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ABSTRACT

Platform carbonates are among the most 
voluminous of Cretaceous deposits. The 
production of carbonate platforms fluctu-
ated through time. Yet, the reasons for these 
fluctuations are not well understood, and 
the underlying mechanisms remain largely 
unconstrained. Here we document the long-
term trend in Cretaceous carbonate platform 
preservation based on a new data compila-
tion and use a climate-carbon cycle model 
to explore the drivers of carbonate platform 
production during the Cretaceous. We show 
that neritic carbonate preservation rates fol-
lowed a unimodal pattern during the Creta-
ceous and reached maximum values during 
the mid-Cretaceous (Albian, 110 Ma). Cou-
pled climate-carbon cycle modeling reveals 
that this maximum in carbonate deposition 
results from a unique combination of high 
volcanic degassing rates and widespread 
shallow-marine environments that served as 
a substrate for neritic carbonate deposition. 
Our experiments demonstrate that the uni-
modal pattern in neritic carbonate accumu-
lation agrees well with most of the volcanic 
degassing scenarios for the Cretaceous. Our 
results suggest that the first-order tempo-
ral evolution of neritic carbonate produc-
tion during the Cretaceous reflects changes 
in continental configuration and volcanic 

degassing. Geodynamics, by modulating ac-
commodation space, and turnovers in the 
dominant biota probably played a role as 
well, but it is not necessary to account for 
the latter processes to explain the first-order 
trend in Cretaceous neritic carbonate accu-
mulation in our simulations.

INTRODUCTION

In recent years, our knowledge of the geological 
evolution of the surficial carbon cycle has greatly 
improved. Among the main advances is the 
reconstruction of the Phanerozoic atmospheric 
CO2 (Berner, 2006; Foster et  al., 2017). The 
fluctuations of the carbon sink due to continental 
weathering as well as the change in solid Earth 
degassing have been at least partly constrained 
using models (Goddéris et al., 2014; Brune et al., 
2017) or proxies (such as isotopes) (Veizer et al., 
1999; Cao et al., 2017). One major component 
of the carbon cycle, however, the sedimentary 
carbonate sink, has been poorly investigated at 
the global scale. Many data have been published 
regarding carbonate accumulation fluxes 
(Bosscher and Schlager, 1993; Kiessling et al., 
2000), but data compilations and extrapolation 
at the global scale are scarce.

Carbonate sediments are the receptacles of 
the atmospheric CO2 that has been removed 
from the atmosphere by weathering and can be 
subsequently recycled along subduction zones 
(Mason et al., 2017; Pall et al., 2018). Carbonate 
sediment deposition thus reflects many coupled 
processes. Identifying those processes through 
geological time is an unparalleled way to check 

whether we have understood the overall func-
tioning of the carbon cycle or not.

Here we investigate the production of car-
bonate platforms during the Cretaceous, one of 
the most prolific periods of carbonate platform 
development (Kiessling et al., 2003). We recon-
struct temporal variations in platform carbonate 
deposition based on a new data compilation and 
subsequently explore the drivers of the temporal 
trends in Cretaceous carbonate production using 
a coupled climate-carbon cycle model.

METHODS

Database of Shallow-Water Carbonate 
Preservation Rates

We compiled, from published studies, an ex-
tensive database of Cretaceous shallow-water 
marine carbonate preservation rates (see the 
GSA Data Repository for the full database1). 
The latter were calculated by dividing the esti-
mated sediment thickness by the stratigraphic 
interval duration. Calculated preservation rates 
necessarily underestimate actual carbonate 
production rates. Indeed, neritic carbonate ac-
cumulation is limited by depositional accom-
modation space. In addition, deposits may 
subsequently undergo dissolution, erosion, and 
compaction, and produced sediments may be 
exported toward the basin. As a result of all 
those mechanisms acting to reduce the thick-
ness of the carbonates preserved on the shelves, 
preservation rates calculated based on the geo-
logical record are typically one to several or-
ders of magnitude lower than production rates †alexpohl@ucr.edu.

1GSA Data Repository item 2020192, supplementary information, geological database, experimental setup and climate model runs (Sections S1–S2, Figs. S1–S2, and 
Tables S1–S2), is available at http://www.geosociety.org/datarepository/2020 or by request to editing@geosociety.org.
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measured on present-day, carbonate-secreting 
ecosytems such as coral reefs (Bosscher, 1992; 
Strasser and Samankassou, 2003; Schlager, 
2010). Therefore, compiled preservation rates 
are considered to significantly underestimate 
the actual accumulation rates. Considering the 
multiple mechanisms acting to reduce the thick-
ness of the shallow-water carbonates preserved 
on the shelves, maximum preservation rates are 
further considered to be the most representative 
of the original carbonate accumulation flux in 
ancient times.

The GEOCLIM Climate-Carbon Cycle 
Model

We used the GEOCLIM climate-carbon cycle 
model (see footnote 1) to simulate carbonate ac-
cumulation fluxes during the Cretaceous. The 
GEOCLIM model (Donnadieu et  al., 2006a) 
asynchronously couples a carbon cycle box 
model with a general circulation model and 
represents a significant improvement over the 
zero-dimensional GEOCARB-like models 
(Berner, 2006), since continental weathering 
rates are resolved spatially, taking into account 
the continental configuration and sea level (God-
déris et al., 2014). The carbon cycle box model 
is the COMBINE model upgraded following 
Donnadieu et al. (2006a) and includes a robust 
representation of the marine sub-cycles of in-
organic and organic carbon, oxygen, alkalinity, 
and phosphorus. The model explicitly represents 
the spatial distribution of silicate, basalt, and 
carbonate weathering as a function of climate. 
The oceans are modeled by nine “boxes.” The 
accumulation of neritic carbonates takes place 
exclusively in the box representing the low- to 
mid-latitude epicontinental photic zone, follow-
ing equation 1:

 
F k Acr platform ara= × × ( ) ..ΩΩ − 1 1 7  (1)

where F is the neritic carbonate depositional flux 
(mol yr–1), Aplatform is the shelf area available to 
shallow-water carbonate deposition derived 
from the paleogeographic reconstructions, Ωara 
is the model aragonite solubility ratio, and kcr is 
a calibration constant. This formulation of neritic 
carbonate accumulation rates has been success-
fully used in previous studies to investigate the 
consequences of the demise of carbonate plat-
forms during the Middle–Late Jurassic transition 
(ca. 160 Ma; Donnadieu et  al., 2011) and the 
 effects of the breakup of Pangea on neritic car-
bonate accumulation (Late Permian to Late Cre-
taceous; Donnadieu et al., 2006a). The climatic 
component of GEOCLIM is the FOAM ocean-
atmosphere model version 1.5 (Jacob, 1997), a 
mixed-resolution general circulation model that 

has been routinely used to study climate in deep 
time, including during the Cretaceous (Donna-
dieu et al., 2006b; Ladant and Donnadieu, 2016).

Simulations were conducted using the Cre-
taceous paleogeographical reconstructions of 
Scotese (2016) and Scotese and Wright (2018) 
with deep-ocean bathymetry after Müller et al. 
(2008). Changing solar luminosity values were 
modeled after the stellar physics of Gough 
(1981). Earth’s orbit around the Sun was circu-
lar (null eccentricity), and the obliquity was set 
to 22°. This orbital configuration provides an 
equal, annual insolation for both hemispheres 
with minimal seasonal contrast.

RESULTS

Temporal Variations in Cretaceous 
Shallow-Water Carbonate Preservation 
Rates

At first order, Figure  1 shows a unimodal 
pattern in neritic carbonate preservation rates 
during the Cretaceous with background values 
<70 m m.y.–1 and an excursion to higher pres-
ervation rates up to 175–200 m m.y.–1 during 
the mid-Cretaceous between 125 Ma (Aptian) 
and 95 Ma (Cenomanian). This mid-Cretaceous 
maximum is a robust feature and was highlight-
ed by the previous Phanerozoic compilation of 
Bosscher and Schlager (1993). It parallels the 
mid-Cretaceous local maximum in reefal car-
bonate production identified by Kiessling et al. 
(2000) and also corresponds with the develop-
ment of massive successions of sediments in 
the Mediterranean Tethys (>100 m thick; Skel-
ton and Gili, 2012) and with the maximum in 
carbonate accumulation identified in the North 
American, Russian, and Siberian platforms 
(Whitten, 1976).

Coupled Climate-Carbon Cycle 
Simulations

The drivers of secular change in platform 
carbonate production have been the subject of 
investigation for decades (Schlager, 1981; Boss-
cher and Schlager, 1993; Kiessling et al., 2000; 
Donnadieu et al., 2006a). From a carbon cycle 
perspective, global carbonate deposition is tight-
ly linked to changes in continental silicate and 
carbonate weathering. However, several factors 
impact the distribution of carbonate deposition 
between the open ocean and shallow-marine 
platforms. Debate thus continues as to whether 
fluctuations in neritic carbonate accumulation 
rates reflect changing environmental conditions 
such as global climate and evolving geodynamics 
(e.g., continental configuration and subsidence) 
or intrinsic changes such as turnovers in domi-
nant biota, since different carbonate factories are 
known to be associated with different carbonate 
production rates (e.g., Lanteaume et al., 2018). 
Previous attempts to identify these complex re-
lationships over the course of the Phanerozoic 
failed to reach any definitive conclusions (Boss-
cher and Schlager, 1993; Kiessling et al., 2000).

Baseline Simulations with Present-Day 
Volcanism

We used the GEOCLIM climate-carbon 
cycle model (Donnadieu et  al., 2006a) to in-
vestigate the driving mechanisms for the Creta-
ceous trend in neritic carbonate deposition with 
a special focus on the maximum in carbonate 
accumulation centered at 110 Ma (see Fig. 1). 
Simulations were run every 10 m.y. between 
150 Ma (Late Jurassic) and 60 Ma (Paleocene). 
For each time slice and associated continental 
configuration, the GEOCLIM model computed 
the pCO2 value by balancing volcanic degassing 

Figure 1. Compilation of Cre-
taceous neritic carbonate pres-
ervation rates. The light gray 
envelope represents the maxi-
mum accumulation rates, which 
are likely to best represent neritic 
carbonate production in ancient 
times (see Methods). Strati-
graphic boundaries after Grad-
stein et al. (2012). Alb.—Albian; 
Apt.—Aptian; Ba.—Barremian; 
Be.—Berriasian; Camp.—Cam-
panian; Cen.—Cenomanian; 
C.—Coniacian; Da.—Danian; 
H.—Hauterivian; Jur.—Ju-
rassic; Ma.— Maastrichtian; 
Palc.—Paleocene; Palg.—Paleo-

gene; S.—Santonian; T.—Turonian; Tith.—Tithonian; V.—Valanginian.
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with silicate weathering. The GEOCLIM model 
simulated the associated climatic state and ocean 
biogeochemistry. Though the neritic carbonate 
deposition rate was focus of our investigation, 
the simulated pCO2 was used to evaluate the fit 
of our simulations to the latest pCO2 reconstruc-
tion of Foster et al. (2017). The latter criterion 
was chosen to compare our simulations to proxy 
data due to the critical role that pCO2 plays on 
ocean pH and thus carbonate geochemistry.

In our baseline runs, the rate of volcanic 
degassing was set to the present-day value 
(6.8 × 1012 moles of carbon per year; Donnadieu 
et al., 2006a) (Fig. 2A); only the paleogeogra-
phy and associated climate varied from one time 
slice to another. Simulated pCO2 was lower than 
indicated by the proxy compilation for most of 
the Cretaceous (Fig. 2B). Yet, an interesting pat-
tern emerged: the bimodal trend observed in the 

pCO2 compilation between 120 Ma and 60 Ma 
(gray shading in Fig. 2B) was well reproduced 
in the baseline runs (black line in Fig. 2B). This 
suggests that the temporal variations in pCO2 
reconstructed by Foster et  al. (2017) between 
120 Ma and 60 Ma may be largely due to the 
paleogeographical evolution. The total neritic 
carbonate depositional flux simulated in the 
baseline runs varied very little between 150 Ma 
and 60 Ma, showing only a local optimum at 
80 Ma (Fig. 2C).

Numerical Simulations Using Cretaceous 
Volcanic Degassing Scenarios

As a second step, we used Cretaceous plate 
models and data compilations to derive volcanic 
CO2 degassing scenarios, which could help rec-
oncile the simulations with proxy-based pCO2 
reconstructions. Such modeling attempts face 

limitations due to the large uncertainties in re-
constructing Cretaceous volcanic degassing. In-
deed, numerous studies have been published that 
attempt to reconstruct one of the components of 
the degassing rate, but there is no reconstruction 
of the total CO2 degassing by the solid Earth at 
the geological timescale. The lack of an integrat-
ed curve requires us to rely on incomplete recon-
structions. Such bias concerns both the modeling 
and data communities. For instance, McKenzie 
et al. (2016) argue for a dominant role of degas-
sing on the climatic evolution, based on a cor-
relation between the Phanerozoic climate and 
their curve for the degassing of arc volcanism, 
although arc volcanism is only one component 
of the total degassing.

The rationale that we adopted thus consists 
of using available constraints to compute total 
volcanic degassing rates, expressed as ratios 
compared to the present-day value. We did not 
try to identify the individual contributions of 
the different components: subduction zones, 
rifts, mid-ocean ridges, and arc volcanism. In-
stead, we followed the approach adopted by 
Berner in his various versions of the seminal 
GEOCARB(SULF) model (Berner and Kothav-
ala, 2001; Berner, 2004, 2006), which consists 
of scaling volcanic degassing with proxies for 
geodynamic activity (e.g., subduction length). 
Although this approach will undoubtedly ben-
efit soon from advances in geodynamic models, 
it has been shown to produce very good results 
in the GEOCARB model (Berner, 2006; Van Der 
Meer et al., 2014). In detail, we derived volca-
nic degassing rates (Fig. 2A) from the lengths of 
subduction zones calculated by Van Der Meer 
et al. (2014) (hereafter VDM14), from the area 
of subducted lithosphere reconstructed over the 
last 180 m.y. by Engebretson et al. (1992) (E92), 
from the slab flux estimated by East et al. (2020) 
(EA20), and from the continental arc activity 
compiled by Cao et al. (2017) (CAO17). We also 
used the C1’ and C1’’ scenarios of Brune et al. 
(2017), which consider variable contributions of 
rifts, mid-ocean ridges, subduction zones, and 
continental arcs.

Our model does not account for the degassing 
from large igneous provinces (LIPs). LIP degas-
sing has been shown to increase the atmospheric 
partial pressure of CO2 for durations that do not 
exceed a few million years after the end of the 
onset (Dessert et al., 2001). LIPs also impact the 
carbonate system through short-term acidifica-
tion of the ocean just prior to the response of the 
weathering system (Paris et al., 2016). However, 
here we explore the response of the carbon cycle 
to processes acting at a longer timescale, on the 
order of 10 m.y.

We tested each of the volcanic degassing sce-
narios in the GEOCLIM model. The best fit to 

A C

B

Figure 2. Model results for (A) volcanic degassing scenarios used in the GEOCLIM model 
(ratio to present-day value), (B) predicted atmospheric CO2 concentration, and (C) predicted 
neritic carbonate total depositional flux. Black line represents the baseline runs with 
volcanic degassing set to the present-day level. Solid color lines represent volcanic degassing 
scenarios. For scenario E92, the simulation represented with the dashed line is identical to the 
one represented with the solid line except that it uses a constant area of the shallow-marine 
environments available to neritic carbonate deposition during the Cretaceous. In panel B, 
background gray shading represents the proxy-based pCO2 reconstruction of Foster et al. 
(2017) with LOESS fit, 68% and 95% confidence intervals. In panel C, yellow shading and 
red stars, respectively, represent the platform carbonate accumulation fluxes estimated by 
Dutkiewicz et al. (2019) and Skelton (2003) (see text). Alb.—Albian; Apt.—Aptian; Ba.—
Barremian; Be.—Berriasian; Camp.—Campanian; Cen.—Cenomanian; C.—Coniacian; 
Da.—Danian; H.—Hauterivian; Jur.—Jurassic; Ma.—Maastrichtian; Palc.—Paleocene; 
Palg.—Paleogene; S.—Santonian; T.—Turonian; Tith.—Tithonian; V.—Valanginian.
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proxy data was obtained using the subduction-
based degassing scenario E92 (Fig. 2B). The ne-
ritic carbonate production flux associated with 
this best-guess scenario displayed a maximum 
centered on 110 Ma (Fig. 2C) that agreed well 
with our compilation of Cretaceous preservation 
rates (see Fig. 1).

Analyzing the Drivers of the Mid-Cretaceous 
Maximum in Carbonate Accumulation

Despite the disparities in the volcanic de-
gassing scenarios (Fig. 2A), most simulations 
showed that the highest rates of neritic carbonate 
production occurred during the mid-Cretaceous 
(between ca. 120 Ma and 80 Ma). The mid-
Cretaceous unimodal pattern, bounded by an 
increase in neritic carbonate production in the 
Early Cretaceous (120–130 Ma) and a decrease 
in neritic carbonate production in the early Late 
Cretaceous (80 Ma), was a robust pattern that 
was shared by different degassing scenarios.

Comparison of the simulations that consid-
ered evolving volcanic degassing rates with the 
baseline runs (color vs. black lines in Fig. 2C) 
revealed that the lowest to mid-Cretaceous in-
crease in neritic carbonate production (130–
120 Ma), at least partially, relied on an increase 
in volcanic degassing rates. In addition, a sensi-
tivity test that used a constant area of the neritic 
environments available for carbonate deposition 
(dashed, magenta line in Fig. 2C) demonstrated 
that the latter area played a key role in the in-
crease in shallow-marine carbonate production. 
Indeed, the area of the continental shelves sig-
nificantly rose between 130 Ma and 120 Ma 

in our reconstructions (Fig.  3). This increase 
resulted from the strong eustatic rise that took 
place at that time (Müller et al., 2008). In the 
E92 scenario, the increasing area of shallow-
marine environments strengthened the pattern 
of carbonate accumulation already imposed by 
changing volcanism (Fig. 2C) by favoring the 
accumulation of carbonate in neritic environ-
ments at the expense of the open ocean. In other 
degassing scenarios that did not have a well-de-
fined maximum at 120–110 Ma (i.e., C1’, C1’’, 
VDM14, CAO17, EA20), the increasing area of 
the shallow-marine environments, alone, drove 
the increase in neritic carbonate production be-
tween 130 Ma and 120 Ma (Figs. 2A and 2C). 
Regarding the decrease in carbonate production 
after 80 Ma, two main mechanisms were in play; 
most scenarios showed a drop in volcanic degas-
sing (Fig. 2A), and a major eustatic fall (Müller 
et al., 2008) reduced the area of the shallow-ma-
rine environments available to neritic carbonate 
deposition (Fig. 3).

DISCUSSION

Comparison of our simulated trend of shal-
low-water carbonate production with the updat-
ed compilation of preservation rates allowed us 
to propose a mechanistic explanation for tem-
poral variations in the deposition of Cretaceous 
shallow-water carbonates. It would be even more 
interesting and straightforward to compare our 
simulated fluxes with the volumes (instead of 
vertical aggradation rates) of shallow-water car-
bonates produced during the Cretaceous. Unfor-
tunately, such comparison is hampered by the 
lack of robust quantification of these volumes. 
For instance, Dutkiewicz et al. (2019) calculated 
platform carbonate accumulation fluxes by mul-
tiplying the extent of the carbonate platforms 
mapped by Kiessling et  al. (2003) by glob-
ally uniform preservation rates derived from the 
compilation of Bosscher and Schlager (1993). 
Figure 1C reveals that the temporal trends of car-
bonate production simulated in GEOCLIM and 
the preserved volumes reconstructed by Dutkie-
wicz et al. (2019) largely differ. The estimates 
of Dutkiewicz et al. (2019) provide significantly 
lower values. The low values at least partly re-
flect the action of dissolution, erosion, compac-
tion, and the export of the carbonates toward the 
basin, which all tend to reduce the thickness of 
the carbonates deposited on the shelves. Pre-
served volumes necessarily represent an un-
derestimation of the volume of carbonate that 
is actually produced (see Methods). Regarding 
the temporal trend, the reconstruction of Dutkie-
wicz et al. (2019) does not provide any robust 
quantification of the variation in the production 
of platform carbonates. Indeed, the approach of 

Dutkiewicz et al. (2019) consists of multiplying 
the surface of the carbonate platforms docu-
mented in the geological database by a constant 
(i.e., a uniform rate of vertical aggradation). The 
authors derived two values for this constant rate 
from the compilation of Bosscher and Schlager 
(1993), which provided the lower (using 30 m 
m.y.–1) and upper (using 80 m m.y.–1) boundaries 
for their reconstructed trend (Fig. 1C). Our up-
dated compilation of preservation rates (Fig. 1), 
however, reveals that preservation rates cover a 
very large range of values, from <10 m m.y.–1 
to 200 m m.y.–1. While the approach employed 
by Dutkiewicz et al. (2019) probably reflects the 
best estimate that can be produced at the global 
scale based on current knowledge, it neglects 
the spatio-temporal variations in carbonate ac-
cumulation rates and thus exclusively reflects the 
evolution of the area of the carbonate platforms 
(compare Fig. 1C and Fig. 3). Skelton (2003) 
conducted similar calculations for the Aptian and 
Cenomanian. Only the platforms of the Tethyan 
region were considered in these calculations, 
while Dutkiewicz et al. (2019) considered the 
area of the platforms at the global scale. The fact 
that both studies led to virtually identical values 
(Fig. 1C), although they focused on significantly 
different spatial scales, highlights once again the 
difficulty in estimating the depositional flux by 
neritic carbonates in deep time. We argue that, 
considering the current difficulty of estimating 
volumes of neritic carbonates produced in an-
cient times, our reconstructed neritic carbonate 
preservation rates (Fig. 1) constitute an instruc-
tive proxy for the efficiency of the shallow-water 
carbonate factory in ancient times. The reported 
temporal patterns are supported by both previous 
data compilations (Whitten, 1976; Bosscher and 
Schlager, 1993; Kiessling et al., 2000) and accu-
mulation patterns observed in the field (Skelton 
and Gili, 2012).

CONCLUSION

The simulated maximum in mid-Cretaceous 
neritic carbonate production results from the 
combination of high volcanic degassing levels 
and the large shallow-marine realms. Although 
the precise evolution of carbonate accumulation 
rates varies from one volcanic degassing sce-
nario to another, the unimodal pattern in neritic 
carbonate production simulated during the Cre-
taceous is robust and shows up in most of the 
scenarios. The model results align well with the 
temporal trend that emerges from the updated 
compilation of Cretaceous platform carbonate 
preservation rates. Our results therefore suggest 
that the first-order evolution of neritic carbonate 
deposition during the Cretaceous reflects chang-
es in continental configuration and  volcanic 

Figure 3. Area of the shallow-marine 
environments available to neritic carbonate 
deposition, derived from the paleogeographical 
reconstructions (see footnote 1). Alb.—Albian; 
Apt.—Aptian; Ba.—Barremian; Be.—
Berriasian; Camp.—Campanian; Cen.—
Cenomanian; C.—Coniacian; Da.—Danian; 
H.—Hauterivian; Jur.—Jurassic; Ma.—
Maastrichtian; Palc.—Paleocene; Palg.—
Paleogene; S.—Santonian; T.—Turonian; 
Tith.—Tithonian; V.—Valanginian.
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 degassing. Other mechanisms modulating ac-
commodation space and turnovers in the domi-
nant biota probably played a role as well, but 
our simulations suggest that the latter processes 
do not explain the first-order trend in Cretaceous 
neritic carbonate accumulation.
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