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carbonates without increasing the global
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In the past 3 billion years, significant volumes of carbonate
with high carbon-isotopic (δ 13 C) values accumulated on shallow
continental shelves. These deposits frequently are interpreted
as records of elevated global organic carbon burial. However,
through the stoichiometry of primary production, organic carbon
burial releases a proportional amount of O2 , predicting unrealistic rises in atmospheric pO2 during the 1 to 100 million year-long
positive δ 13 C excursions that punctuate the geological record.
This carbon–oxygen paradox assumes that the δ 13 C of shallow
water carbonates reflects the δ 13 C of global seawater-dissolved
inorganic carbon (DIC). However, the δ 13 C of modern shallowwater carbonate sediment is higher than expected for calcite
or aragonite precipitating from seawater. We explain elevated
δ 13 C in shallow carbonates with a diurnal carbon cycle engine,
where daily transfer of carbon between organic and inorganic
reservoirs forces coupled changes in carbonate saturation (ΩA )
and δ 13 C of DIC. This engine maintains a carbon-cycle hysteresis that is most amplified in shallow, sluggishly mixed waters
with high rates of photosynthesis, and provides a simple mechanism for the observed δ 13 C-decoupling between global seawater
DIC and shallow carbonate, without burying organic matter or
generating O2 .
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ndros Island (Great Bahama Bank [GBB]), San Salvador
(Bahamas), and Shark Bay (Western Australia) represent
a wide range of seawater residence times and salinities, but
all produce carbonate sediment ∼ 5h higher than the δ 13 C
values of open marine waters (Fig. 1). Carbon-isotope enrichment factors for bicarbonate to inorganic calcite (∼ 1.1h)
and aragonite (∼ 2.7h) are relatively insensitive to temperature and precipitation rate (1, 2) and only explain half of the
elevated δ 13 C signal observed in these shallow carbonate sediments. The most common explanation for the production of
high δ 13 C carbonate on a global (3) or local (4) scale involves
increasing the export/burial of organic carbon relative to carbonate in order to leave the residual waters (from which carbonates are precipitated) enriched in 13 C. However, carbonate
sediments on the GBB have low total organic carbon (TOC)
(∼0.3%) (5). Thus, the canonical organic burial explanation
would require wholesale export of organic carbon off the shelf
without depleting nutrients. However, carbonates produced on
the GBB and exported to the periplatformal slope (6) also have
low TOC (5), refuting the idea of significant organic-carbon
export. We propose an alternative mechanism whereby photosynthesis still drives high δ 13 C in shallow carbonates, even
if all of the organic matter produced each day is respired at
night, such that net organic-matter burial and nutrient depletion
is zero.
On shallow banks, the 3 most important mechanisms for
exchanging carbon into and out of the DIC pool are 1) carbonate precipitation/dissolution, 2) atmospheric gas exchange, and
3) photosynthesis/respiration. The relative contributions of these
www.pnas.org/cgi/doi/10.1073/pnas.1908783116

processes can be constrained by visualizing the carbon evolution
of banktop seawater in a Deffeyes diagram (9) (Fig. 2B), since
each mechanism induces a characteristic change in DIC and total
alkalinity (TA) (Table 1). Observations of TOC (5) and DIC vs.
TA (7) from the GBB constrain the relative sizes of the net carbonate, gas-exchange, and organic fluxes to be 62, 37, and <1%,
respectively (Fig. 2). Although the net burial of organic matter
is close to zero, the flux of carbon between organic matter and
the DIC pool over the course of a single diurnal (24-h) cycle
can exceed the gross atmospheric and carbonate fluxes by over
a factor of 20 in shallow carbonate environments (12–15). In
other words, photosynthesis drives substantial perturbations to
the carbonate system during the day, but respiration covers up
the tracks each night.
The diurnal cycle of photosynthesis and respiration permits a δ 13 C hysteresis (Fig. 3). As the sun rises, photosynthesis consumes CO2 from the water column, driving up
ΩA . The maximum rate of carbonate precipitation (a function of ΩA ) is achieved as peak photosynthesis increases the
δ 13 C of residual DIC, leading to carbonate sediment enriched
in 13 C. As night falls, aerobic respiration lowers the δ 13 C
of DIC but also depresses ΩA , preventing significant carbonate production recording the low δ 13 C values. The net
effect of this diurnal carbon cycle hysteresis is to produce
a shallow carbonate sediment record that has δ 13 C higher
than predicted for aragonite in equilibrium with average local
seawater DIC.
Significance
We present stable carbon isotope (δ 13 C) data from modern
carbonate sediment that require a decoupling of the carbon
cycles in the global ocean versus shallow carbonate shelves.
This realization is important because, for the first 97% of
Earth history, many inferences about global paleoclimate and
seawater chemistry rely on interpretations of shallow carbonates. We use modern observations and a simple model to
show how ordinary diurnal carbon cycling in shallow waters
is sufficient to produce anomalously positive δ 13 C on shelves
today, and in the geological record. Our results alleviate the
need to interpret positive δ 13 C excursions in the geological record as global reorganizations of the carbon cycle and
instead link δ 13 C to local and/or global paleoenvironmental
and paleoecological controls.
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Fig. 1. Evidence in support of a diurnal organic carbon engine driving elevated δ 13 C in shallow carbonates. (A) Three modern carbonate shelves produce
bulk sediment with δ 13 C that is too high to have precipitated directly from open marine waters. (B) The
δ 13 C values of GBB sediments rise abruptly near the
shelf edge and remain high (>4.5h) in the bank
interior. The number of samples is denoted as this
study/ref. 4 (1,159/167), and the banktop water ages
in B are computed from a spatial interpolation of the
14
C ages in ref. 7 (Fig. 2). The diurnal organic carbon
engine hypothesis predicts a number of observations consistent with the dataset: 1 peak δ 13 C of
DIC should be high enough to precipitate aragonite
with the dominant value of δ 13 C∼ 5h; 2 1.8h variability in DIC is the same range predicted during
one diurnal photosynthesis–respiration cycle (Fig. 3);
13
3 banktop waters have a δ C of DIC composition
roughly equal to or higher than that of offshore
waters; 4 sediments at the shelf edge have low
δ 13 C, consistent with open marine DIC; 5 the rapid
rise in sediment δ 13 C near the platform edge captures the transition from the weak photosynthetic
forcing (κp ) characteristic of the open ocean to the
strong photosynthetic forcing observed in shallow
waters (Fig. 4); and 6 the lack of a significant crossshelf δ 13 C gradient reflects the balancing isotopic
effects of carbonate precipitation (depletes residual DIC) and CO2 gas escape (enriches residual DIC)
(Fig. 7).
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Carbon Model
To quantify the extent to which the temporal coupling between
photosynthesis and carbonate precipitation increases the δ 13 C of
carbonate, we develop a simple mass balance model of the diurnal carbon engine (Fig. 3). To emphasize how the diurnal engine
mechanism is distinct from the canonical treatment whereby net
primary production drives elevated δ 13 C in carbonates (3, 4), our
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diurnal engine returns 100% of the carbon sequestered in organic
matter during the day back to the seawater each night (Fig. 3).
The only prescribed forcing in the engine model is the daily photosynthetic transfer of carbon between the inorganic and organic
reservoirs (κp ). The gas exchange and carbonate fluxes are computed independently based on values of pCO2 and ΩA obtained
in each time step using the carbonate-system calculation software
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Fig. 2. Measurements of 14 C, ΣCO2 , and TA in seawater from the GBB (7) help to constrain the carbon fluxes in our model (Fig. 3). (A) Shallow waters and
sluggish mixing on the GBB afford banktop residence times >250 days. Bathymetry from ref. 8. (B) ΣCO2 and TA measurements produce a slope of m =
1.24 in the Deffeyes diagram (9) (Fig. 3C). The line representing atmospheric equilibrium was derived by allowing TA to vary from 1,200 to 2,375 µEq/kg
(the y-axis range) and then using CO2SYS (10) to calculate ΣCO2 if [CO2 (aq)] = 317 ppm (i.e., equal to atmospheric pCO2 at the time of the TA and ΣCO2
measurements) (11). (C) We use the data in B and the observation that the mean TOC (weight %) of modern GBB sediment is 0.32±0.3% (1σ) (5) to constrain
the sizes of the net carbonate precipitation, gas-escape, and Corg fluxes to be 62, 37, and <1%, respectively. We are able to compute the relative magnitudes
of these 3 fluxes (2 unknowns, since Fcarb + Forg + Fgas = 1) because: 1) TOC measurements (5) link organic carbon and carbonate burial: Forg = 0.0107Fcarb ;
and 2) the slope in B reflects the relative contributions of carbonate precipitation, photosynthesis, and gas exchange, as each process induces a characteristic
∆TA:∆ΣCO2 ratio (Fig. 3C and Table 1).
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Fig. 3. The diurnal organic carbon engine. (A) A numerical mass balance model tracks the δ 13 C composition and mass fluxes of carbon transferred through
air–sea gas exchange, carbonate precipitation/dissolution, and photosynthesis/respiration. (B) Changes in TA and DIC for one 24-h engine model simulation.
The changes in water chemistry induced by photosynthesis modulate the rates of carbonate production (a function of ΩA ) and air–sea gas exchange (a
function of the pCO2 gradient between the atmosphere and seawater). We use 5 common parameterizations for CO2 gas exchange (17–21) and show that
model results are insensitive to the chosen parameterization (SI Appendix, Fig. S14). Note that it is the slow rate of air–sea gas exchange that makes the
diurnal organic carbon engine possible; the fact that CO2 does not equilibrate with the atmosphere on 24-h cycles allows photosynthesis to drive up ΩA .
(C) The Deffeyes (9) diagram depicts the photosynthesis–respiration (slope = −16/106), carbonate precipitation–dissolution (slope = 2/1), and atmospheric
equilibration (slope = 0) levers on TA and DIC (Table 1). Average seawater on the GBB (7) follows a slope of 1.24 (Fig. 2B). (D) The cumulative δ 13 C composition
of bulk sediment produced during the 24-h model simulation. Water with a starting composition of δ 13 CDIC = +1h produces aragonite with an average
δ 13 C of +4.51h. Note that the diurnal organic carbon engine still elevates δ 13 C even if organic matter is more carbon-rich than a typical Redfield ratio.
For example, if we model the end-member scenario in which banktop organic matter contains no N or P (see Fig. 4 legend), and thus photosynthesis no
longer induces its modest increase in TA (Table 1), the engine model predicts that water with a starting composition of δ 13 CDIC = +1h would produce
aragonite with bulk δ 13 C of +4.48h. The reason for the relative insensitivity of the δ 13 C enrichment to the nutrient-composition of organic matter is
that the photosynthesis lever primarily increases Ω by drawing down ΣCO2 , not by adding TA (C). Notice in D that at night, when aerobic respiration
returns 100% of the organic carbon back to the DIC pool, the instantaneous δ 13 CDIC falls to 0h. However, since the low saturation state at night limits
carbonate precipitation rates, the integrated, bulk sediment δ 13 C decreases by < 0.3h. The precipitated sediment preferentially records the highest δ 13 C
of DIC achieved during the diurnal cycle, rather than the mean δ 13 C of DIC.
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In Fig. 3, we model carbonate precipitation as abiotic in the
sense that we do not include the regulation of internal carbonate systems in calcifying organisms, which give rise to vital
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Fig. 4. An illustration of quantifying the diurnal organic carbon transfer (κp ) from high-resolution observations of the carbonate system in modern environments. (A and B) Measurements of diurnal DIC and TA variability at Heron Island Lagoon (Great Barrier Reef) (15) as one example of the 21 shallow
Legend continued on following page

Geyman and Maloof

PNAS | December 3, 2019 | vol. 116 | no. 49 | 24435

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

DIC ( mol/kg)

environments collected in our database. (C) We use CO2SYS (10) to estimate pCO2 from the TA and DIC data. (D–F) We compute the carbon fluxes due to photosynthesis/respiration (D), carbonate precipitation/dissolution (E), and gas exchange (F) from the TA, DIC, and pCO2 observations (SI Appendix, Fig. S3). The
calculated photosynthetic carbon flux (D) becomes the forcing of the engine model (Fig. 3). (G) A compilation of the 21 diurnal photosynthesis/respiration
time series, normalized to the same amplitude to facilitate comparison of the timing of photosynthesis vs. respiration. (H) The diurnal organic-carbon transfer (κp ), which represents the mass of carbon (per kilogram of seawater) that is sequestered in organic matter in the afternoon before aerobic respiration
outpaces photosynthesis, computed for all 21 shallow reef and 5 open ocean settings in our dataset (SI Appendix, Table S3). Notice that κp typically is >10×
larger in shallow reef environments than in open-ocean settings (22). We recognize that upwelling seawater often has insufficient phosphate to drive such
large values of κp . For example, the average [PO4 ] of water 200- to 600-m-deep upwelling onto the GBB is ∼0.75 µmol/kg (SI Appendix, Fig. S7), which
would support a κp of just 80 µmol/kg assuming the standard Redfield C:P = 106:1 (16). The large observed κp values likely reflect a combination of 1) active
nutrient trapping on the shallow shelves (23–25) and 2) high carbon-to-nutrient ratios in banktop organic matter due to the abundance of microbial mats
and their production of carbohydrate-rich extracellular polymeric substances (26–28). We take a simple empirical approach and drive our engine model with
the median κp forcing observed in shallow environments (H).

Drivers of Banktop δ 13 C Variability
The extent to which δ 13 C is elevated in carbonate sediment compared to mean seawater DIC is dominated by two factors: 1)
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Fig. 5. A comparison between predictions from the carbon engine model
(Fig. 3) and observational data from ref. 7 (Fig. 2). (A) The diurnal carbon
engine model, run through 250 days of simulation, effectively describes
rates of carbonate precipitation as a function of the days water has
spent on the bank. Carbonate precipitation is parameterized as FCaCO3 =
krate (Ω − 1)n (29, 31, 32), where n ≈ 1.7 (31) and krate , which is poorly constrained for natural environments, is empirically optimized to fit the data
from
ref. 7 and is 9.0× 10−9 mol m−2 s−1 . (B) Fractional carbonate flux
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Model Validation
The engine model (Fig. 3), forced by the median κp from carbonate reef environments (Fig. 4), along with the median values
of water depth (30) and wind speed (8) on the GBB, successfully reproduces measured rates of carbonate production
and air–sea gas exchange (7) (Fig. 5). In addition, the model
produces carbonate with the same bulk δ 13 C values we have
measured in GBB sediment (Fig. 1A). The model also successfully explains the rapid rise in δ 13 C at the platform edge
(Fig. 1B), where waters transition from the weak photosynthetic forcing (low κp ) characteristic of the open ocean to the
strong forcing (high κp ) observed in shallow waters (Fig. 4H).
Finally, the large diurnal range in δ 13 C of DIC observed in coral
reef environments can be predicted accurately with the engine

model forced by changes in TA and DIC measured in the same
waters (Fig. 6B).

p

effects (29). However, our mechanism is still important for biologically mediated precipitation because it explains how the δ 13 C
composition of banktop DIC—the starting material for biogenic
carbonate—changes over the day. In other words, an active diurnal carbon cycle could elevate δ 13 C in both abiotic and biotic
carbonate.

vs. banktop water age. The asymptotic fall of the

curve in B reflects the slow rate of air–sea CO2 gas exchange and equilibration. Note that only krate , one of many parameters in the model (SI
Appendix, Tables S1 and S2), is tuned to data from ref. 7. Then, when the
model is forced with independent observation-based estimates of κp and
p , and allowed to undergo air–sea gas exchange as a function of pCO2 , the
model predicts f = 0.62, which is identical to the estimate derived from the
data in ref. 7 (Fig. 2C) and serves as a test of self-consistency in our model
system.
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Fig. 6. An exploration of the δ 13 C enrichments expected from the diurnal
organic carbon mechanism (A) and model comparison to observations of
diurnal δ 13 C variability (B). (A) The magnitude of carbonate δ 13 C enrichment
relative to open-ocean DIC (∆δ 13 C) is sensitive to the diurnal photosynthetic
transfer of carbon between inorganic and organic reservoirs (κp ) and the
average carbon-isotope fractionation factor between organic matter and
local DIC (p ). The δ 13 C enrichment also is sensitive to the saturation state—
as ΩA increases, δ 13 C enrichment falls because higher precipitation rates
across the entire 24-h cycle cause the nighttime CaCO3 precipitation to constitute a larger proportion of the total CaCO3 flux (SI Appendix, Figs. S16
and S17). (B) Forced by diurnal TA and DIC measurements from the same
water, the engine model accurately predicts changes in the δ 13 C of DIC from
a shallow coral-reef environment in O’ahu (33). The diurnal cycles in δ 13 C of
DIC predicted by the engine model also have been observed in other shallow
carbonate environments around the world (34) (SI Appendix, Fig. S20).
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a function of κp and p . The predicted cross-shelf gradients of −2h to +1h
are modest relative to the strength of the diurnal carbon engine, which can
produce δ 13 C enriched by up to ∼10h (Fig. 6A).

the magnitude of the photosynthetic transfer of carbon between
inorganic and organic reservoirs during each diurnal cycle (κp ),
which is a function of both primary productivity and the physical
mixing of open marine water with local water, and 2) the δ 13 C
fractionation factor between DIC and organic matter (p ), which
is a function of growth rate, biology, dissolved CO2 , and sur-

m

−

Precipitation
Ca + 2 HCO3 → CaCO3 + CO2 (aq) + H2 O −2: −1
Photosynthesis 106 CO2 + 16 HNO3 + H3 PO4 + 122 H2 O → 16:−106
(CH2 O)106 (NH3 )16 (H3 PO4 ) + 138 O2
Gas exchange
CO2 (aq) → CO2 (atm)
0: 1
m denotes the ∆TA:∆DIC of the reaction, and corresponds to the slope
in Fig. 3C.

face area/volume (35). Reasonable choices of p and κp observed
in modern reef environments (Fig. 4) induce carbon isotope
enrichments of +4 to +7h (Fig. 6A).
It may seem counterintuitive that continued production of
high δ 13 C carbonate does not drive ambient waters toward lower
δ 13 C. However, the precipitation of CaCO3 with arag = +2.7h
(1) is inextricably tied to the degassing of CO2 with sea−air ∼
−9.7h (40). Our engine model, undergoing gas exchange as a
function of seawater pCO2 (17) and precipitating carbonate as
a function of Ω (31, 32, 41), predicts that carbonate precipitation accounts for 62% of the reduction in banktop DIC, and
CO2 gas escape accounts for the remaining ∼37% (Fig. 5B).
This estimate is identical to the values inferred from water chemistry measurements (7) (Fig. 2C). The net isotopic effect of the
coupled carbonate precipitation and gas escape on the δ 13 C of
DIC is close to zero. Reasonable choices for κp or p can establish cross-shelf δ 13 C gradients in DIC of up to a few per mil
(Fig. 7B), but the dominant origin of both intra- and intershelf

Fig. 8. Implications of the diurnal organic carbon engine on global mass balance and the δ 13 C
records of individual carbonate shelves. (A) Relationship between χ, the fraction of global carbonate
burial on shallow shelves with active diurnal carbon engines, and the δ 13 C of global DIC. Increased
χ depresses global DIC to maintain global mass balance. To solve for the curves in (A), we adopt a
framework similar to that in ref. 36 and use a modified version of the canonical δ 13 C mass balance
equation (3, 37). In our case, we divide the carbonate
burial flux into a shallow flux, where the δ 13 C fractionation is +4h, the empirical enrichment observed
in Fig. 1A, and a deep flux, where the δ 13 C fractionation is +1.1h, which corresponds to equilibrium
calcite in the absence of an active diurnal organic
carbon engine (1). Modern global values of forg ≈
0.20 to 0.23 (37), p ≈ −23h to − 29h (3, 37), and
δ 13 CDIC ≈ 0.4h (38, 39) suggest that χ is between 0
and 0.2 today. (B) To illustrate the global feedback
implied by A, we simulate a 3h enrichment in δ 13 C
of precipitated carbonate on shallow shelves around
the world. Here, we assume forg = 0.2, that the total
mass of carbon in the ocean–atmosphere system is
in steady-state (Fin = Fout ), that the residence time of
carbon is 105 y (i.e., the modern value) (3), and that
the eustatic, evolutionary, or other change prompting the δ 13 C enrichment on shallow shelves occurs
over a 20-kyr duration. If global shelf area is very low
(χ ≈ 0), the whole 3h enrichment is expressed in
shallow carbonates. However, if most global carbonate burial is occurring on shallow shelves (χ ≈ 1), the
δ 13 C enrichment signal is damped to <1h. The δ 13 C
spike is not damped all of the way to zero because
there remains a second sink of carbon (the burial of organic matter). Thus, the 3h enrichment on shallow shelves, which increases the δ 13 C offset between
carbonate and organic matter, leads to a 0.2 × 3h = 0.6h change in global DIC. (C) A change in κp and p may not start at the same moment everywhere,
even if the change eventually is global in nature. Individual shelves experiencing changes in δ 13 C enrichment before or after the globally induced depression
in δ 13 C of DIC would produce δ 13 C records that either spike first, before the global negative feedback depresses δ 13 C, or plunge first from the global signal,
before rising due to local δ 13 C enrichment.
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Table 1. Stoichiometry of carbonate precipitation,
photosynthesis (16), and air–sea CO2 gas exchange

C

2

unrealistic changes in global carbon cycling (51), and instead may
hint at previously unrecognized global forcings to κp and/or p .
Certainly not all δ 13 C excursions in the geologic record of shallow carbonates were driven by synchronous changes in κp or p .
However, the diurnal organic carbon engine (Fig. 3A) can successfully 1) modulate global DIC, forced by tectonic or eustatic
controls on shelf area or biologically induced changes in vital
effects, p , and κp ; and 2) explain how a global forcing may be
variably expressed with different peak δ 13 C values (48, 52).

A

B

Fig. 9. (A) δ 13 C record through the Cambrian, based on the compilations
of refs. 39 and 43. (B) The δ 13 C variability, computed as the SD (1σ) of all
δ 13 C values in a moving window of size τ = 3.5 Ma (43), is strongly anticorrelated with the volume of carbonates preserved in the geologic record
of North America (44). Although δ 13 C variability is a function of the chosen
window size, a wide range
of windowsizes from τ = 0 − 10 Myr yield strong

Pearson coefficients ρ(x, y) =

cov(x,y)
σx σy

with magnitudes greater than 0.6 (SI

Appendix, Fig. S13).

variability in carbonate δ 13 C values might result from spatiotemporal variability in κp and/or p . For example, the full range
of κp values depicted in Fig. 4H is observed in different environments from a single coral reef (42) (SI Appendix, Fig. S15),
and p may vary from −5h to −25h depending on the relative
abundance of photoautotrophs such as cyanobacteria, algae, and
seagrass (5).
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Implications for the Global Carbon Cycle and the
Interpretation of the δ 13 C Record
The δ 13 C of shallow carbonates is a crucially important tool
for global chemostratigraphic correlation, especially before the
appearance of index animal fossils (39, 43, 45). If κp and p vary
within or between shelves, their control on primary δ 13 C would
compound δ 13 C gradients driven by diagenesis (46) or the influx
of terrestrial organic matter (47, 48), adding to the challenges
of chemostratigraphic correlation. In contrast, if κp and p are
controlled by evolutionary, eustatic, and/or climate changes, carbonate shelves might respond synchronously with similar shifts
in δ 13 C (49). As the area of shallow shelves increases, the burial
of high δ 13 C carbonates will lower the δ 13 C of seawater DIC to
satisfy global isotope mass balance (Fig. 8A). This negative feedback means that, if a global forcing increases the strength of the
diurnal carbon engine on all shelves, the magnitude of the positive δ 13 C shift in shallow carbonate will be damped as a function
of global carbonate shelf area (Fig. 8B). The “falling amplitude
of carbon isotopic oscillations” through the Cambrian (Fig. 9A),
observed by ref. 50, might be one geologic example of this negative shelf-area feedback; as the volume of preserved carbonates
in the geologic record of North America—an imperfect approximation of global shallow carbonate area—increases during the
Cambrian (44), the magnitude of δ 13 C oscillations falls (Fig. 9B).
Ascribing the 1- to 3-Myr positive excursions in Fig. 9A to diurnal
carbon-engine phenomena could alleviate the need to call upon
1. M. Rubinson, R. Clayton, Carbon-13 fractionation between aragonite and calcite.
Geochem. Cosmochim. Acta 33, 997–1002 (1969).
2. C. Romanek, E. Grossman, J. Morse, Carbon isotopic fractionation in synthetic aragonite and calcite: Effects of temperature and precipitation rate. Geochem. Cosmochim.
Acta 56, 419–430 (1992).
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Conclusions
Much of our understanding of ancient Earth history comes from
shallow carbonates, as open marine records tend to be subducted
at plate margins. However, it is time to recognize that the δ 13 C
record of ancient shallow carbonates may not always directly
reflect global carbon cycling. Recent work on marine (46), meteoric (53), and burial (54) diagenesis has illuminated the role of
postdepositional alteration. Here, we present a mechanism to
explain how the primary δ 13 C values of the shallow carbonate
sink can be partially decoupled from global DIC. Specifically, we
have shown how ordinary diurnal carbon cycling is sufficient to
produce the most anomalously positive δ 13 C on shelves today—
and perhaps in the geological record—without any net production of oxygen. Although the diurnal carbon engine and subsequent diagenesis complicates interpretations of carbon-isotope
chemostratigraphy, frequent comparison of modern analogue
studies to ancient records will help resolve shallow carbonate
δ 13 C into a more refined chronicle of paleoenvironment and
Earth history.
Materials and Methods
Carbonate surface sediments from North Andros, San Salvador, and Shark
Bay (SI Appendix, Fig. S1) were rinsed 3 times in deionized water, dried,
homogenized using mortar and pestle, and then placed in individual borosilicate glass reaction vessels. The samples were heated to 110◦ C to remove
volatiles, capped and flushed with helium to remove atmospheric gas
from the reaction vessels, and finally reacted at 72◦ C in a GasBench II
preparation device coupled to a Sercon continuous-flow isotope-ratio mass
spectrometer. The precision and accuracy of δ 13 C measurements are monitored through analysis of 15 standards for every 57 measured samples. δ 13 C
data are reported in the standard delta notation relative to Vienna Pee
Dee Belemnite. Average precision is <0.1h (1σ). All sediment δ 13 C measurements from North Andros, San Salvador, and Shark Bay (Fig. 1A) are
provided in a spreadsheet (Dataset S1).
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