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ABSTRACT

8.1. INTRODUCTION

The reduction and subsequent burial of carbon by
photosynthetic organisms is the only significant source
of free O, to the atmosphere. Redox proxies suggest that
oxygen concentrations have varied by many orders of
magnitude over Earth history, increasing by large mar-
gins both at 2.4 Ga, and again in the late Neoproterozoic
and early Paleozoic (Lyons et al., 2014). The exact timin g
of this latter event, and its causal connections to the
origin and diversification of multicellularity and motility,
remain controversial (Sperling et al., 201 5). This problem
is exacerbated by the lack of a direct record of oxygen
levels, which must be inferred from proxies that are at
best weakly quantitative. The record of organic carbon
burial and oxygen generation recorded in the rich carbon
isotope record of calcium carbonate has been an impor-
tant tool in untangling these problems (Des Marais
et al., 1992),
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Dgring photosynthetic fixation of carbon, a large isotope
fractionation is imparted to the organic carbon, leaving
behind an isotopically enriched pool of dissolved inorganic
carbon (DIC). Therefore, additional organic carbon burial
sh01‘11d produce increasingly enriched DIC. Precipitation of
cglcuqn carbonate from this pool has little associated frac-
tlonat}011, allowing ancient carbonates to act as a tracer of
organic carbon burial rates, and hence oxygen production
(Knoll et al., 1986). Surprisin gly, compiled carbonate
records indicate that organic carbon burial has varied little
over most of Earth history (Prokoph et al., 2008). This is
not. egsily reconciled with evidence for orders of magnitude
variation in oxygen concentration. Recent analyses of sedi-
ment organic carbon content (Sperling & Stockey, 2018)
suggest a significant increase in organic carbon burial did
ogcgr n association with the Paleozoic oxygenation, contra-
dicting traditiona] readings of the carbon isotope record.

Here, we explore possible explanations for this par-
a‘d(.»(, .and Suggest a new resolution based on the pre-
cipitation of authigenic carbonate. In particular, we
propose that the precipitation of isotopically depleted
authigenic carbonates js Oxygen sensitive, and that this

ophysical Monograph 273, First Edition.
aniel P. Schrag.

022 by John Wiley & Sons, Inc.

205




206 ISOTOPIC CONSTRAINTS ON EARTH SYSTEM PROCESSES

forms a self-regulating system, in which the carbon iso-
tope composition of seawater remains close to fixed
value even under large variations in organic carbon
burial and oxygen generation.

8.2. THE CARBON ISOTOPE BUDGET

The primary sources of inorganic carbon inputs to
the ocean and atmosphere (F,) are volcanism (V) and
continental weathering of organic material (W) and
carbonate minerals (W, ). Dissolved inorganic carbon
is transported to the ocean, where it can be removed by
either photosynthetic carbon fixation or calcium car-
bonate precipitation. Much of this material is subse-
quently reoxidized or redissolved, but a portion is
buried in sediments (B, B,.), removing it from
the ocean/atmosphere system until it is subducted or
exposed to the atmosphere by sea level change
or uplift.

At steady state, the carbon inputs and outputs must be
balanced; F, = B, + B, This is also true of the

individual calbon 1sot0pes which, for a sufficiently rare
isotope such as 1*C, yields:

m m 6010801g +5(mh carb (81)

where &_is the 8"°C of burial flux B, . The isotopic com-
posmon of carbonates is typically close to that of the
dissolved pool from which it precipitates, while organic
carbon is assigned an average offset of e . Typically
one assumes both phases are drawn from the same DIC
pool, presumably seawater, though we revisit this
assumption here in the context of authigenic carbonate
precipitation in sedimentary porewaters. Given seawater
313C of &:
8,F,=(5-¢ ) B,y +58B., (8.2)

in~in org

In order to make further progress, it is necessary to make
some assumption about the isotopic composition of
carbon inputs to the ocean, 8, , over time. One approach
is to assume it is constant over time at roughly its modern
value, arguably reflecting the average composition of the
crust or bulk Earth (e.g. Derry & France-Lanord, 1996;
Hayes et al., 1999) in order derive the organic fraction of
carbon burial on the seafloor:

(8.3)

Assuming stable values of the fractionation ¢_, it is pos-
sible to derive variations in f , the organic proportion of

total carbon burial, from the isotope record in carbonate
minerals (Fig. 8.1).

Compilations of carbonate 8C over Earth history
(Fig. 8.1) are characterized by mean values close to 0%
over much of Earth history, suggesting that | _has most
frequently had values between 20% and 30%. Important
exceptions include a period of unusually high variability
in the Neoproterozoic, and extended periods of appar-
ently elevated organic carbon such as the “Lomagundi
excursion” from ~2400-2000 Ma, the Neoproterozoic,
and the Carboniferous period, though the timing and size
of these features does vary between data sets (e.g.
Saltzman & Thomas, 2012).

8.3. f,, AND THE OXYGEN BUDGET

Oxygenic photosynthesis, likely the dominant mode of
carbon fixation since at least the end of the Archean
and possibly well before that time (e.g., Farquhar
et al., 2011), produces both organic carbon and oxygen in
aroughly 1:1 ratio, with an approximate stoichiometry of
CO, + H,0 + hv — O, + CH,0. Today, the vast majority
of the or gamc ca1bon p1oduced in the ocean (> 99.9%q;
Hedges & Keil, 1995) is re-oxidized while settling through
the water column or in the upper few centimeters of the
sediment on the ocean floor. Oxidation may be directly
with O,, essentially running the preceding reaction in
reverse, or by alternative oxidants such as nitrate, iron, or
sulfate, whose reduced by-products are themselves largely
oxidized by O,. As such, “long- -term” oxygen produc-
tion — productlon relevant on timescales longer than the
mixing time of the ocean — is sometimes equated with the
burial of organic carbon, or its reduced diagenetic by
products, deep in marine sediments where it can be effec-
tively sequestered from surface oxidant pools for tens of
millions of years.

In a steady-state carbon cycle, the global rate of organic
carbon burial and oxygen production is equal to the
product of and the rate of carbon input to the ocean.
Assuming the latter is relatively constant over time, the
carbon isotopic composition of carbonate in sedimen-
tary rocks represents a record of oxygen production on
long timescales (Knoll et al., 1986).

It has been argued that extended periods of elevated f_
represent accumulation of a large organic carbon reser-
voir and thus accumulation of O, in the atmosphere (Des
Marais et al., 1992). This is consistent with redox proxy
records (Fig. 8.1) that show a major increase in surface O,
concentrations at the end of the Archean eon (Farquhar
et al., 2001) and a second permanent rise, possibly in sev-
eral stages, between the Ediacaran and the later Paleozoic
(Lyons et al., 2014; Sperling et al., 2015).

However, steady-state oxygen concentrations are not set
by the rate of oxygen production as recorded in f .
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Figure 8.1 Variations in f_ and atmospheric pO, over Earth history as inferred from proxy records. f__ (black) has
been calculated from a Loess smooth of the 8'C record of carbonates (gray) compiled by Prokoph et al. 2008
following equation 8.3, assuming 8, = -5, e, = 25 The dashed line shows the average f_ calculated rom the
entire carbonate data set. Proxy constraints on pO, are shown as red blocks; darker colors are used to illustrate
disagreements between two proxy records. A: The presence of mass independent fractionation of sulfur isotopes
in sediments older than ~2.4 Ga suggests pO, was less than 10 present atmospheric levels (PAL; Pavlov &
Kasting, 2002) at that time, and subsequently exceeded that value. B: The presence of an anoxic deep ocean
through the Cambrian (488 Ma; Sperling et al. 2015) has been inferred to require atmospheric pO, below 40%
PAL (Canfield, 1998). C: Iron enrichments in paleosols suggest a lower bound on O, during this period of ~1%
PAL (Rye & Holland, 1999); D: chromium isotope enrichments suggest an incompatible upper bound of ~0.1%
PAL (Planavsky etal., 2014) until 750 Ma. E: The body plans and motility of Cambrian fauna (< 540 Ma) is thought
to require oxygen levels about 10% PAL (Sperling et al., 2013). F: The loss of persistent anoxia sometime after the
Ordovician gives a new upper bound of 70%. based on the lack of charcoal deposits (Belcher & McElwain, 2008)
until the latest Silurian (Glasspool et al., 2004), after which a continuous charcoal record limits pO, to 70% to

170% PAL (Lenton & Watson, 2000).

Rather, they are the result of oxygen-sensitive sources and
sinks adjusting until a balanced budget is achieved. A
transient increase in oxygen concentrations, for example,
should lead to more rapid oxygen consumption and a
return to lower values on time scales related to the oxygen
residence time of < 10 million years. This is in conflict
with the apparently permanent oxygenation events
recorded in redox proxies.

Put differently, the apparent constancy of f over most
of Earth history implies a stable rate of O, production that
must have been balanced by a similarly stable consumption
rate. It is not obvious that this is possible: most oxygen
sinks scale monotonically with pO,, which has varied by
many orders of magnitude over Earth history. In particular,
low oxygen concentrations in the early Paleozoic, and cer-
tainly in the Precambrian, should have led to much smaller
oxygen sinks and an unbalanced O, budget. We review this
paradox in more detail in Section 8.4, considering whether
any of the major redox-sensitive elements could have bal-
anced cycles under low oxygen conditions that consume O,
as rapidly as they do today. We will first demonstrate this is
not possible, and that the Precambrian oxygen budget
must have been characterized by low rates of organic

carbon burial, calling into question our understanding of
the §°C record in carbonates. We will then consider
alternative readings of this isotope record in an effort to
resolve the f /O, paradox.

8.4. OXYGEN SINKS IN A LOW-OXYGEN WORLD

By balancing the production of oxygen through organic
carbon burial against oxidative sinks, the oxygen budget
can be written as:

B,, =W, +XS, +ZFe, +2e" (8.4)
where ©X_ is the net oxidation of a redox-semsitive
element X on the Earth’s surface, the most quantitatively
significant of which are sulfur and iron; and Xe™ repre-
sents total oxidation of other minor species, such as H
derived from serpentizination and volcanism. We con-
sider each of the sink terms on the right-hand side in
turn, and ask whether, even during low-oxygen portions
of Earth history, they could collectively balance the
constant, modern levels of organic carbon burial implied
by the carbon isotope record.
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8.4.1. Carbon as a Precambrian Oxygen Sink

Marine burial of organic carbon, as recorded in fm_g, 18
the major oxygen source, but subsequent exposure and
oxidative weathering of this material during uplift or sea
level change is a quantitatively important oxygen sink
(e.g. Hayes & Waldbauer, 2006). Both experimental
(Chang & Berner, 1999) and modeling (Daines et al.,
2016) studies find this rate is dependent on oxygen
concentration in the atmosphere, suggesting the rate
should indeed have been lower in the Precambrian, con-
tributing to an apparently unbalanced oxygen budget.

A decreased rate of organic carbon weathering would,
however, increase the C isotopic composition of rivers,
leading to an overestimate of f _ if assuming modern
values and possibly reconciling the record (Daines et al.,
2016). It is possible to discard the assumption of constant
8. by instead assuming that, because the weathering res-
ervoirs of carbonate and organic carbon are derived
from ancient, uplifted sediments, they are likely to have a
similar isotopic composition on tectonic timescales. One
can then decompose the input flux into its constituent
parts to arrive at an alternative definition of forg not
dependent on 8, :

Jorg = e = (8.5)

Unlike fm,g, which represents the organic proportion of
carbon burial on the seafloor, f* s the organic
proportion of net carbon removal from the Earth sur-

face — that is, the difference between organic weathering
and burial. Given that the isotopic composition of
volcanic inputs has likely not varied over Earth history,
the carbonate record again suggests that oxygen produc-
tion associated with carbon cycling, now in a net rather
than gross sense, has not changed even as oxygen levels
varied by orders of magnitude. At steady state, this pro-
duction must be balanced by net oxidation of sulfur, iron,
or other redox-sensitive elements, the global rates of
which are likely oxygen sensitive. Therefore, regardless of
which interpretation of the carbonate record one prefers,
a fundamental paradox remains.

8.4.2. Sulfur as a Precambrian Oxygen Sink

Sulfur interacts with the oxygen cycle primarily through
biological oxidation and reduction:

SO +2H" > H,S+20, (8.6)

The oxidized form, sulfate, can be removed from the
oceans by precipitation of sulfate minerals, particularly

gypsum in evaporites. The reduced phase, hydrogen
sulfide, can be partially oxidized by various electron
acceptors and precipitate as pyrite. These are the pri-
mary modes of sulfur burial in the ocean, and are
largely balanced by subaerial weathering of the same,
with a minor source from volcanism and hydrothermal
activity. Net burial of pyrite therefore represents a
source of oxygen, while net burial of sulfate minerals
is a sink.

Unlike sulfate minerals, pyrite is isotopically depleted
relative to the seawater sulfur pool due to fractionation
during biological sulfate reduction. As in the carbon
cycle, this allows for a mass balance approach for esti-
mating their relative contributions to burial. The
canonical result is that pyrite accounts for approximately
40% of sulfur burial today (Canfield 2004), with the
remainder assumed to be in evaporite deposits.
Uncertainties in the calculation, and the lack of steady
state in the present day, allow for an average Cenozoicf |
ranging from 10% to 90% (Halevy et al., 2012; Tostevin
et al., 2014). The relative rates of pyrite and evaporite
weathering are also quite uncertain (Burke et al., 2018),
making a net oxygen effect difficult to calculate directly
from observed quantities.

Nevertheless, the Phanerozoic sulfur cycle is most likely
a net sink for oxygen. In theory, the transfer of sulfur
from subaerial gypsum deposits to marine pyrite could
represent a source of oxygen, but evaporite deposits —
highly soluble and subject to inundation — are geologi-
cally short lived, with few quantitatively important
deposits now extant (Holser et al., 1988). A significant
net reduction of sulfur during the later Phanerozoic
would somehow require continuous weathering and
subsequent reduction of massive evaporites accumulated
in the Ediacaran or early Paleozoic, when bedded sulfur
evaporites first appear. Rather, oxidation and burial of
sulfur sourced from Precambrian pyrites, or from mantle
sulfide and sulfite, must represent a net sink for oxygen,
however small.

Under the low-oxygen conditions of the Precambrian,
pyrite was the dominant mode of sulfur removal from
the ocean. The scarcity of Precambrian sulfate evapo-
rites (Evans, 2006), mass balance considerations
(Canfield, 2004), and isotopic evidence for low sulfate
concentrations before the Ediacaran (Halverson &
Hurtgen, 2007) are all consistent with a dominant and
efficient pyrite sink. This may have been due to several
effects, including: abundant substrates for sulfate
reduction given limited competition from oxic respira-
tion (Westrich & Berner, 1984); low rates of sulfide reox-
idation in an oxygen-poor environment lacking vigorous

bioturbation (Canfield & Farquhar, 2009); and increased
availability of iron in a ferruginous ocean (Sperling
et al., 2015).
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Given a predominantly pyritic burial flux, weathering
must also have been dominated by pyrite oxidation. This
implies that weathering and burial were largely a net-zero
redox cycle, with net oxidation of sulfur limited to
oxidation of hydrothermal sulfides to pyrite. Barring
significant changes in hydrothermal flows since the late
Archean (Holland, 2002), the rate of net sulfur oxidation
would have been at or near its theoretical minimum in the
Precambrian, and necessarily smaller than it is today.

8.4.3. Iron as a Precambrian Oxygen Sink

Iron is also redox sensitive. The quantitatively impor-
tant phases in the surface redox cycle are insoluble,
oxidized ferric iron minerals and soluble, reduced
ferrous iron:

4FeOOH +8H* <> 4Fe’* +0, +6H,0  (8.7)

where goethtite, FeOOH, has been used to represent a
suite of possible ferric oxides. Ferrous iron may precipi-
tate from the ocean as a component of pyrite, or in
ferrous phosphate (vivianite), -silicate (greenalite), or
-carbonate (ankerite). The source of iron today is domi-
nated by oxidative weathering of a mixed-valence
continental source, which is transported to the oceans
overwhelming as particulate oxides (e.g. Poulton &
Raiswell, 2004). These oxides are reduced and reoxidized
in sediment, but burial of ferrous phases other than pyrite
are relatively rare. Riverine iron fluxes are an order of
magnitude larger than sulfur fluxes (Burke et al., 2018;
Poulton & Raiswell, 2004; Walker & Brimblecombe, 19853),
suggesting that pyrite cannot play a major role in iron
removal, and therefore the modern iron cycle is charac-
terized by net oxidation.

Precambrian iron burial was almost certainly less oxi-
dized, though quantitative constraints are few. Iron-
depleted paleosols in the Archean and the Proterozoic
are inferred to reflect loss of soluble reduced iron dur-
ing weathering (Rye & Holland, 1999), while higher
rates of pyrite burial (see Section 8.4.2) require addi-
tional burial of reduced iron. Iron speciation data sug-
gests that the deep water column was ferruginous
through most of the Precambrian (Poulton &
Canfield, 2011) and into the Paleozoic (Sperling
et al., 2015), which most likely promoted burial of
reduced iron minerals that are rare in the modern
ocean, such as greenalite or vivianite (e.g. Derry, 2015).
Each observation points to less net oxidation than is
seen today.

A recent study of island arc basalts suggests that the
continental iron source may have been more reduced
before the Phanerozoic (Stolper & Bucholz, 2019). While

this implies increased oxygen loss during Precambrian
weathering, the oxidation of Phanerozoic basalt is argued
to derive from subduction of oxygen-rich surface reser-
voirs, and therefore there is no net change in oxygen con-

sumption — simply a change in locality, from subaerial to
subduction zone.

8.4.4. Other Precambrian Oxygen Sinks

Reducing fluids derived from the mantle act as oxygen
sinks when exposed to surface reservoirs through volca-
nism and hydrothermal activity. The reducing power may
be carried in a number of chemical forms, but hydrogen
derived from fluids or from serpentinization of seafloor
basalt is a representative and quantitatively significant
carrier (e.g. Bach & Edwards, 2003):

2H, +0, <> 2H,0 (8.8)

Today these reductants are oxidized almost immediately;
both hydrogen and its abiotic products, such as methane,
have extremely short residence times in the ocean and
atmosphere (e.g. Olson et al., 2016). Therefore, this sink is
at its maximum possible value, given the rate and redox
state of outgassing.

The redox state of these fluids is unlikely to have been
substantially different from today after the late Archean,
as the mantle redox state stabilized by 3.0 Ga (Li &
Lee, 2004) and craton formation finished by ~2.5 Ga, lim-
iting major changes in the average pressure in hydro-
thermal systems (Holland, 2002). Higher heat flow at
earlier stages in Earth history (Turcotte, 1980) could have
led to increased outgassing rates (e.g. Canfield, 2004), but
also may have limited the formation of slow, cool
spreading centers in which serpentinization occurs today
(Sleep et al., 2004). Furthermore, increased carbon out-
flow also ultimately leads to more rapid weathering rates
(Walker et al., 1981), additional nutrient input, and more
rapid oxygen production (Bergman et al., 2004; Laakso &
Schrag, 2017). In sum, non-sulfur and non-iron reduc-
tants are not likely to have been significantly larger sinks
for O, in the Proterozoic or the latest Archean.

8.5. RESOLVING THE pO, - f, . PARADOX

Each of the major redox-sensitive element cycles —
carbon, sulfur, iron, and hydrogen — are likely to have
been smaller net oxygen sinks during the Proterozoic and
late Archean than they are today. This suggests that the
stable lTow oxygen levels of the Precambrian were only
possible if the oxygen source associated with organic
carbon burial were smaller than today.

One explanation for a shift in oxygen production is that
the total flux of carbon through the Earth’s surface was
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smaller at earlier portions of Earth history (Husson &
Peters, 2017; Lee et al., 2016; Shield & Mills, 2017;
Williams et al., 2019). This hypothesis allows for a smaller
absolute rate of oxygen production while maintaining a
constant burial fraction, f__, consistent with the conven-

» Lorg?

tional reading of the carbon isotope record in carbonates.
However, this hypothesis requires permanently sustained
increases in surface carbon fluxes. There is some evidence
for increased total burial during the Phanerozoic relative
to the Precambrian (Husson & Peters, 2017), but this data
can also be explained by simple erosion rather than
permanent depositional shifts (Keller et al., 2019). There
may have been an increase in carbon input via outgassing
following the Cryogenian glaciations (see Williams
et al., 2019, for discussion), but these do not obviously
show a systematic difference between the poorly oxygen-
ated Proterozoic and the well-oxygenated Phanerozoic.
We therefore take the perspective that total carbon fluxes
have remained roughly constant.

However, as argued by Schrag et al. (2013), the conven-
tional mass balance interpretation of the carbon isotope
record neglects an important mode of burial: authigenic
carbonate. These are carbonate minerals precipitated in
marine sediments, adopting the isotopic composition of
porewater DIC. Porewaters can be significantly isotopi-
cally fractionated relative to seawater, primarily due to
oxidation of depleted organic carbon and methane. When
the oxidation is coupled to reduction of sulfate or iron,
alkalinity increases, leading to supersaturation and
potential precipitation of isotopically depleted carbonate
minerals. Today, such carbonates can have §*C values
depleted by 60%o relative to seawater, though more typi-
cally 10-15%o (Meister et al., 2007; Naehr et al., 2007).

The key characteristic of these carbonates in the con-
text of carbon isotope records is that they do not reflect
the 83C of seawater DIC. We use the term “authigenic
carbonates” to describe these minerals, implying precipi-
tation in the sediment column, but they may also include
early diagenetic recrystallization of primary marine pre-
cipitates that adopt porewater-influenced values (Higgins
et al., 2018), or even seafloor precipitates influenced by
diffusion from below. Any isotopically depleted inorganic
carbon sink will allow for enrichment of the other surface
reservoirs without affecting the oxygen budget. It is well
documented that precipitation of carbonate minerals on
the seafloor declined from Archean to Ediacaran time
(Grotzinger & James, 2000) even as oxygen levels
increased (e.g. Lyons et al., 2014). Motivated by this
observation, we suggest that oxygen-sensitive precipita-
tion of isotopically depleted authigenic carbonate min-
erals leads to a negative feedback that sustains marine
DIC near a constant §°C value. As this isotopic compo-
sition will be recorded in primary marine precipitates that
are much more likely to preserved in well-studied, shallow

water carbonate platforms than authigenic material
(Schrag et al., 2013), the result will be a stable 5"°C record
in carbonates and an apparently constant value of Lo

Precipitation of sedimentary carbonates requires
supersaturation of carbonate minerals in porewaters,
typically associated with higher pH values. This can be
the result of supersaturation in the overlying water
column, or of alkalinity generation during diagenesis
(e.g. Bergmann et al, 2013); both effects are likely
sensitive to the oxygen content of the global ocean.

Today, deeper portions of the water column (thousands
of meters) are generally undersaturated, leading to disso-
lution of carbonate in underlying sediments (e.g. Key
et al., 2004). This is due in part to temperature and
pressure effects, but an additional important control is
the “biological pump”: the sinking and subsequent rem-
ineralization of photosynthetically derived organic
material decreases both pH and carbonate saturation in
the deep ocean. However, a suboxic water column is less
efficient at remineralizing organic material (Van Mooy
et al. 2002), and anoxic water bodies even less so (Kuntz
et al. 2015). As a result, low-oxygen periods of Earth his-
tory were likely characterized by weaker gradients in pH
and carbonate saturation, leading to supersaturation over
large swaths of the ocean floor than during oxygenated
intervals (Higgins et al., 2009). This mechanism may
explain the decline in seafloor precipitates as oxygen
levels rose over the Precambrian (Higgins et al., 2009).
These oxygen-mediated changes in the structure of the
ocean’s saturation state are consistent with modern sea-
floor environments that produce authigenic carbonate
slowly relative to biogenic production (Mitnick
et al., 2018; Sun & Turchyn, 2014). Indeed, our hypo-
thesis requires a reduced role for authigenic carbonates in
the Phanerozoic carbon cycle, consistent with modern
observations of an ocean dominated by primary marine
precipitates.

Furthermore, increases in ocean oxygen concentration,
or in the area of oxygenated sediments, permit more exten-
sive oxic remineralization (e.g. Katsev & Crowe, 2015).
This process generates a low pH lens in the upper sediment
column and limits access to labile organic substrates for
alkalinity generating metabolisms such as iron and sulfate
reduction (Westrich & Berner, 1984), suppressing the car-
bonate saturation state (Bergman et al., 2004). This
combination of effects suggests that that global rate of
authigenic carbonate is likely sensitive to the oxygen
content of the ocean. As argued earlier, oxygen concentra-
tions most likely increase when there is an increase in the
burial of isotopically depleted organic carbon, mediated
by changes in phosphorus supply (Laakso & Schrag, 2017).
The rise in pO, suppresses precipitation of isotopically
depleted authigenic carbonate, as an increase in oxic respi-
ration takes place at the expense of alkalinity generating
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organisms, and reduces the area of carbonate saturated
seafloor by enhancing the biological pump. The net effect
is opposing changes in the total burial of isotopically
depleted carbon phases, with competing effects on the §'*C
of the residual marine DIC pool and suppressed variability
compared to that expected from changes in f| . alone.

8.6. PREDICTIONS OF THE AUTHIGENIC
FEEDBACK HYPOTHESIS

How large a change in organic carbon burial could be
masked in the carbon isotope record by changes in authi-
genic carbonate formation? Following Schrag et al.
(2013), the C isotope mass balance can be expanded to
include burial of authigenic carbonate:

51’11 = (5 - 801‘g )len‘g + (1 - ]rorg )((5 - gamh )»](;llll/l + 5 (] - -faulh ))
(8.9)

Where f  is defined as the authigenic fraction of total
carbonate burial and e is the average isotopic offset of
authigenic carbonate relative to seawater. Here we assume
a constant value of §_; however, if changes in the ratio of
authigenic to primary carbonate affect the probability of
recycling — not implausible given the different environ-
ments in which these form (Schrag et al., 2013) — then riv-
erine inputs may change over time. In this case, the
following arguments are better applied to f* and an
equivalent definition of f* .. 1€, the net of burial and
weathering rather than gross burial (see Section 8.2). The
conceptual argument, however, remains the same.
Solving for f -

auth’

(CR
(1 = f(.)/‘g )8amh

f;zm/l = (8 10)

If we assume, as in the modern, O, ~ 5K, e~ 25%,
and e, ~ 15%o, then seawater DIC and marinaég carbon-
ates can maintain & = 0%o even if f,, 18 zero; this requires
that authigenics make up one-third of all carbonate
burial (Fig. 8.2). Though the conventional mass balance
does not include authigenic carbonate, it is estimated to
account for at least 10%o of modern burial (Sun &
Turchyn, 2014). Therefore, the changes in authigenic pre-
cipitation required to account for even major changes in
organic carbon burial are only on the scale of factors of
two, rather than orders of magnitude.

More generally, we are interested in the conditions
under which the oxygen sensitivity of authigenic
carbon precipitation will mask variability in organic
carbon burial by suppressing changes in seawater §"3C.
We can define the “observed” fm,/g derived from the
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Figure 8.2 Carbon cycle parameters consistent with a steady
state seawater 8"°C value of 0%. The steady state isotopic com-
position of marine DIC as a function of the organic fraction of
total carbon burial (f, ) and the authigenic fraction of car-
bonate burial (f,,,). The blue field shows the set of f,_ and f_,
combinations that yield physically plausible solutig)as, givag;w1
potential variations in the isotopic composition of authigenic
carbonate relative to seawater. The arcs represent a single value
for that isotopic offset, ranging from remineralization-
dominated (¢, = €, , = +25%o) to methanogenesis-dominated

a auth

(e, =-=20%0). € . is fixed at +25%o.

auth or,

marine carbonate as f = (8§ — § )/, . following
equation 8.3. Assuming for a moment that the average
fractionation factors e, and g are roughly stable
near typical modern values of 25%o and 15%o — though
this needn’t be the case for authigenics — we can restate
the authigenic-corrected mass balance 8.9 in terms of

f .. and take the derivative with respect to fm_g:

d(fobs) [1 & ] £ d(f )
e Ry ._J:m” Zauth 1— - auth =" \J auth ) '
(/) e, 1~ 5)—% a(r.,) (8.11)

The first term represents reduced variability in seawater
8"C that results simply from the presence of authigenic
carbonate in the mass balance, though at the estimated
modern value of £~ 10%, this effect will be small. The
second term captures the trade-off between isotopically
depleted authigenic carbonate and isotopically depleted
organic carbon: at steady state, larger f _implies higher
oxygen concentrations, and hence a reduction in f o As
a result, the change in £ is always smaller than the
changeinf ,ie.df /df < 1.(Thiswould not be true if
global authigenic carbonate were isotopically enriched,
e . < 0, which is possible in rare modern settings domi-

auth

nated by methanogenesis.)
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This effect will completely decouple oxygen variability
from the carbon isotope record if d(f, ) = 0, which occurs
when

&
=)
d (f;mrh ) " Eouin (8 3 12)

d (forg ) 1 - fm‘g

d (fuhx ):0

Following the Devonian, oxygen concentrations have
remained consistently higher than in the early Paleozoic
or the Precambrian (e.g. Sperling et al., 2015). This sug-
gests that modern f_ is likely near its historic.al maximum
at 15% (for £, = 10%, €, = 15%o). £ is also small
relative to eorg/eauth’ suggesting that, at least in the later
Phanerozoic, the critical condition can be simplified to:

i(f__/_) o Bos 17 8.13)
d (f org ) (s )=0 Sael

These results are summarized in Fig. 8.3, which shows
the value of seawater 5"°C (8) after changesinf andf .
compared changes with fixed f : these calculations
assume & = 0%o for f = 15%,f . = 10%,and e, = 15%o.

Taking the Paleozoic oxygen increase as an example,
modeling suggests that a four-fold increase in pO, was
induced by a doubling of organic carbon burial (Bergman
et al., 2004), and compiled data on sedimentary organic
carbon content (Stockey & Sperling, 2018) is consistent
with a large increase in organic carbon burial beginning

as early as the Cambrian. Though seawater 513C may
increase somewhat across this transition, carbon isotope
compilations show a much smaller change than would.be
expected purely from a doubling of carbon burial.
Following equation 8.13, suppressing any increase would
therefore require a roughly 3- to 4-fold decrease in authi-
genic carbon through this transition, assuming its isotopi'c
composition did not undergo any drastic change. This
makes a testable prediction for the sensitivity of authi-
genic carbonate precipitation to oxygen levels.- Tlle
response to changes in the biological pump (Higgins
et al., 2009) is necessarily an ocean-scale effect that can
only be studied in a paleoceanographic context. However,
the local effect of O, on alkalinity generation can be
tested through observational studies of modern low-
oxygen settings.

Calcium isotopes provide one test of the hypothesis.
Seawater carbonate precipitates are typically depleted in
#Ca relative to seawater: biogenic calcite and aragonite
have average 8/4°Ca offset of —1.3%o and —1.7%, respec-
tively (Blittler et al., 2012). If such precipitates are the
dominant calcium sink, a steady-state Ca cycle should
yield an ocean enriched by 1-2%o, relative to river inputs.
However, equilibrium fractionation between seawater
and calcium carbonate is approximately 0%o (Fantle &
DePaolo, 2007), and this is realized at the slow formation
rates typical of sedimentary recrystallization and authi-
genic precipitation (Fantle & DePaolo, 2007). As argued
by Mitnick et al. (2018) and Higgins et al. (2018), more
extensive formation of carbonates in the upper, fluid
buffered sediment column will yield a calcium sink that is
more isotopically similar to seawater, depressing steady-
state 5*49Ca in seawater and primary marine carbonates.
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Figure 8.3 Variation in the "°C of seawater and primary marine carbonates (8; colored contours) with changes in

for

and ¢
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and f . Calculations are based on a “modern” steady-state carbon cycle with & = 0%, fOrg =0.15¢,, = 20%o,
\ - 15%o, requiring f, . = 0.098 (Based on Sun, 2014). The black contour shows a constant value of

§ = 0%. The white contours show variations in 8'*C assuming f_, is constant at a value of 0.098.
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Balancing a constant river input against two sinks with
their own average fractionation factors allows us to cal-
culate the sensitivity of 6*/%Ca in seawater and marine
precipitates to changes in the authigenic fraction of
global carbonate precipitation:

A Cm) s s 13 @19
— ©auth mar 1t )
d (/fuulh )

where € is the average calcium isotopic offset between
seawater and a carbonate phase; we have assumed
el =-1.3% and 53 =0%. As an example, consider
the Paleozoic oxygenation discussed previously, during
which oxygen levels increase in the Silurian and/or
Devonian with a possible peak in the Carboniferous (see
Krause et al., 2018, for a recent summary). According to
our hypothesis, maintaining a constant value of seawater
6"C requires f_ to fall from ~25% to ~10%. Following
equation 8.14, the 8*%°Ca of primary marine carbonates
should increase by 0.2%o0 across the Paleozoic oxygen
event. This is consistent with observations, which show
an increase of 0.7%o from the Devonian to the late
Carboniferous (Bléttler et al., 2012). The effect we have
described here is too small to explain the entire signal;
other factors, notably a change in the dominant miner-
alogy of marine precipitates almost certainly played a
role (Blattleretal., 2012; Farkasetal., 2007). Nevertheless,
a decrease in authigenic carbonate precipitation during
the Paleozoic oxygenation can explain both the relatively
small signal in 83C and an apparent rise in §*#Ca that is
not repeated during subsequent oscillations between ara-
gonite- and calcite-dominated periods of the record
(Bléttler et al., 2012).

This hypothesis also predicts substantial changes in the
scale of authigenic carbonate deposition, which might be
directly observable. A major challenge to making such
observations is that, by definition, it assumes that the
observed carbon isotope record is dominated by marine
carbonates, and that the predicted authigenic carbonates
are not well observed. This requires that the authigenic
carbonates precipitated in sediments that are consistently
undersampled (Schrag et al., 2013). Given that authigenic
carbonates are most likely to precipitate in organic-rich,
oxygen-poor sediments with rapid rates of sulfate and
iron reduction, it is possible that they occurred in anoxic
Neoproterozoic slope sediments (Sperling et al., 2015)
that are less likely to be included in 6"*C compilations than
thick, shallow-water carbonate platforms. We therefore
predict that Precambrian carbonates found as a minor
phase in deeper water, organic carbon-rich shales should
be isotopically depleted relative to platform carbonates
and may bear calcium and magnesium isotope signatures
characteristic of authigenic precipitation or early diage-

netic recrystallization (Higgins et al., 2018). A recent com-
pilation of clastic-hosted carbonates (Canfield et al., 2020)
did find evidence for remineralization-influenced diage-
netic carbonates across the later Neoproterozoic. While
promising, the data does not contain any changes in the
sign of the isotopic offset across any major perturbation.
Furthermore, the authors conclude that, if the concentra-
tions and isotopic compositions they observe are repre-
sentative, authigenic precipitation is unlikely to have had a
substantial effect on the global carbon mass balance.
While an important first step, this data represents a hand-
ful of sites of varying depositional setting; additional
samples will be necessary to further test the hypothesis,
with a more systematic emphasis on organic-rich deep
water formations. More extensive sampling may be even
more important for Proterozoic clastic sediments if overall
organic matter burial was more limited and primary
production was more limited by nutrient availability
(Laakso & Schrag, 2018). In the modern ocean, high pri-
mary production leads to a broader distribution of
organic-rich sediments, such that many clastic sediments
have significant organic matter content. This would not be
true in the Proterozoic, if primary production was much
more limited, focused in locations with phosphorous
inputs. This implies a more uneven distribution of organic
matter and hence authigenic carbonate.

8.7. CONCLUSIONS

We propose that the §3C of seawater DIC is controlled
by an oxygen-sensitive rate of authigenic carbonate pre-
cipitation, which both explains the constancy of car-
bonate 8"°C over time and decouples this value from the
rate of organic carbon burial. This resolves the apparent
paradox of constant oxygen generation across time
periods characterized by enormous changes in oxygen
concentration. However, it suggests that the carbon iso-
tope record is not a simple record of oxygen cycling.

This hypothesis also has implications for periods of
earth history when the carbon isotope record is not close
to its “average” value of 0%o. Periods of extended enrich-
ment, such as the Lomagundi excursion of the
Paleoproterozoic or the Ediacaran, may be explained in
part by net oxygen generation, but may also record periods
of enhanced authigenic burial. Similarly, the massive neg-
ative excursions of the Neoproterozoic and Cambrian
could represent some combination of organic carbon
oxidation, local emplacement of depleted authigenic car-
bonate, or off-shore precipitation of enriched authigenic
carbonates. Identifying reliable means of disentangling
these effects remains a major challenge. Advances in
petrography (Husson et al., 2015) and calcium and
magnesium isotope analysis (Blattler et al., 2015) are
promising, but testing any new hypothesis will likely
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require expansion of carbon isotope records to unconven-
tional deeper water settings that are poorly preserved and
suffer from poor stratigraphic control. Nevertheless, the
inclusion of authigenic carbonate in carbon isotope mass
balance suggests new solutions to a number of major
problems in biogeochemical cycles over Earth history.
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