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Increased Stability in Carbon Isotope
Records Reflects Emerging
Complexity of the Biosphere

Martin Schobben* and Bas van de Schootbrugge

Department of Earth Sciences, Utrecht University, Utrecht, Netherlands

Preference for certain stable isotopes (isotope fractionation) during enzyme-mediated
reactions is a universal aspect of life. For instance, carbon isotopes are fractionated
during anabolic (e.g., photosynthate production) and catabolic (e.g., methanogenesis)
reactions. These biological processes exert a major control on ambient micro-scale
chemical conditions as well as the large-scale exogenic carbon reservoir. Combined
with the ubiquity of bio-mediated carbonate mineral nucleation and obligate enzymatic
skeletonization, these biochemical reactions and their control on the exogenic
carbon pool are known to leave distinct imprints on carbonate minerals which
accumulate as sediments throughout Earth’s history. Here, we study the evolution of
the marine carbonate-carbon isotope record based on database compilations from
the Precambrian and the Phanerozoic. By looking at the frequency distribution of
the amplitude of stratigraphic variation at various temporal resolutions, we assess
trends in the carbonate-carbon isotope variability. Part of this variation can only
be explained by authigenic and diagenetic carbonate mineral additions, which carry
metabolic carbon isotope signatures created in the vicinity of cells and secluded
(sub-)seafloor micro-environments. It can be envisioned that compartmentalization
(membrane enclosed regions), the accumulation of extracellular polymeric substances
(biofilms), and restricted fluid exchange in the early diagenetic environment can create
sharp isotope gradients that lead to a high-order of micro-scale carbon isotope
variability being imprinted in carbonate rock. The frequency of the high-amplitude
variation diminishes with the development of more complex life (metazoan-dominated
biosphere); presumably through the dispersing action of bioturbation (eradicating
these micro-environments), increased grazing pressure and the advent of obligate
biomineralization. On the other hand, stark chemical gradients in a world dominated
by unicellular life (prokaryotes and to a lesser extent eukaryotes) are thought to
leave a distinctly more variable C isotope signature in carbonate rock. An enhanced
understanding of the biogenicity of carbonate carbon isotope signatures at multiple
spatial and temporal scales provides a baseline that is usable in the search for signs
of (past) extraterrestrial life.

Keywords: carbon cycle, microbial carbonate, diagenesis, biosignatures, bioturbation, evolutionary innovation,
biofilms, biomineralization
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INTRODUCTION

Global marine deposits of carbonate minerals constitute the
largest archive of past and present activity by life on Earth
(Skinner and Jahren, 2003). Although carbonate precipitation
can occur purely abiotically (Arp et al, 1999; Ridgwell,
2005), in today’s oceans; foraminifera, coccolithophorids and
pteropods in the open ocean, and corals and mollusks
in shallow-water environments, are responsible for virtually
all carbonate production (Knoll, 2003; Skinner and Jahren,
2003; Sarmiento and Gruber, 2004). The connection between
organisms and carbonate deposits becomes more obscure with
increasing age, as skeletonized parts become scarce prior to the
Cambrian (Grant, 1990; Grotzinger et al., 1995, 2000; Knoll and
Carroll, 1999; Valentine et al., 1999; Wood et al., 2002; Knoll,
2003; Porter, 2010; Darroch et al., 2018; Mehra and Maloof, 2018;
Vaziri et al,, 2018). It thus follows, that large portions of the
carbonate archive were produced by a different carbonate factory.

Many microbes (bacteria and archaea) may induce
precipitation of carbonate minerals in the immediate vicinity
of their cells as a side product of their metabolic activity
(Pentecost and Spiro, 1990; Merz, 1992; McConnaughey and
Whelan, 1997; Dupraz and Visscher, 2005; Visscher and Stolz,
2005). These bio-mediated carbonate precipitates can form
within the water column, on the seafloor, and potentially deep
underground within pore spaces of buried sediments; and
they accumulate in marine sedimentary stacks that form in a
broad spectrum of environments, ranging from the deep sea
to the intertidal zone (Webb, 1996; Riding, 2000; Mackenzie
and Andersson, 2011). Precipitation of carbonate minerals in
the presence of microbes is thought to be triggered by changes
in the inorganic carbonate chemistry through organic matter
decay and enzymatic reactions (e.g., carbon fixation by carbonic
anhydrase) (Pentecost and Spiro, 1990; Merz, 1992; Thompson
and Ferris, 1992; Pentecost and Franke, 2010; Bundeleva et al,,
2014), or by overcoming energetic barriers through the removal
of surface inhibitors (e.g., magnesium and phosphate) and
the growth of organic templates (Reitner, 1993; Vasconcelos
et al, 1995; Arp et al., 2003). Field observations in modern
aquatic environments have had a large focus on bio-mediated
carbonate precipitation within dense microbial mats consisting
of stratified layers of exopolymeric substances (EPS) that
host a range of microbes from different metabolic groups
(e.g., oxygenic photosynthesizers and anaerobic heterotrophs)
(Visscher et al., 2000; Dupraz and Visscher, 2005; Visscher and
Stolz, 2005; Glunk et al., 2010). Laboratory experiments on
cultures of cyanobacteria as well as members of aerobic and
anaerobic bacteria have generated several species-specific models
of bio-mediated carbonate precipitation, which implicate the
combined action of metal ion adsorption (Ca?*, Mg?*, and
Fe2t) on microbial cell surfaces (and EPS) and alkalinization
of the extracellular fluid by metabolic activity, and thereby
locally change the saturation state in favor of carbonate
mineral precipitation (Sanchez-Roman et al., 2008, 2014;
Bundeleva et al., 2014).

The literature and nomenclature on bio-mediated carbonate
precipitates is vast, and terms like; “microbially controlled,

-mediated, -induced and -influenced,” are often used to reflect
the degree of control of the organism over precipitation. In
this study, we restrict ourselves to one term: “bio-mediated
carbonate precipitation.” This is based on the notion that these
bio-mediated reactions are distinct from the metabolically
costly process of “enzymatic skeletonization,” where nucleation,
crystal growth and termination is actively controlled by
ion transport across membranes, intracellular vesicles, and
organic templates. The hard parts produced by this enzymatic
process provide mechanical properties beneficial for the
survival of the organism (e.g., protection and structure)
(Marin et al, 1996, 2000; McConnaughey and Whelan,
1997; Vermeij, 1977; Westbroek and Marin, 1998; Knoll,
2003). Nonetheless, certain forms of bio-mediated carbonate
precipitation appear to be more intimately connected with
the organism’s physiology; e.g., carbonate nucleation by
cyanobacteria could be beneficial for the cell-internal proton
balance (McConnaughey and Whelan, 1997). Combined with the
observation that cell-internal calcification might exist in some
cyanobacteria species, and the frequent independent appearance
of enzymatic skeletonization in the evolutionary history of life
(Merz, 1992; McConnaughey and Whelan, 1997; Knoll, 2003;
Pentecost and Franke, 2010; Benzerara et al., 2014), this notion
supports our conservative classification into “bio-mediated
carbonate precipitation” and “enzymatic skeletonization” as
end-members for a Precambrian prokaryote-, and a Phanerozoic
metazoan-dominated biosphere on a broad spectrum of possible
calcification pathways.

By contrast to the relatively young fossil record of enzymatic
skeletonization, palaeontological evidence of bio-mediated
carbonate precipitates is arguably as old as ~3,800-3,500 Ma
(Archaean), and points to the antiquity of this type of biological
control on carbonate deposition (Allwood et al., 2006; Lepot
et al., 2008; Nutman et al., 2016). Both macroscopic sedimentary
structures known as microbialites (e.g., mounds, thrombolites,
and stromatolites) and sedimentary textures (e.g., tufa, peloids,
and fenestra) have been classified as ancient bio-mediated
carbonate precipitates (Pope and Grotzinger, 2000; Riding,
2000). The most iconic are the stromatolites, commonly
viewed as the lithified remnants of microbial mats, and with
potential modern analogs in Shark Bay (Western Australia)
and Highborne Cay (Bahamas) (Arp et al, 2001; Dupraz
and Visscher, 2005; Andres et al., 2006). However, the extent
of biological control on the precipitation of some of these
old carbonate structures and textures has been questioned,
where structures either consist of sediment particles trapped
by microbial mats, and others might lack any interference by
microbes at all (Grotzinger and Rothman, 1996; Grotzinger and
Knoll, 1999; Pope and Grotzinger, 2000; McLoughlin et al., 2008;
Allwood et al., 2018). On the other hand, field observations and
culture experiments suggest that some bio-mediated carbonate
precipitates may be merely pore-occluding diagenetic cements
and small aggregates (Folk, 1993; Vasconcelos et al., 1995;
Webb, 1996; Sanchez-Roman et al., 2008), which could easily
go undetected in the rock record with conventional methods
(i.e., descriptive sedimentology and petrography). Combined
with the notion that calcification seems to intrinsically link
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to certain physiologies (McConnaughey and Whelan, 1997),
these cryptic bio-mediated carbonate precipitates might be
of more widespread importance in both space and time
than often assumed.

Geochemical techniques offer an alternative means to
determine the link of carbonate mineral deposits with (cryptic)
bio-mediated carbonate precipitation. Enrichment patterns of
certain trace elements and isotopes in the crystal lattice are
connected to microbial activity, which affected the ambient
micro-environment of carbonate precipitation (e.g., Andres
et al., 2006; Heindel et al., 2012; Birgel et al, 2015; Sforna
et al., 2017). The lack of physiological control on bio-mediated
carbonate precipitation can be envisioned to result in carbonate
mineral assemblages with a heterogeneous chemical composition
forced by a range of metabolisms and microhabitats as well
as gradients in solutes, metal cycling and high organic carbon
(OC) turnover rates in microbial mats and (sub-)seafloor
environments (Blair et al., 1985; Merz, 1992; Des Marais and
Canfield, 1994; Arp et al., 1999, 2001; Visscher and Stolz,
2005; Andres et al., 2006; Fike et al., 2008; Sforna et al,
2017). On the other hand, variation in the physiological control
on bio-mediated carbonate precipitates can result in chemical
signatures that directly record the extracellular environment, or
more passively reflect the physiologically altered (sub-)seafloor
micro-environments that host the organism (Irwin et al,
1977; Mackenzie and Andersson, 2011; Birgel et al, 2015;
Schobben et al., 2017).

Carbon isotope composition of bulk carbonate and calcareous
skeletons is used to trace variation in the oceanic dissolved
inorganic carbon (DIC)-C isotope composition, where
fluctuations are dictated by the fluxes in- (weathering,
metamorphism and volcanic C) and out (C burial) of the
system on geological timescales (> 100 ky) (Kump, 1991; Dickens
et al., 1995; Kump and Arthur, 1999; Veizer et al., 1999; Zachos
et al.,, 2001; Prokoph et al., 2008). Enzyme-mediated reactions
induce carbon isotope fractionations, where the usage of the
light '2C isotope is energetically more-favorable during carbon
fixation (O’Leary, 1988; Farquhar et al, 1989), leaving the
residual DIC pool more-enriched in the *C isotope. On long
geological timescales (>100 ky) a surplus (or deficient) burial
of OC can drive the DIC-C isotope composition of the ocean
to higher (or lower) values, which is passively imprinted in bulk
carbonate and calcareous skeletons as large-scale stratigraphic
carbon isotope trends (Garrels and Lerman, 1981; Kump, 1989,
1991; Kump and Arthur, 1999; Veizer et al., 1999). By contrast,
in the confined spaces close to the filaments of cyanobacteria
13C-enriched fluids associated with photosynthesis are more
directly recorded in carbonate minerals formed by simultaneous
bio-mediated carbonate precipitation (Pentecost and Spiro,
1990; Merz, 1992; Schidlowski et al., 1994; Guo et al., 1996).
Reversely, the oxidation of reduced carbon (OC and CHy)
introduces again '2C-enriched carbon to the DIC pool, and can
as well be recorded by bio-mediated carbonate precipitates as
a direct snapshot of the ambient chemical state (Reitner et al.,
2005; Andres et al., 2006; Vasconcelos et al., 2006; Meister,
2013). There are two important modes by which these metabolic
carbon isotope signatures incorporate into the sediment stack;

(1) as ongoing dissolution-recrystallization of metastable
primary carbonate precipitates with depth after burial (also
known as early diagenesis), where both reactions operate in
more-or-less equilibrium (Busenberg and Plummer, 1989;
Fantle and DePaolo, 2006, 2007; Mackenzie and Andersson,
2011), and (2) as authigenic carbonate additions which can
be regarded as encrusting and void-filling precipitates, where
precipitation dominates the reaction balance (Reitner, 1993;
Schidlowski et al., 1994; Webb, 1996; Riding, 2000). Both
processes of metabolic carbon isotope imprinting on carbonate
rock can be envisioned to have been controlled to varying
extents by microbes inhabiting the seafloor and sediment. This
can either occur directly by providing sites of nucleation on
organic templates and alkalinization of fluids in the vicinity
of cells (e.g., Sanchez-Romdan et al, 2008, 2014), or more
indirectly by changing the chemical conditions (e.g., pH, total
alkalinity and DIC) of porewater in the sediments where
exchange with seawater is restricted (Berner et al., 1970; Irwin
et al, 1977; Mackenzie and Andersson, 2011; Schrag et al,
2013; Cui et al, 2017; Schobben et al., 2017). Hence, such
carbonate carbon isotope signatures have been employed
to make inferences about the microbes and metabolism
associated within bio-mediated carbonate precipitates of modern
environments and ancient rock samples (e.g., [rwin et al., 1977;
Andres et al., 2006; Heindel et al., 2012, 2013; Meister, 2013;
Birgel et al., 2015).

Metabolic carbon isotope signatures in (especially cryptic)
bio-mediated carbonate precipitates might be a more prevalent
component of conventional deep time bulk rock-based carbon
isotope records than often acknowledged (Knauth and Kennedy,
2009; Schrag et al., 2013; Schobben et al., 2016; Cui et al,
2017). Metabolic carbon isotope signatures will, however, be
dampened during the incorporation in the sediment stack
by ongoing dissolution-recrystallization reactions and as
respiratory carbon mixes with DIC derived from seawater
(Schobben et al., 2017). More so, independent constraints
on ancient marine chemistry are often lacking. Fortunately,
bio-mediated carbonate precipitates might be signified by
inherently more spatial heterogeneity (see above), which
can be further modulated as a function of the intensity
of sediment reworking by biota and grazing of microbial
mats. This should result in a more spatially and temporally
variable bulk-rock carbon isotope record with shifts at
confined stratigraphic scales superimposed on long-term
(>100 ky) trends driven by the carbon cycle (Schobben
et al, 2017). Here, we examine how predominant such
stratigraphic-confined (<100 ky) metabolic carbon isotope
signatures are in Earth’s carbonate archive throughout different
stages of Earth’s history. We use database compilations to explore
in which ways the amplitude and frequency of small-scale
stratigraphic carbon isotope variation changed in conjunction
with the development of Earths biosphere. By separating
carbon isotope signatures forced by the global carbon cycle
from metabolic carbon isotope signals, our approach will
provide a baseline which can be employed to determine the
biogenicity of carbonate mineral deposits on Earth and elsewhere
in the universe.
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MATERIALS AND METHODS

Isotope Notation

Absolute variation in the abundance of the heavy *C is not
easy to measure; as such the ratio of the heavy and light
isotope (1*C/!2C) is obtained by isotope ratio mass spectrometry.
Subsequently these molar abundance ratios (Ry) are reported
relative to a known reference material (Rs) in the delta notation
(3) as “parts per thousand’ (%o),

Rx
be= (5 — 1) x 1000 (1)

S

The data used in this study is sometimes reported against the
reference standard PDB (Pee Dee Belemnite), whereas younger
studies used today’s VPDB (Vienna PDB)-scale, calibrated against
the certified reference NBS 19. Values from both scales are
virtually identical, and carbon isotope measurements have had
a precision of better than 0.1%o (2sd) over the last decades. We
use subscripts to denote the material or compositional deviations
(e.g., carb is bulk carbonate rock). The main interest of this study
is the sample-to-sample 3'3C,y, differences from studies on a
single stratigraphic sequence (outcrops or cores),

13 13 13
A Cped—to—bed = d Cupperfbed — 8 Clower—bed (2)

where the A'3Cpeq_to—peqd denotes the 3'*C,p, compositional
difference of a limestone bed (or layer) relative to the underlying
bed. By application of this approach, we attempt to filter-out
813Carp, oscillations driven by the carbon cycle from published
carbon isotope data-sets, with the notion that metabolic carbon
isotope signatures are superimposed on these long-term trends
as stratigraphic-confined C isotope shifts (i.e., bed-to-bed).

Data Collection

Published bulk-rock carbon isotope data has been collected
for four different time windows; (1) the Neogene-Quaternary,
(2) the Permian-Triassic, (3) the Ediacaran, and (4) some of
the oldest known records that span a long interval of the
Precambrian. As a first selection criterion, we circumvented
inclusion of 8'3C_,y, that has been equilibrated in the presence of
terrestrial-derived OC in the meteorically influenced diagenetic
zone. Decay of this terrestrial OC leads to '3C-depleted DIC being
incorporated in cements and replacive carbonate minerals, as a
de facto “metabolic signature” under our definition (Brand and
Veizer, 1981; Knauth and Kennedy, 2009). Meteorically driven
diagenesis is a prevalent feature of Quaternary platform and
periplatform carbonate and has been related to high amplitude
sea level changes during glacial-interglacial cycles (Melim et al.,
2002; Swart, 2008), whereas such differential diagenetic impact
on shallow versus pelagic carbonate 3'3C seems absent during
greenhouse intervals (Bachan et al, 2017). In our attempt to
establish a baseline to evaluate the metabolic imprint of carbonate
in relation to a prokaryote- and metazoan-dominated world,
the dependence on climatic forcing of meteoric diagenesis,
could add substantially more noise to the A'3Cpeq_io—ped
record, and is therefore avoided. The latter criterion is,

however, constrained to our current state of knowledge on
deep time climate.

Neogene and Quaternary bulk-carbonate 3'*C values are
from deep water Ocean Drilling Program (ODP) study sites (see
the Supplementary Information files for sources). By selecting
data from these pelagic drill sites we avoid records that could
be influenced by meteoric diagenesis. The selection of deep
water sites is also favored as these records are less-prone to
encompass large sedimentary breaks (Sommerfield, 2006). As
a last step, we divided sites of the Neogene-Quaternary time
bin according to water depth (above or below 3,500 m) on the
premise of deposition relative to the carbonate compensation
depth to assure a better comparison with older, predominant
shallow water carbonate facies. This follows the notion that
biological processes dominate over thermodynamic carbonate
transformations at shallower depths (Milliman et al., 1999;
Jahnke and Jahnke, 2004; Sarmiento and Gruber, 2004). The
abundance of pelagic sediments older than the Cretaceous
decreases to almost negligible quantities due to ongoing
destruction of oceanic plates at subduction zones preventing
the study of pelagic 8!3C,y, records in older time intervals.
To mitigate inclusion of meteorically altered samples from
Permian-Triassic sequences we focused solely on a data-set
including boundary profiles situated in Iran (Schobben et al.,
2017). These carbonate deposits accumulated on isolated
carbonate platforms in the middle of the Tethys ocean (a
vast ocean basin that existed throughout the Palacozoic and
early Mesozoic; Muttoni et al., 2009) faraway from continental
influences (Ghaderi et al., 2014; Leda et al., 2014). In addition,
no obvious signs of exposure to subaerial conditions during
the early phases of carbonate rock stabilization, such as
palaeokarsts, have been observed in this region (Schobben
et al., 2017). The Permian-Triassic boundary is peculiar in
that the sedimentation style changed from a skeleton- to
microbial-dominated carbonate matrix, a possible consequence
of the environmental and ecological destruction associated with
the end-Permian mass extinction (Wignall and Twitchett, 1996;
Baud et al., 1997). In order to address the potential effect of this
carbonate sedimentological turn-over on 8B Cearb variability,
the data-set is split in a pre- and post-extinction sample set.
The chance that §'°C.,, signatures from decaying terrestrial
organics alters the original signal becomes increasingly small
for pre-Devonian time intervals—before extensive terrestrial
ecosystems developed—although bryophyte, fungal- and
prokaryote-dominated terrestrial ecosystems might have existed
before that time (Gray, 1985; Horodyski and Knauth, 1994;
Wellman et al.,, 2003; Mills et al., 2018). Moreover, carbonate
813C and $!80 co-variance has been interpreted as evidence
for a terrestrial biosphere with a noticeable imprint on the
carbonate record back to 850 Ma (Knauth and Kennedy, 2009).
To account for this possible meteorically steered C isotope
resetting we subdivided the Ediacaran sample set in proximal
and distal localities of the Doushantuo and Dengying Formations
(see the Supplementary Information files for sources). These
formations were deposited on the Yangtze Block on top of the
cap carbonate of the Cryogenian, with a roughly deepening of
sedimentary environments toward the southeast of the terrane
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(Zhu et al., 2007). The Precambrian (excluding the Ediacaran)
carbon isotope data-set is extracted from the “Precambrian
marine carbonate isotope database: Version 1.1” (Shields and
Veizer, 2002). Carbon isotope data of this database is filtered
and split into two sets. One set contains only samples older than
1,000 Ma, and younger than 1,600 Ma, and thereby represents the
Mesoproterozoic; a time period often assumed to be of relative
stasis in terms of biotic development (dominated by prokaryotes
and to lesser extents eukaryotes) and climatic conditions
(Planavsky et al., 2015). The second set contains all other values,
and thereby encompasses carbonate rocks deposited during
ice-house conditions of the Cryogenian (Sturtian and Marinoan
glaciations) (Evans, 2000) and possibly the Palaeoproterozoic
(Huronian glaciations) (Evans et al,, 1997). This subdivision
is useful as it cannot be completely discounted that shallow
carbonate deposits, and corresponding carbon isotope imprints,
vary in a more systematic manner during icehouse-intervals as
opposed to greenhouse worlds, even in the absence of a terrestrial
OC flux (Swart, 2008; Bachan et al., 2017). As a result of the
scarcity of complete stratigraphic carbon isotope transects, this
data-set covers a very broad temporal range as well as lumps data
from several stratigraphic units and different geographic regions.
This, in contrast, to the Ediacaran and Permian-Triassic data-
sets, where data aggregation was limited to single formations
and sites from geographically restricted areas. In Sections “Data
Processing” and “The Effect of Sedimentation Rate Changes on
Carbon Isotope Variability” we will explore whether inclusion
of such disparate data-sets with different degrees of sampling
resolution, stratigraphic coverage, and sedimentary continuity
might bias conclusions drawn from A'3Cpeq_to_peq Variation
in this data-set.

Data Processing

The philosophy behind the applied data processing protocol
is that variation at different stratigraphic resolutions would
have been forced by different mechanisms, with high amplitude
813Capt, variation at the lower-end of stratigraphic resolution
tracing microbe-controlled ambient chemical conditions,
and differences at the higher-end would be the result of
long-term operating of the carbon cycle. Hence, processing
of the data-sets follows a simple routine, where first the
A Ched—to—bed Variation (following Equation 2) is extracted,
whilst adhering to stratigraphic superposition. Subsequently, the
obtained A'3Cped_to_peq is filtered according to the bed-to-bed
distance (or age difference), obtaining three size variation
bins; small (distance < 25 c¢m; or time < 25 ky), intermediate
(25 < d < 100 cm; or 25 < t < 100 ky), and large (d > 100 cm;
or t > 100 ky) (Figure 1). The oldest three time windows lack
precise age models and are reported as the distance between
the stratigraphic horizons. In the latter definition, an average
time resolution of 1 ky per 1 cm is considered (median net
accumulation rates of carbonate deposits from a 10-100 m
sequence) (Sadler, 1981), which would be the combined effect
of sedimentation rates, sedimentary gaps and compaction after
burial, and thereby allowing a rough comparison of bins with
either dimensions in distance or time. Usage of time dimensions
for the youngest bin is favored, as those sediments had a shorter

burial history, and net accumulation might deviate from the
older bins. The simplifications adopted here are acceptable since
the objectives involve broad over-arching patterns at different
ends of the spectrum of A®*Cpeq_to_ped Variation through time.
Moreover, the conservative low accumulation rate considered
here is more likely to dampen the frequency of high amplitude
A Cled—to—bed Variation at the small sample spacing bandwidth,
than to increase them.

The sampling resolution and total stratigraphic coverage
for individual studies varies considerably. This discrepancy
may therefore skew the obtained frequency distributions for
A3 Ched—_to_bed variation, where the total A*Cpeq_to_ped range
might be a reflection of the sampling resolution and total
stratigraphic coverage. In order to mitigate misrepresentation
through the variable sampling resolution and total stratigraphic
coverage, we applied a subsampling approach where a sliding
window with a bandwidth of 1,000 cm (or 1,000 ky) is
routinely applied to obtain a fixed set of the A'3Cpeq_io—ped
variation at each of the bandwidths (small, intermediate, and
large). The interquartile range (IQR) of A3Cped_to_peq for
each subsampling iteration of the stratigraphic sequence is
recorded, yielding an average IQR for each time window with a
corresponding confidence interval (Figure 2).

Numerical Calculations of Whole Ocean

Carbon Isotope Changes

In order to evaluate the nature of A'Cpeq_(o_beq Variation
at different stratigraphic bandwidths, we approximate changes
in the DIC-C isotope composition of the whole ocean by
numerically solving simple mass-balance calculations in a steady
state 1-box model (cf. Kump, 1991; Kump and Arthur, 1999). The
steady state assumption is valid for long timescales in respect to
the residence time of 100 ky of carbon for the exogenic reservoirs.
Noting, however, that the residence time might have been longer
during past intervals—a consequence of fundamentally different
carbon cycling (Bartley and Kah, 2004; Ridgwell, 2005; Payne
et al,, 2010). In this model, carbon is transferred from the
ocean to the sediments, either as carbonate (F,) or as organic
matter (Forg), and enters the ocean through the weathering flux
from the continent and mantle-released CO, (Fi,) (Figure 3).
Changes in the total carbon reservoir (M) can then be written
as the expression:

dM

a =

(Fcarb + Forg) (3)

The fluxes in- and out of M also have the capability of
altering the reservoir’s isotope composition (8y), where
Fip is characterized by an isotope value 8j, that is usually
lower than 8y and close to the mantle value of —5%o
(Derry and France-Lanord, 1996; Kump and Arthur, 1999)
(Figure 3). The isotope composition of carbonate mineral
sedimentation is almost equal to 8y, as there is no appreciable
fractionation during carbonate precipitation (Emrich et al,
1970), albeit that the fractionation slightly deviate for different
carbonate minerals and polymorphs (see section “The Impact of
Sedimentary Noise on Carbon Isotope Variability”). On the other
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FIGURE 1 | Scaled frequency distributions of A8 Cped—to—bed, Variation for different time intervals and filtered for several bandwidths relating to stratigraphic and
temporal resolution of the sampled transects. The dashed line represent the maximum attainable variation in 813C4, forced by a two times modulation to lower and
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hand, *C discrimination (e; expressed in per mil) during organic
matter production is large, causing sedimentary organic matter
to be on average 30%o lower than coeval carbonate (Hayes et al.,
1999). Although € is assumed constant here, the biologically
induced fractionation can vary considerably between organisms
and can be affected by environmental factors (Rau et al., 1997;
Hayes et al., 1999). The composition of the carbon reservoir then
changes according to the following isotope mass balance:
W =F inain -
dt
These two equations (3 and 4) can be rewritten by application
of the product rule of calculus to explicitly solve for the factors
that influence the isotope composition:

(Fin Bin — M) _ﬂ:outf)
M

(FcarbSM + Forg M+ 6)) (4)

ddm
dt

In equation 5 we assume that OC burial is a fraction of the total
flux out of the system (Forg = fFout). Note also that only the fluxes
with an isotope value different than 8y causes a change in the
isotope composition of the reservoir. Reservoir and fluxes sizes as
well as their isotopic composition are taken from Arthur (2000).

(5)

This model configuration was used to gauge the maximum
change of )1 over time periods of 25, 50, and 100 ky (which relate
to sample spacing bandwidths: small, intermediate and large of
Figure 1), by imposing an imbalance to the steady state situation
as a 100% increase (and decrease) in f from the starting value of
0.2 (cf. Hayes et al., 1999; Kump and Arthur, 1999). The change
in f was initiated at 1 ky, and the change in 8); at ty relative
to tg yields cut-off values, which are depicted as vertical dashed
lines in Figure 1. Note that the assumptions for bandwidth
assignment are based on low median accumulation rates (see
section “Data Processing”) and that the numerical solutions
represent maximum cut-offs for A®*Cpeq_to_ped Variation. This
approach is thus a conservative approach to approximate the
extent of carbon cycle induced modulations of §!*Cc,yp,, where
actual 83Cpjc oscillations are likely to have been smaller in
amplitude and longer duration (i.e., lower rate of change).

The Effect of Sedimentation Rate
Change on Carbon Isotope Variability

In a second exercise we explored the effect of sedimentary gaps
within stratigraphic sequences on A'*Cpeq_to_ped Variation at
different stratigraphic bandwidths. This was done by generating
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FIGURE 3 | Schematic representation of the biogeochemical carbon cycle with thick-lined boxes representing the major C reservoirs on Earth: the atmosphere,
ocean and sedimentary record. The thin-lined boxes represent internal partitioning within these larger C reservoirs. Fi, is represented by metamorphism, volcanic
outgassing and weathering (and episodically methane hydrate dissociation). The flux out of the atmosphere/ocean system is represented by OC burial (Forg) and
carbonate burial (Fgarp). Biology and physicochemistry is the sum of carbon fixation, OC remineralization, carbonate precipitation, and carbonate dissolution, which
exchanges C between the ocean-internal dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), particulate organic carbon (POC) and carbonate
mineral pools.

a virtual 1 My $13C time series (Figure 4A), which records two
simulated perturbations of 3y by modulating f with a 100%
increase relative to the starting value of 0.2, and a subsequent
equivalent decrease (relative to the starting value). This time
series was, in turn, converted to stratigraphic height (cq. depth)
by application of a hypothetical age-depth model (Figure 4B).
The age-depth model contains variation in sedimentation rate
attributed to a virtual sedimentary gap imposed by a third-order
sea-level fluctuation (frequency: ~1/10° y), where the initial
accumulation of the carbonate platform was set at 2.5 cm ky ™ (cf.
Sadler, 1981), briefly approaching 0 cm ky™ at the discontinues
surface, and after 200 ky sedimentation commences again at the
starting rate (i.e., renewed installment of a carbonate factory).
We use median net accumulation rates of carbonate deposits
(see section “Data Processing”) instead of actual sedimentation
rates in this approximation, as it accounts for the reduction
in thickness by compaction and small-scaled unconformities
(Sadler, 1981). A spline interpolation was used for generation of
the curve. Subsequently, interpolations were generated multiple

times (n = 100) with slightly varying positions of the hiatus
(Figure 4C), resulting in a range of age-depth models with
cumulative sediment piles that range from 10-30 m (net
accumulation rate of 1-3 cm ky~; cf. section “Data Processing”).
The age-depth models were then used to convert the virtual
1 My 3'3C time series to dimensions of height. In a final step,
the set of 8'*Ce,p records were subsampled whilst mimicking
the random nature of sampling during a field campaign (ie.,
varying the sampling resolution throughout the transect). This
exercise serves as a null model for 8'3C_,, records influenced
by sedimentation rate changes, where the frequency distribution
of AP¥Cped—to—bed Variation are plotted according to the same
protocol as Section “Data Processing” as frequency distributions
for the different sample spacing bandwidths (Figure 4D).

Computations

The differentials are integrated with the R package deSolve
(Soetaert et al.,, 2010) on the open-source platform R (R Core
Team, 2018). This document was generated in Rmarkdown
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FIGURE 4 | (A) Randomly simulated timeseries of carbon cycle perturbations. (B) Age model for the simulated stratigraphic series with a sedimentary hiatus (with
runs to exemplify the different simulations, real number of runs is 30). (C) The same simulated 3'3Cq1, Sequence but plotted as height and distorted by sedimentary

hiatus-distorted stratigraphic 313Cearp series.

rate changes forced by a third-order sea-level fall and subsequent rise. (D) Scaled frequency distribution of A13Cpeq_to—peg Variation for multiple simulations of

[knitr: Xie, 2014, 2015, 2018, and kfigr: Koohafkan (2015)] and
data processing and visualization was aided by the R packages:
ggplot2 (Wickham, 2009), gridExtra (Auguie, 2017), gtable
(Wickham, 2016), stringi (Gagolewski, 2019), tidyr (Wickham
and Henry, 2018) and dplyr (Wickham et al., 2018). The library
marelac (Soetaert and Petzoldt, 2018) and the package seacarb
(Gattuso et al., 2019) were used for marine chemical data and
carbonate chemistry calculations, respectively.

RESULTS AND DISCUSSION

Frequency Distributions of Bed-to-Bed

Carbon Isotope Variability

The compiled A'®Cped_(o—ped data (Figure 1) show that variation
is distributed around a mean (heavy-tailed distribution; see
Supplementary Figure S1) that is consistently close to zero
throughout Earth’s history. The same aggregation of data
also depicts clear differences in the width of the frequency
distribution curves over time, where the oldest two time windows
(pre-Ediacaran and Ediacaran) show the broadest spread over

all three sample spacing bandwidths (small, intermediate, and
large). Proximal sites of the Ediacaran display the largest
scatter in A'®Cpeq_to—bed ON stratigraphic most-confined scale
(d < 25 cm), whereas the reverse is observed for A Cped_to—bed
variation at large sample spacing (d > 100 cm). By contrast,
the intermediate bandwidth produces almost equal-shaped
frequency distribution curves for both the distal and proximal
sites. The differences between distal and proximal sites of the
Ediacaran is, however, small compared to the overall large
ABCled—to—bed spread, suggesting that a potential influx from
land-derived organics on bulk rock 3'°C stabilization is of
minor importance. A reduction in A'®Cpeq_to_ped Variability is
observed for the Permian-Triassic at all bandwidths, where a
larger 8'3C,y, spread can be discerned for the post-extinction
microbial dominated world. This pattern hints toward an impact
of the extinction event on A'3Cped—(o—bed variability. The
smallest variation in A'Cpeq_to—bed can be observed in the
compilation of ODP core data, where there is no distinction
possible in relation to water depth. Note also, that the spread
of the data increases with successively larger bandwidths. The
same pattern of decreasing stratigraphic-confined carbon isotope
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variability with time is produced when applying a subsampling
approach (Figure 2), excluding the assertion that the sampling
strategy dictated the observed signals to a large extent.

Temporal Constraints on Global Carbon
Cycle-Induced Carbon Isotope Variations

Bulk rock carbonate carbon isotope records are inferred to track
variation in the isotope composition of the ancient DIC pool
over time (Scholle and Arthur, 1980; Shackleton and Hall, 1984).
By imposing an imbalance in the steady state 1-box model,
we can simulate the effect of a carbon cycle reorganization
on 3y (or 8BCpic) (see section “Numerical Calculations
of Whole Ocean Carbon Isotope Changes” and Figure 3),
and thus put constraints on the maximum ACpeq_io—ped
variation per bandwidth. A parameter presumed as a primary
driver of 8'3Cpjc excursions is the amount of buried organic
matter (f), which relates to marine productivity or the OC
burial efficiency (Arthur et al, 1988; Kump and Arthur,
1999). With the exception of dramatic events, such as massive
volcanism at the Permian-Triassic boundary (Renne et al., 1995)
and methane clathrate dissociation at the Palaecocene-Eocene
boundary (Dickens et al., 1995), which inject large quantities
of 13C-depleted carbon into the exogenic carbon cycle, f can
be envisioned to induce recurring 813Cpjc variation on long
timescales (Hayes et al., 1999). In such formulations, it is assumed
that weathering, metamorphism and volcanic outgassing remains
virtually constant in terms of mass and isotope composition
(Shields, 2017). Opposing visions have been proposed, where
unroofing and weathering of distinct packages of strata could
change 3;y,, but long-term tectonic driven changes of organic-rich
shale versus carbonate weathering are again unlikely and mute
variation in 8, (Derry and France-Lanord, 1996). For some
of the dramatic Phanerozoic carbon isotope excursions, such
as the Mesozoic Ocean Anoxic Events (with durations of
>100 ky), f modulations with a ~50% increase have been
proposed (Arthur et al.,, 1988; Kump and Arthur, 1999). The
largest carbon isotope fluctuation of Earth’s history; the ‘Shuram
excursion’ (Grotzinger et al., 2011), with 8B Cearb decreasing with
~12%0 in respect to the background values (and a duration
of 25-50 My), has been reconciled with a 60% lowering of f
(Shields, 2017). Similarly, Hayes et al. (1999) concluded, based
on a paired organic matter—carbonate 3'3C record corrected
for variation in ¢, that f has not likely changed more than
a factor of four over the last 800 My (and unfolding over
multi-million year timescales). Based on these considerations,
we choose a 100% modulation of f (in both the positive
and negative direction, with a near-instantaneous perturbation;
section “Numerical Calculations of Whole Ocean Carbon Isotope
Changes”) as an maximum estimated rate of change to gauge
whether A3 Cped—_to_ped variation for each of the bandwidths can
conceivably be explained by steady state whole ocean C isotope
changes. These cut-off values are depicted as vertical dashed
lines in Figure 1.

Neogene-Quaternary ABCped—to—bed variation falls within
the calculated maximum attainable whole ocean deviations,
based on modulations of f (Figure 1). The ‘middle Miocene

Monterey carbon isotope excursion’ is one of the more extreme
carbon isotope fluctuation (~0.5%¢ higher 8*Cc,) of this
time window with superimposed 400ky variation, inferred to
relate to a fluctuation in f of ~25% over a multi-million year
interval (Vincent and Berger, 1985; Corfield and Cartlidge, 1993;
Derry and France-Lanord, 1996; Holbourn et al., 2007). The
systematics of this time window therefore suggest that carbonate
rock 813C follows seawater 8'3Cpjc, and that A3 Cped_to_bed
deviation is likely caused by reorganizations of the global-scale
biogeochemical carbon cycle. This proof of concept supports
extrapolation of this approach further back in time.

The most notable result for the older time windows is
that all of them contain ACped_to_beq variation that are
not readily explained by steady state evolution of the carbon
reservoirs (Figure 1). This is especially true for all of the
bandwidths with a narrow sample spacing (d < 100 cm).
Alternative scenarios relating to non-steady state dynamics,
intrinsic variation of sedimentation and the sedimentary archive,
the multi-component nature of bulk rock, and ambient chemical
conditions during lithification, must be invoked to explain these
deviations in AP Cped_to_bed (See below). Moreover, considering
the prevalent high atmospheric CO, state—and thus large
oceanic DIC reservoir—during most of the older studied time
intervals suggest that the resistance of the system to change must
have been even higher (Kump and Arthur, 1999; Arp et al., 2001;
Bartley and Kah, 2004; Payne et al., 2010). Adopting a marine
carbon reservoir size from the Quaternary ice house state for
the calculated cut-off values can therefore be used a conservative
measure to gauge the nature of A3Cpeq_o_peq Variation. Thus
an even larger fraction of the variation might not follow
813C systematics as dictated by the global C cycle. However,
flux sizes could also have waxed and waned in conjunction
with the DIC reservoir size through time and/or some carbon
sinks (e.g., authigenic carbonate) might have been overlooked,
dampening again the resistance of marine DIC to C isotopic
perturbations (Schrag et al., 2013; Shields, 2017), justifying our
conservative approach.

Non-steady State Dynamics and Carbon

Isotope Variations

An often cited mechanism for extreme negative deviations in
813Cart, as observed in the Neoproterozoic (e.g., the Ediacaran
Shuram excursion; Figure 2) is a non-steady state mechanism,
whereby a large recalcitrant dissolved organic carbon (DOC)
reservoir is partly oxidized. In this model formulated by Rothman
et al. (2003), the ocean DOC reservoir of the Neoproterozoic is
assumed unusually large compared to modern levels (100 times
larger). When invoking this scenario to explain the Ediacaran
Shuram excursion (with a duration of 25-50 My), the oxidant
demand posed by the oxidation of such a large DOC pool would
strip the atmosphere’s O, at present levels within 800 ky (Bristow
and Kennedy, 2008). Although it seems difficult to reconcile
this model with the duration of long-term §'*C,y, trends (i.e.,
the Shuram excursion), it could be compatible with deviation
in A¥Cped—to—bed at small stratigraphic scales throughout the
Ediacaran Doushantuo and Dengying Formations (i.e., the
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Ediacaran data-set). One critical point in this scenario is,
however, the difficulty of spatially separating the pools of reduced
C (DOC) and oxidants. A state; which should then be episodically
perturbed to cause mass oxidation of the DOC pool in order to
introduce *C-depleted C to the DIC pool. Even though ocean
mixing might have been sluggish during some intervals, physical
constraints put an upper limit of several thousand years on the
ocean mixing time, which is maintained either through seawater
cooling and sea-ice brine expulsion at high latitudes or elevated
evaporation and increased salinity at subtropical latitudes
(Hotinski et al., 2001; Zhang et al., 2001). The haline mode
of circulation is more sluggish but also highly unstable (Zhang
et al., 2001). A possible scenario would entail that the DOC pool
grows in a sluggish ocean, whilst episodic thermal-controlled
ocean mixing ventilates the ocean, causing transient events of
DOC oxidation. These transient events could haven transferred
to the carbonate archive as a more variable carbon isotope signal
(i.e., increased occurrence of higher amplitude A'3Cped—to—ped)-
Unfortunately, a lack of high-resolution climate records for
these ancient time intervals makes it impossible to test such
scenarios. Climate data is limited to broad temporal patterns
which suggest phases of low- and mid-latitude glaciation
during the Cryogenian (Sturtian and Marinoan glaciations)
(Evans, 2000) and possibly the Palaeoproterozoic (Huronian
glaciations) (Evans et al., 1997). Note, that the difference between
the two subsets with- and without icehouse intervals of the
pre-Ediacaran data-set is only marginal (Figure 1), and might
even suggest larger ABChed—to—bed at intermediate stratigraphic
scales for the latter subset. Evidence for cold climatic stages
and possible transitions to more invigorated ocean turnover
in the Mesoproterozoic, Ediacaran and Permian-Triassic are
ambiguous, and are generally viewed as warm intervals (Wignall
and Twitchett, 1996; Evans, 2000; Planavsky et al., 2015). So,
while a possible DOC-driven broadening of the A'®*Cped_to—ped
spectrum cannot be completely ruled out, it is unlikely within the
current state of knowledge.

Catastrophic '*C-depleted carbon release (on intervals shorter
than the residence time of carbon in the ocean/atmosphere
system) has been forwarded to explain negative excursions in
the Phanerozoic §'Cy,y, record. For example, negative 3'3C,y,
excursions recorded in carbonate and organic compounds
of the Palacocene-Eocene boundary and Triassic—Jurassic
boundary have been connected with the dissociation of
methane hydrate deposits (Dickens et al,, 1995; Ruhl et al.,
2011). Introduction of methane to the global carbon reservoir
with a 83C of —60% is sufficient to perturb global 313 Cprc
with several per mil, whilst only mobilizing a fraction of the
global methane hydrate reservoir. Although these events
would be dramatic and short-lived, compatible with at
least some of the spread in A'3Cpeq_io_peq Vvariation, the
regeneration of the methane hydrate reservoir will not
exceed the OC burial flux (Figure 3) (Kvenvolden, 2002).
Hence, recurring events of methane hydrate dissociation are
difficult to reconcile with the frequency of high amplitude
ABChed—to—bed Vvariation in especially the shorter time
windows (<1.5 My duration of the Permian-Triassic
window: Figure 1).

There are several other processes that act on timescales
much shorter than the residence time of carbon in the exogenic
reservoirs, and closer to the ocean mixing time (<1 ky). For
example, changes in pH and alkalinity affect 8'*Cpjc through the
specific equilibrium fractionation associated with the different
dissolved inorganic carbon species (Zhang et al., 1995). Transient
oceanic pH changes have potentially occurred in the geological
past, and are related to rare catastrophic CO; injections (Honisch
et al,, 2012). The rarity of these events combined with the
limited impact of a CO, rise on the well-buffered ocean, of
conceivably not more than one unit on the pH-scale (Caldeira
and Wickett, 2003; Tyrrell and Zeebe, 2004; Honisch et al., 2012),
and less than one per mil deviations in §'3Cpic (Figure 5;
Zhang et al., 1995), can only explain a minor portion of
the A®Cped_to—ped Variation at any given interval. The same
empirically derived function for the equilibrium fractionation
between DIC and CO; in the air (epic—g) does, however, show a
strong dependence on temperature (Figure 5; Zhang et al., 1995).
If indeed this temperature relationship can alter the C isotopic
composition of oceanic DIC, it could potentially explain some
of the AP Cped_to—bed variance, when one envisions dramatic
fluctuations in sea-water temperature on short timescales. The
latter is difficult to evaluate as this temperature dependence of
313Cprc is again a function of atmosphere-ocean equilibration
and ocean circulation, which, in turn, abides to temperature and
pCO; (Galbraith et al., 2015).

Alternatively, surface water primary productivity is known
to create a depth gradient of 813Cpic, where C fixation by
photosynthetic organisms causes successive '>C-enrichment of
the remaining DIC, and settling organic particles at depth

€pic—g (%c VPDB)

6.5 7.0 75 8.0 85

FIGURE 5 | Calculated equilibrium fractionation, after Zhang et al. (1995),
between DIC and CO in the air (thin dashed lines), based on the
concentrations of aqueous carbon species, and epc—g, based on an
empirically derived relationship (thick lines). Values are plotted over pH and
temperature ranges representative for aquatic environments. Note, that the
empirically obtained epjc_gare only plotted for fCOg‘ values in the range of
0.05 and 0.2. The vertical stippled lines depict the predicted range of pH
change over the last 100 My (Tyrrell and Zeebe, 2004).
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remineralize, causing the bottom water DIC pool to be depleted
in 3C. This biological pump, in conjunction with ocean
circulation and atmosphere-ocean exchange of C, maintains
a dynamic equilibrium between $13Cpic of deep- and surface
water (Hsti and McKenzie, 1985; Rampino and Caldeira, 2005;
Galbraith et al.,, 2015). Changes in primary productivity, ocean
circulation, and atmosphere-sea exchange of CO; can therefore
alter the difference between 8>Cpjc of the surface water and
bottom water. The aforementioned example of a dynamic
equilibrium operates on a restricted spatial scale, and therefore
can conform to geographically distinct 8'3Cpjc of the water
column. Spatially differential 813Cpic and carbonate mineral
deposits are, for instance, known from distinct water masses
and basins. For example, Holbourn et al. (2007) showed in a
compilation of the middle Miocene that §!°C,y, of the South
Pacific is 0.5%0 higher than coeval values of the northwestern
sector of the Pacific. The most famous case of a wholesale
productivity collapse, e.g., as advocated for the aftermath of
the mass extinction at the Cretaceous—Palaeogene boundary, is
also known as a “Strangelove ocean,” and had been connected
with a distinct C isotope imprint in the sediment record (Hsii
and McKenzie, 1985). This scenario has been largely discounted
subsequently as a certain degree of OC transport to the ocean
floor must have persisted to prevent the ocean DIC-C isotope
composition to have plummeted to values equal to the riverine
(8in) value (Kump, 1991 and section “Numerical Calculations
of Whole Ocean Carbon Isotope Changes”). However, scenarios
of a reduced OC sinking flux and increased atmosphere-sea
exchange of carbon under greenhouse conditions might have
induced a dampening of the 1-2%c 8!3Cpjc depth gradient
(D’Hondt et al,, 1998; Galbraith et al., 2015). Again, the most
extreme cases with several per mil change only occur over long
time-intervals (Kump, 1991) and are therefore incompatible with
large amplitude A'3Cyeq_to_peq Vvariation at the lower-ends of
stratigraphic resolution.

The Impact of Sedimentary Noise on

Carbon Isotope Variability
Carbonate carbon isotope variation can as well be an expression
of factors intrinsic to the mineral assemblage, sedimentary
environment and subsequent lithification of the sediment pile.
For example, the carbonate archive consists of a wide spectrum of
carbonate minerals and polymorphs (e.g., calcite and aragonite)
which all adhere to a specific thermodynamically controlled
C isotope fractionation during formation under equilibrium
(Rubinson and Clayton, 1969; Grossman, 1984a; Romanek et al,,
1992; Jimenez-Lopez and Romanek, 2004). Hence variation in the
predominant carbonate minerals and polymorphs accumulating
through time, as a consequence of a changing depositional setting
or large-scale ocean chemistry, changes could therefore explain
part of the here identified A'>Cpeq_to_bed Variation (e.g., Swart,
2008). However, these equilibrium isotope fractionations can
only account for ~1 per mil of variation, if one would consider
a 100% change in mineralogy from bed-to-bed.

A second source of intrinsic 3°C variation of the
carbonate archive links to the summed effect of primary

and authigenic metastable carbonate mineral stabilization by
dissolution-recrystallization in the early diagenetic domain,
and is a principal aspect of this study. The alteration of the
carbonate record does, however, not stop after early diagenetic
stabilization, and with successive burial the sediment pile can
be subjected to increasing pressure and temperature (e.g.,
Urey, 1947). A recent study by Bernard et al. (2017) has
reinvigorated the debate on the effect of burial diagenesis and
solid-state diffusion on the 3'®0 composition of calcareous
skeletons. In this experiment foraminifera test subjected
to high temperatures in an attempt to simulate the burial
environment were shown to re-equilibrate to varying degrees
at fine spatial scales with the surrounding fluid. Albeit an
important observation, the effect is likely of less importance
for inducing small-scale variation in C isotope composition
of carbonate, based on several observations: (1) diminishing
reactivity of coarsened carbonate crystals during early diagenetic
recrystallization might effectively shield the minerals for
further alteration during deeper burial (Banner and Hanson,
1990), (2) the temperature dependence of equilibrium C
isotope fractionation during carbonate precipitation is small
(Emrich et al., 1970), and (3) as opposed to the early diagenetic
environment with relatively labile OC sources and strong
gradients in solutes, the deep burial environment lacks
large and spatially variable allochthonous carbon sources
(Banner and Hanson, 1990).

Lastly, the fundamentally incomplete geological record,
with gaps ranging from grain boundaries to unconformities
(Barrell, 1917; Sadler, 1981; Dott, 1983), raises the question
whether the A'3Cpeq_io_peq Variation might be an artifact of
the lack of stratigraphic completeness. A predominant factor
in stratigraphic completeness of carbonate deposits is water
depth and the accommodation space of the sedimentary basin,
which is influenced by sea-level change and tectonics. The
waxing and waning (i.e., the frequency) of sea-level occurs at
timescales ranging from multi-million to thousands of years
and from high-amplitude change (up to 200 m), by the
growth and decay of continental ice sheet, to low-amplitude,
by continental groundwater storage/discharge and thermal
expansion/contraction of seawater (Jacobs and Sahagian, 1993;
Miller et al., 2005).

Considering this notion of completeness, we set-up an
experiment to deduce the effect of a third-order sea-level
fluctuation (frequency: ~1/10° y) on A'3Cpeq_to_peq Variation
(see section “The Effect of Sedimentation Rate Changes on
Carbon Isotope Variability” and Figure 4). In this scenario it is
assumed that a third-order sea-level cycle has a high probability
of interrupting the average sampled sequence [i.e., which consists
of one or two formations with a (multi-)million year duration].
The results of this exercise (‘a null model’: Figure 4D) shows
that A®Cpeq_to_bed Variation at small stratigraphic scales are
likely not amplified by a lack of stratigraphic completeness. This
null model serves best to approximate the effect of lumping
ABChed—to_bed from records that do not always overlap in
time, such as for the pre-Ediacaran time window. Admittedly
there are many more processes at multiple temporal scales
that can disturb sedimentary continuity (e.g., reworking and
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dissolution) then the here postulated influence of third-order
sea-level changes. As a general rule, stratigraphic completeness
of a section becomes more compromised when smaller time
scales are subject of investigation (Sadler, 1981), as such increased
noise in A'3Cpeq_to—bed could be an apparent signal caused
by this effect. Nevertheless when comparing A*Cpeq_to_bed
from all time windows (Figure 1), we see an increased or
comparable amount of variation with increasing bandwidth.
This pattern cannot be reconciled with this inverse relation
of stratigraphic resolution and completeness. Clearly more
rigorous tests are required in the future, which introduce
different aspects of the noisy sedimentary record. Nonetheless,
we conclude that this exercise serves as a useful first attempt to
assess the potential influence of stratigraphic completeness on

13
A Cped—to—bed-

Carbon Isotope Variability and the
Evolution of the Biosphere

Our deductive assessment of potential drivers behind
stratigraphic-confined carbon isotope fluctuations stipulates
the need for involving the nature of the isotope recorder—the
diagenetically stabilized end-member of a multi-component
carbonate mineral assembly. A subset of large amplitude
ABChed—to_bed Variation in the older time intervals are not
readily corroborated with the presumed default functioning
of the global carbon cycle, rare non-steady state dynamics,
mineralogy and the incompleteness of sedimentary records.
Large amplitude carbon isotope fractionation, however, is an
integral aspect of enzymatic reactions (i.e., kinetic reactions),
and the products of these enzymatic reactions are isotopically
distinct from the global marine $13Cpic signature (e.g., Rau
et al., 1997; Hayes et al., 1999). Besides this dichotomy in 3'3C
composition of organic and inorganic carbon, several other
prerequisite are needed to funnel such metabolic C isotope
signatures directly into the carbonate archive (as opposed to
long-term evolution of marine 3'*Cpic driven by the carbon
cycle). One such aspect is the creation of micro-environments;
e.g., a cell-membrane can create a solute that is distinct from
its ambient surrounding. Together enzymatic reactions and
compartmentalization (membrane enclosed regions), can create
physiologically controlled gradients which can be amplified
by reduced effective diffusion rates and high metabolic rates,
such as occurring in microbial mats. Microbial mats consist
of microbial communities which secrete gel-like exopolymeric
matrices, or biofilms, which are signified by steep gradients
in, e.g., oxygen, sulfide, and light, but also in, for instance,
13C isotope (Arp et al,, 1999, 2001; Visscher and Stolz, 2005;
Andres et al., 2006). Furthermore, metabolic carbon isotope
signatures imprinted on DIC have been shown to arise from
restricted water mass exchange in terrestrial aquatic systems
(Bade et al., 2004). As an analog, the diagenetic environment
with restricted water mass replenishment, and ongoing decay
of organic matter with depth, can act as a conduit which creates
metabolic $3Cprc signatures that can end-up in diagenetic
carbonate precipitates via dissolution-recrystallization reactions
(Irwin et al., 1977; Schobben et al., 2017). Hence these notions

are a viable alternative to induce spatially and temporally
restricted C isotope scatter, which outweighs other mechanisms
in their maximum attainable amplitude (Schobben et al., 2017).
Moreover, such metabolic C isotope signatures have already
been proven to be of significance for modern and ancient bulk
rock and bio-mediated carbonate deposits (Andres et al., 20065
Birgel et al., 2015; Cui et al, 2017). The question, however,
remains to what extent these signals have persisted and evolved
over Earth’s history in conjunction with the evolution of
life (Figure 2).

Microbial mat communities exhibit spatial and temporal
heterogeneity of the microbial populations, arranged based
on their metabolism (e.g., photoautotrophs, aerobic, and
anaerobic heterotrophs and chemolithotrophs) (Visscher and
Stolz, 2005), thereby potentially serving as a catalyst for a
highly diverse palette of 8!>C signatures. Furthermore, the same
microbial mat communities can induce carbonate precipitation
(Arp et al, 2001; Dupraz and Visscher, 2005; Visscher and
Stolz, 2005), thereby providing a means of capturing these
diverse $!3C signals. Hence ABChed—to—bed Vvariation can
be envisioned to be an emergent property which emanates
from this micro-scale heterogeneity, where local physical and
biological aspects steer the isotope variation in microbial mat
communities. The demise of abundant stromatolites already
before the Ediacaran (Awramik, 1971; Walter and Heys, 1985)
might seem contradictory to the notion of heterogeneous
microbial mat communities and associated C isotopic variation,
as the amplitude of stratigraphic-confined A'®Cped_to_bed
variation increases during the Ediacaran (Figure 2). The
advent of faunal grazing has been linked to decline of
abundant stromatolites, as stromatolites nowadays occur in
harsh environments (hypersaline and high temperature) where
grazers are excluded (Walter and Heys, 1985). Note, however,
that microbial carbonate build-ups do not completely disappear
but seem to change in fabric to predominantly clotted forms
without internal lamination (thrombolites; Arp et al., 2001).
It has therefore been proposed that this turn-over reflects a
change in the ocean’s carbonate chemistry; notably increasing
Ca?t concentrations (Arp et al, 2001). As an alternative
viewpoint, the rapid development of the biosphere in the
Ediacaran (Butterfield, 2007) and a more effective biological
pump, aided by fecal pellet production and an overall size
increase of organisms (Logan et al., 1995; Butterfield, 2009,
2018; Payne et al., 2009; Meyer et al., 2016), might all have
increased spatial and temporal 8!3C_,y, heterogeneity. In this
scenario A3 Cpeq_to_ped variability relates to the early diagenetic
environment, where the patchy distribution of accumulated
organic matter and (sub-)seafloor microbial communities
control the C isotope trajectory imprinted on pore-occluding
cements and recrystallized precipitates. Indeed Cui et al. (2017)
uncovered '3C-depleted diagenetic cements in bulk rock from the
Ediacaran Doushantuo Formation (South China), which these
authors related to episodic enhanced anaerobic oxidation of
methane by microbes.

On the opposite end, there is also the need to explain
why these metabolic §!*C signatures, in turn, diminish over
the Phanerozoic, and are completely absent in the later
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parts of the Cenozoic. Differently phrased: what erased this
variability from the 3'3C record? Certain key biological
and ecological innovations occurred across Earths history,
which have been inferred to have drastically impacted the
chemistry of the ocean and the sedimentary archive (Knoll,
2003; Zeebe and Westbroek, 2003; Hazen et al., 2008; Meyer
et al.,, 2016). Notably the transition into the Phanerozoic saw
the radiation of metazoans and the gradual infaunalization
of benthic organisms, which began to steer and irrigate
sediments more effectively (Canfield and Farquhar, 2009;
Tarhan et al, 2015). Combined these aspects are known
as bioturbation and refer to the displacement of particles
by animals (sediment mixing) and flushing of burrows for
respiratory and feeding functions (bio-irrigation) (Kristensen
et al., 2012). Both factors dampen spatial variability of organic
matter in sediments through dispersion and more-effective
remineralization of organic matter in the surface layers.
Enhanced dispersion of OC can then lower the spatial
and temporal variability of the §!*C record that would be
incorporated in diagenetic precipitates (Schobben et al., 2017).
Extensive reworking of the sediment by biota only occurred
later in the Palaeozoic (Tarhan et al., 2015), an observation
compatible with enlarged A'>Cpeq_tob—_beq Variation in the
Ediacaran and subsiding scatter in the later Phanerozoic 313Carb
record (Figure 2).

The advent of obligate enzymatic skeletonization from
the Late Ediacaran onward would have successively added
calcareous skeletons to the sediment. These skeletons would
have mainly formed above the sediment-water interface with
a virtually unrestricted pool of DIC and thus with limited
813Cearp variability. Note, however, that infaunal calcifiers do
contribute to the sediment record as well, and skew this
inference by incorporating porewater $!°Cpjc that may poorly
reflect contemporaneous oceanic values (Grossman, 1984a,b;
Fontanier et al., 2006, 2008). And, although, often assumed to
be precipitated in close equilibrium with marine DIC, yielding
particularly smooth 8§!'3C,g, stacks (e.g., Zachos et al., 2001),
heterogeneity in $'3C.,p at small spatial scales have been
found in calcite and aragonite produced by deep-water corals,
brachiopods and foraminifera (Spero and Williams, 1988; Adkins
et al, 2003; Auclair et al., 2003; Blamart et al., 2005). This
variation is thought to be induced by; pH variation in the
intracellular calcification fluid, growth rates, ontogonetic stages,
respiratory CO, and symbionts, and are collectively known as
‘vital effects.” The cumulative scattering of these micro-habitat
and vital effects imposed on A'3Cpeq_iob—bed from carbonate
predominated by enzymatic skeletonization is hard to judge at
this stage, but seems to be of marginal importance in the current
compilation (Figure 1).

The decline A3Cpeq_tob_bed Variation in the Palaeozoic
might therefore relate to more extensive bioturbation, faunal
grazing, and possibly larger contributions from calcareous
skeletons, or a combination of all those factors. The importance
of these factors is further enforced by comparing the pre- and
post-extinction record of the end-Permian mass extinction,
where there is a return of higher amplitude A'®Cped—o—bed
(Figure 2). This extinction event marks the most drastic

post-Cambrian biodiversity decline and has been linked to
reduced sediment mixing (Wignall and Twitchett, 1996) and
a turnover from skeleton- to microbial-dominated carbonate
deposits (Baud et al., 1997). These turnovers have been
reconciled with higher internal C isotope variability of
post-extinction carbonate rock, yielding a noisier 33Cyy
record (Schobben et al., 2017).

The sustained drop in the amplitude of §'3Cc,y variation
when moving to the Cenozoic can be attributed to significant
biological events in the Mesozoic (Figure 2). Firstly, bio-
mediated precipitates decline from the Triassic onward (Webb,
1996). Secondly, this change has been connected to biological
radiation of pelagic calcifiers (planktonic foraminifera and
coccolithophorids) that exerted a primary control on the
carbonate chemistry, inducing a lowering of DIC and Ca**
concentrations (Arp et al., 2001; Zeebe and Westbroek, 2003;
Ridgwell, 2005). Besides reducing the potential for bio-mediated
carbonate precipitates to develop under less-carbonate saturated
conditions, this turnover spawned another increase in calcareous
skeleton production. As exemplified by the above example,
these biological and ecological innovations could have been
intrinsically linked, and it is therefore tempting to encapsulate
the change in the A¥Cpeq_to_bed amplitude to a developing
biosphere. Considering the long delay in the development
of more “complex” life on Earth (for reasons not yet fully
understood), this state of highly variable §!*C of the carbonate
archive might have persisted over a long time interval. Future
studies could focus on better refining the temporal and spatial
trends in A3Cpeq_to_pbeq Variation, by high-resolution (cm-
scale) sampling of Precambrian rock sequences, which is only
marginally represented in the currently used database, and by
comparative studies of coeval bioturbated and un-bioturbated
strata in Phanerozoic strata or modern environments. If indeed
these large-scale patterns of spatially and temporally confined
carbon isotope variability reflect on underlying biological
processes, they may also serve as a baseline to establish
the biogenicity of carbonate deposits. The search for life on
other planets could potentially be aided by looking for such
emergent properties of microbial life. The latter is furthermore
advantageous, as the C cycle on extraterrestrial worlds might
be different, but metabolic steered isotope fractionations and
concomitant spatially restricted 8!°C variability might be a
more universal aspect of carbonate deposits in a prokaryote-
dominated world.

CONCLUSION

Broad-scale stratigraphic trajectories of changes in the C isotope
composition of the marine carbonate archive are a focal point
for palaeontological, palaeo-environmental and stratigraphic
studies. Much less emphasis is placed on stratigraphic-confined
813Cearp fluctuations (bed-to-bed), which are often discarded
as mere outliers and noise. By analyzing a comprehensive C
isotope data-set capturing discrete time windows of the last ~2.5
billion year, and highlighting the multi-component nature of bulk
carbonate samples, we show that stratigraphic-confined 3'3C,y,
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fluctuations are most convincingly explained by microbial
metabolic activity captured in authigenic and diagenetic
mineral additions. Stratigraphic-confined C isotope variation
was measured as bed-to-bed C isotope differences at varying
bandwidths (ranging from less than 25 c¢cm to more than
100 cm). A subset of pre-Cenozoic A'*Cpeq_o—bed Variation
is not easily reconciled with normal operating of the global-scale
biogeochemical carbon cycle, based on steady-state box model
calculations. Furthermore, the amplitude of the obtained
A3 Ched_to_bed Variation exhibit a decreasing trend over Earth
history, which are highest during the Precambrian and start
to fall over the Phanerozoic. An exception to this trend is the
return of A¥Cped_to—bed in the extinction aftermath of the
end-Permian biotic crisis, which eliminated many metazoan
taxa. No other convincing mechanism (i.e., non-steady state
behavior of the C cycle and stratigraphic incompleteness) then
the smoothing effect of a developing biosphere can give a
satisfactory explanation for the aforementioned features of
the long-term A'3Cpeq_to—bed record. In this scenario it is
envisioned that a prokaryote-dominated biosphere is linked
to heightened spatial diversity in authigenic and diagenetic
C isotope signal incorporation, fueled by a diverse set of
metabolic pathways in conjunction with compartmentalization
(membrane enclosed regions), elevated metabolic rates and
reduced diffusion rates in biofilms, as well as restricted water
mass exchange in a heterogeneous diagenetic environment.
The eradication of these (sub-)seafloor micro-environments
was initiated with the development of a metazoan-dominated
biosphere (in the post-Ediacaran) that actively stir sediments,
graze upon the substrate, but potentially also the advent
of obligate calcification (e.g., corals, mollusks, foraminifera,
and coccolithophorids). Although this scenario is an initial
assessment of the A13Cpeq_to_peq Variation, and it is not possible
to delineate with certainty which biological and ecological trades
cause (or erase) A'3Cpeq_to_bed variation, it highlights the
need for alternative approaches to extract palaeontological and
palaeo-environmental information from the carbonate archive.
Such advancements might also be useful in the search for life
on other planets, as isotope fractionations during metabolic
reactions are likely a universal aspect of life. Hence variability
in the isotope chemistry at confined spatial scales of carbonate
rock might be a more widely applicable signature for life.
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