in organic matter burial was most likely coupled to a dramatic
increase in rates of primary production and the overall activity level of the biosphere.
Thus, if we assume that rates of carbon burial have scaled linearly with rates of primary
production through time, then the current model suggests that primary production
rates during the GOE and Lomagundi events were some 1.3 to 1.9 times greater than
today. In their study Crockford and others (2019) calculated that rates of gross pri-
mary production in the oceans during the GOE and the Lomagundi isotope event
were approximately 10 times higher than today. Differences in the primary produc-
tion estimates of Crockford and others (2019) and those offered here could be a
product of uncertainties in model estimates in the different approaches or from dif-
ferences in scaling between primary production and carbon burial through time.
Regardless of the approach, the GOE and Lomagundi biosphere was apparently quite
active, likely even more so than today, and much more active than during pre-GOE
times.

An accelerated biosphere in association with the GOE could have many causes.
One cause could be the evolution of cyanobacteria, where an accelerated biosphere
could have resulted from the ability of cyanobacteria to use highly abundant water as
an electron donor. A relationship between the evolution of cyanobacteria and the
GOE has been suggested (Kirschvink and Kopp, 2008; Ward and others, 2016).
Another cause for an accelerated biosphere could be an increase in the availability of
nutrients, and in particular phosphorus (as noted above) in association with the rise
in oxygen levels. Indeed, it has been suggested that the oxidative weathering of pyrite
on land generated sufficiently acidic groundwaters to accelerate the weathering of
phosphorus from rocks, thereby accelerating the activity level of the biosphere
(Bekker and Holland, 2012). The current manuscript remains agnostic as to the
causes of an accelerated biospheric activity during the GOE and the following
Lomagundi isotope event. However, the reconstruction of the ancient carbon cycle, as
developed here, suggests that the acceleration was dramatic; in a relatively short time
(ca. one hundred million years) the biosphere seemingly increased its level activity by
at least one order of magnitude.

CONCLUSIONS

Carbon cycle reconstructions based on carbon isotopes are fundamentally influ-
enced by the oxygen dependency of organic carbon weathering. This is because in
the absence of efficient oxidative weathering, a large pool of recycled organic matter
sequesters isotopically depleted carbon increasing the 8'°C of the inorganic carbon
reservoir including the dissolved inorganic carbon in the oceans. The present model,
considering the oxygen-dependence of organic matter weathering and an evolving
Earth-surface carbon cycle produces an forg of only about 0.03 for pre-GOE times,
yielding carbon burial rates less than 10 percent of those in the modern oceans.
Indeed, before the GOE, most the organic carbon in marine sediments was recycled
as unweathered from terrestrial rocks. If the burial rates of organic carbon scaled to
biological activity, then the relatively inactive pre-GOE biosphere could have been sus-
tained by anoxygenic photosynthetic organisms driving an iron cycle. However, a rela-
tively inactive biosphere based on oxygen production by cyanobacteria cannot be
ruled out.

The GOE and subsequent Lomagundi isotope event saw a large rise in the con-
centrations of atmospheric oxygen to perhaps as high as 0.67 to 2 times present-day
levels. From the modeling, oxygen concentrations as low as 0.1 PAL would have led to
significant oxidative weathering of organic carbon on land. The GOE, and especially
the following Lomagundi isotope event, saw a large increase in the §'°C of inorganic
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carbon precipitated from the oceans. From the current model, these isotope values
are consistent with an forg of about 0.4 and an increase by about a factor of 10 in the
burial rates of organic carbon over pre-GOE times. Such high burial rates of organic
carbon suggest an active biosphere requiring oxygenic photosynthesis as a driver with
abundant water as an electron donor. The substantial increase in the activity level of
the biosphere through the GOE could have either been caused by the evolution or
emergence of cyanobacteria as the dominant phototrophs in the environment or by
an increase in the availability of nutrients to drive primary production.
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