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Platform carbonates are a major component of the Earth System but their spatial extent through geological time
is diﬃcult to reconstruct, due to the incompleteness of the geological record, sampling heterogeneity and their
intrinsic complexity. Here we use coupled ecological niche modeling and deep-time general circulation models
to predict the occurrence of platform carbonates at the global scale during the Cretaceous. Speciﬁcally, niche
modeling uses fuzzy logic to predict probable occurrence of platform carbonates as a function of sea-surface
temperature, sea-surface salinity, primary productivity and water depth. The ﬁrst three parameters derive from
Cretaceous global paleoclimatic simulations using a coupled ocean-atmosphere general circulation model, while
bathymetry is based on paleogeographical reconstructions. Model predictions are validated with the welldocumented and abundant geological data from the Aptian. The methodologies developed for the Aptian are
subsequently extended to other Cretaceous time intervals. The results of the niche model accurately predict the
geographic distribution of Aptian carbonate platforms if a preference for low open-marine productivity levels is
assumed for the rudist-dominated carbonate factories. However, if a preference for high productivity levels is
assumed, the modeling results do not match the reported global distribution of Aptian carbonate platforms. From
the Early Cretaceous into the Late Cretaceous sea level rose and the continents, on average, moved into lower
latitudes. The model predicts a corresponding increase in the extent of the carbonate platforms, mainly due to
the increasing extent of shallow-water environments available to carbonate development. These results indicate
that long-term sea-level rise may have been a major factor responsible for the increase in the area of platform
carbonates during the Cretaceous.

1. Introduction
Constraining the extent and location of carbonate platforms and
more speciﬁcally reef carbonates throughout geological time has a
twofold importance. From an academic perspective, reefal carbonates
play an essential role in the global carbon cycle and thus the regulation
of atmospheric CO2 concentration. Today, coral reef calciﬁcation accounts for > 25% of the total amount of carbonate buried in marine
sediments globally (Jones et al., 2015). When extensive carbonate
platforms are subducted, decarbonation reactions provide an important
source of volcanic carbon (Mason et al., 2017). On shorter time scales,
the modulation of the production of carbonate platforms may critically
impact global climate state. Donnadieu et al. (2011) notably
⁎

demonstrated that short-lived cold interludes occur when the production of platform carbonates is severely reduced, such as at the Middle–Late Jurassic Transition (160 Ma; Dromart et al., 2003). This decrease in global mean temperature is caused by the draw-down of
atmospheric CO2 and results in ice-sheet buildup. Beyond these exclusively academic interests, ancient reef carbonates also have a high
economic value. Carbonates, reefs, and reef-associated sediments often
form important hydrocarbon reservoirs. Burchette (2012) estimated
that 50% to 60% of the world's conventional petroleum is hosted in
carbonate reservoir rocks.
The creation of a comprehensive database of ancient reefs and
carbonate platforms provides an unparalled window into the abundance and geographic extent of platform carbonates during the
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Phanerozoic (e.g., Kiessling et al., 1999[updated], 2003). Nevertheless,
such a compilation necessarily suﬀers limitations associated with incomplete preservation and heterogeneous geographic sampling
(Kiessling, 2005). These problems limit utilization of the database when
analyzing the evolution of platform carbonates through geological time
(Kiessling, 2001, 2005). A promising, complementary approach was
recently suggested by studies that investigated the environmental
controls on the distribution (Couce et al., 2012; Michel et al., 2018) and
production (Jones et al., 2015) of shallow-water coral reefs. Based on
the environmental limitations to reefal development (see Kleypas et al.,
1999; Lauchstedt et al., 2017), Couce et al. (2012) built transfer functions deriving the probability of occurrence of coral reefs from environmental parameters, such as sea-surface temperature.
Here we build on these pioneering studies and propose spatiallyexplicit models that predict the occurrence of platform carbonates
based on the estimates of environmental variables provided by global
simulations of Cretaceous climate and marine biogeochemistry. We ﬁrst
test the validity of our predictive model on the Aptian (Early
Cretaceous), which has long been recognized as a period of proliﬁc
carbonate platform development and is one of the best known time
intervals of the Cretaceous (e.g., Steuber, 2002; Skelton and Gili, 2011).
We then extend our simulations to the earliest and latest Cretaceous in
order to quantify the impact of the paleogeographic changes on the
development of platform carbonates throughout the Cretaceous.
2. Methods
The rationale is to predict the geographic occurrence of platform
carbonates by mapping the environmental parameters that have been
previously documented to control the production of shallow-water,
marine carbonates. In this section, we ﬁrst design a formula that uses
local environmental constraints to predict the likelihood of carbonate
occurrence at each location (i.e. model grid point; Section 2.1). We then
introduce results from four Cretaceous climatic simulations that provide the above-mentioned environmental constraints (Section 2.2).
2.1. Building the paleoecological niche model
Couce et al. (2012) used species distribution modeling to predict the
present-day occurrence of shallow-water coral reefs based on numerous
predictive variables including sea-surface temperatures, the intensity of
cyclone activity, and dust. However, in order to predict occurrences of
platform carbonates in deep time, we were restricted by the environmental variables that can be simulated in general circulation models.
Temperature and salinity were the ﬁrst oceanographic parameters
shown to control carbonate sedimentation (Lees, 1975). In addition,
they provide a reasonable estimate of carbonate saturation at a global
scale (e.g., Kleypas et al., 1999; Jiang et al., 2015). An additional critical parameter was net primary productivity, which supplies food to
heterotrophic organisms and provides a fair picture of water transparency, an essential control of photo-autotrophic production. An estimate
of water depth obtained from paleogeographic reconstructions (Scotese,
2014a, 2014b) further constrained regions of neritic carbonate production. In summary, four parameters were used in the following calculations: sea-surface temperature (SST), salinity (SSS), net primary
productivity (NPP) and water depth (bathymetry). The ﬁrst three
variables (SST, SSS and NPP) come from global simulations of Cretaceous climate and marine biogeochemistry and the fourth, the estimate
of water depth, was based on paleogeographical reconstructions.
It is noteworthy that the spatial resolution of the global, deep-time
general circulation model employed to simulate oceanic ﬁelds of SST,
SSS and NPP in the Cretaceous (~200 km × 200 km; see Section 2.2)
does not allow resolving intra-shelf variations in these oceanographic
parameters. The adopted approach consists in predicting the susceptibility of occurrence of the platform carbonates at the platform scale
based on the conditions that characterize the neighboring open ocean

Fig. 1. Fuzzy functions. Each curve represents the susceptibility of occurrence
as a function of the values of (A) SST, (B) SSS and (C) NPP. In panels (A) and
(B), histograms represent the number of coral reef occurrences (left y-axis)
reported in the present-day ocean as a function of the values of the parameter
during respectively winter (blue shading) and summer (yellow shading). Grey
shadings represent the superposition of the summer and winter histograms. In
panel (A), the dashed black line represents the function established based on the
distribution of present-day shallow-water coral reefs while the solid black line is
the function adapted to Cretaceous platform carbonates (right y-axis). In panel
(C), red and blue lines respectively represent the functions established to represent an aﬃnity for either low or high open-ocean productivity levels. Values
of the parameters used to deﬁne each fuzzy function are given in Section S3.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

(see discussion in Section 4.1).
Fuzzy logic (Zadeh, 1965) was used to compute the susceptibility of
Cretaceous platform carbonate occurrences in each point of the Earth as
a function of SST, SSS and NPP (Eq. (1)). For each environmental
variable under investigation (i.e., SST, SSS or NPP), a membership
function f(x) (Fig. 1, see Eq. (1)) was used to normalize global ﬁelds of
the
variable
representative
of
June–July–August
and
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NPP values that are reported for modern coastal environments. This is
mainly due to the fact that riverine input and dust deposition are not
represented in the model and the model resolution (~200 km) does not
capture ﬁne-scale coastal upwelling systems that are only a few tens of
kilometers wide (see the model description in Section 2.2) An additional explanation may be the simpliﬁed representation of NPP (see
discussion in Section 4.2).
Two theoretical, opposite NPP membership functions (i.e., f(NPP) in
Eq. (1)) were built to discriminate between the high NPP values typically simulated along strongly upwelling western continental margins
and lower NPP values that characterize the water masses downwelling
along eastern continental margins (Fig. 1C). These two domains represent preferential conditions for respectively heterotrophic and
photo-autotrophic carbonate productions (Schlager, 2005; Michel et al.,
2018). The ecological aﬃnities of Cretaceous rudists are today the
subject of controversy (e.g. Steuber, 2000; Skelton and Gili, 2011). Most
authors suggest that rudists were heterotrophic; a few others suggest a
photo-autotrophic aﬃnity. We considered both options and tested for
both a photo-autotrophic and heterotrophic aﬃnity for the platform
carbonates by considering each of the two opposite f(NPP) membership
functions that favor either low or high NPP levels.
Weighting factors (a, b and c in Eq. (1)) were deﬁned using the
analytical hierarchy process (AHP) method (Saaty, 1987), which assigns higher weights to environmental parameters that are expected to
have a higher impact on the distribution of the platform carbonates.
The adopted set of factors (a = 0.660 [SST], b = 0.062 [SSS] and
c = 0.278 [NPP]) gives a greater weight to SST and NPP. This is supported by the hierarchy of constraints suggested by Couce et al. (2012)
in their attempt to predict present-day shallow-water coral reef occurrences (see also Kleypas et al., 1999).

December–January–February. The resulting 2 normalized, seasonal
ﬁelds (values between 0 and 1) were then averaged to obtain the spatially varying contribution of the variable to the likelihood of the occurrence of the platform carbonates (see Eq. (1)). The contributions of
SST, SSS and NPP were subsequently multiplied by their respective
weighting factors (respectively a, b and c in Eq. (1)). The resulting
susceptibility of occurrence was then sorted by bathymetry. Only localities that occur in shallow-water environments were preserved; all
deeper-water occurrences were eliminated, similar to Jones et al.
(2015). The ﬁnal output (S in Eq. (1)) is a latitudinal/longitudinal grid
of values (0 to 1) that represent the predicted susceptibility of the occurrence of the platform carbonates. Grid points with values above
0.85, a value determined empirically by comparison with an extensive
industrial (TOTAL in-house) and public (Kiessling et al., 2003) database, were used to deﬁne the potential ecological niche of Cretaceous
platform carbonates.

S = [a × f(SST) + b × f(SSS) + c × f(NPP)] × bathy_mask

(1)

with:
- S: susceptibility of occurrence of the platform carbonates;
- a + b + c = 1: inter-parameter weighting factors;
- bathy_mask: value 1 over shallow-water platforms and 0 in openocean areas;
- f(x): susceptibility of occurrence for each parameter x, or equivalently, contribution of the parameter x to the ﬁnal prediction S.
The membership functions f(x) were ﬁrst deﬁned based on statistics
established on present-day reef carbonate occurrences (similar to
Kleypas et al., 1999) and then adapted to the Cretaceous based on
published literature. The sedimentary proﬁle of Cretaceous carbonate
platforms generally features rudist bivalves in the inner platform and
corals in a more distal position (Gili et al., 1995; Johnson et al., 2001;
Borgomano et al., 2002; Fenerci-Masse et al., 2005; Pomar and Hallock,
2008; Masse and Fenerci-Masse, 2011). Such carbonate platforms belong to the tropical shallow-water carbonate factory sensu Schlager
(2000). We attempted to simulate the extent of this factory at the global
scale based on the environmental requirements of the main biotic
contributors. Rudists usually constitute the bulk of these carbonate
platforms (Pomar and Hallock, 2008), but they are now extinct and
their ecology is poorly known (Scott, 1995; Fenerci-Masse et al., 2005;
Gili and Goetz, 2018). As a ﬁrst attempt, f(SST) and f(SSS) (Eq. (1))
were thus deﬁned based on the current distribution of coral-dominated
tropical reef platforms (i.e., photozoan carbonates; James, 1997). To do
so, we extracted the values of SST and SSS at each of their present-day
coordinates and designed functions that satisfactorily reproduce the
distribution of these variables (Fig. 1A, B). The geochemical analysis of
rudist shelves provided temperature estimates as high as 30–37 °C
(Steuber, 1999; Immenhauser et al., 2005; Steuber et al., 2005). This
contrasts with present-day shallow-water coral reefs that do not thrive
in waters warmer than 30 °C (Hoegh-Guldberg, 1999). In order to account for the adaptation of the rudist bivalves to high ocean temperatures, the temperature function primarily established based on the occurrences of present-day coral reefs – f(SST) – was then extended to
higher sea-surface temperatures to adequately represent the rudistdominated Aptian carbonate platforms (Fig. 1A). Given the presumably
broader thermal tolerance of the rudists, the temperature function was
also extended towards lower values. Based on a statistical analysis of
present-day coral reef tolerances, 18 °C was identiﬁed as the lowest
temperature supporting coral reef persistence during winter. Under
such cool conditions, coral reefs can continue to develop provided that
summer temperatures are above 24 °C. In our model of Cretaceous
carbonate platforms, the latter constraint was discarded and temperatures above 18 °C were considered favorable to the development of
rudist-dominated platform assemblages (Fig. 1A).
A straightforward comparison of present-day NPP and simulated
NPP values for the Cretaceous was not possible. The general circulation
model used in this study (MITgcm) does not simulate the same high

2.2. Simulating Cretaceous environmental conditions
To obtain maps of Cretaceous environmental parameters (i.e., SST,
SSS, NPP), we ran Cretaceous global climatic simulations using the
Massachusetts Institute of Technology general circulation model
(MITgcm; Marshall et al., 1997; Adcroft et al., 2004). This is a coupled
ocean-atmosphere-biogeochemistry model that has been recently applied to simulate the climate of other deep-time periods (Brunetti et al.,
2015; Pohl et al., 2017a, 2017b).
We ran the model on a curvilinear cubed-sphere grid (CS48; Forget
et al., 2015) featuring a mean equatorial resolution of 1.85° × 1.85°
(~200 km × 200 km). In the ocean, we deﬁned 28 layers vertically
with thicknesses gradually increasing from 10 m at the ocean surface to
748 m at the bottom, with 18 levels deﬁning the upper 1000 m of the
water column. Eﬀects of mesoscale eddies were parametrized as an
advective process (Gent and McWilliams, 1990) and an isopycnal diffusion (Redi, 1982). Vertical mixing processes in the ocean's surface
boundary layer and the interior were represented using the nonlocal KProﬁle Parameterization (KPP) scheme of Large et al. (1994). The
physical ocean-atmosphere model was coupled with a module of
marine biogeochemistry. The latter was conﬁgured to simulate net
primary productivity in the ocean as a function of available photosynthetically active radiation and phosphate concentration, with
phosphate constituting the single limiting nutrient (see discussion in
Section S1.2 in Supporting Information). Because the oceanic residence
time of phosphate is much longer than the oceanic turnover time scale
(10 to 40 kyrs; Ruttenberg, 1993; Wallmann, 2003), the globally-averaged oceanic phosphate concentration was ﬁxed in the model. Riverine
and atmospheric sources were not represented and sedimentation was
not allowed (Dutkiewicz et al., 2005).
Paleogeographical reconstructions for 150 Ma (late Jurassic),
120 Ma (early Aptian), 110 Ma (early Albian) and 80 Ma (early
Campanian) of Scotese (2014a, 2014b) were used as boundary conditions. The bathymetry of oceanic crust in the deep ocean, most of which
has been lost during subduction, was replaced by the age-depth
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estimate of Müller et al. (2008). Model value for solar luminosity was
decreased by 1% compared to the present-day value, in agreement with
models of solar evolution (Gough, 1981). Cretaceous atmospheric CO2
concentration (pCO2) is assumed to range between 2 and 8 times the
preindustrial atmospheric level (PAL = 280 ppm; Bice et al., 2006;
Donnadieu et al., 2016). We adopted a pCO2 of 2 PAL (560 ppm) for the
early Aptian, a time when ocean temperatures were at the lower end of
Cretaceous temperature range (Steuber et al., 2005; O'Brien et al.,
2017). A constant value of 2 PAL was used in every Cretaceous climate
model run in order to highlight the impact of the changes in the continental conﬁguration, all other things being equal. Baseline runs on
each continental conﬁguration were conducted using a median orbital
conﬁguration that is relatively similar to the present-day conﬁguration.
Additional simulations with contrasting orbital parameters were run for
the Aptian (see Section S1.3).
Identical initial conditions were used in every simulation. We deﬁned the initial ocean temperature as a theoretical latitudinal temperature gradient, characterized by equatorial and polar ocean surface
temperatures of respectively 40 °C and 10 °C, and an ocean bottom initial potential temperature of 10 °C. A uniform initial ocean salinity of
35 psu (practical salinity units) was imposed. Phosphate in the ocean
was initialized with its present-day depth proﬁle, and dissolved organic
phosphorus was null at the beginning of the model runs. The oceanatmosphere model was integrated for 3000 years in order to ensure
deep-ocean equilibrium. The marine biogeochemistry module was
turned on over the last 1000 years of the model runs. The last 50 years
were used to build the monthly climatology ﬁles used for this analysis.
A thorough description of the model and boundary conditions along
with a table of experiments is provided in Section S1.

Fig. 2. Comparison between our Aptian climatic simulations and the latitudinal
thermal gradient based on the proxy data of O'Brien et al. (2017). The thick
black line represents the zonally-averaged annual mean SST simulated in our
baseline run with 2 PAL CO2 and median orbital parameters. The grey envelope
represents the range of zonally-averaged monthly SST encountered throughout
the year in the same model run, while dashed black lines represent the envelope
extended to 4 additional simulations featuring contrasting orbital conﬁgurations (Section S1.3). Each data point (grey, yellow and red dots) represents the
median of the SST values reported at a speciﬁc location using either TEX86H or
∂18Opl (O'Brien et al., 2017), red dots being associated with Ocean Anoxic Event
1a. For each data point the vertical, thick black line gives the spread between
the minimum and maximum values reported at this location. The vertical, thin
black line further represents the calibration uncertainty, which amounts to
2.5 °C for TEX86H and 0.7 °C for ∂18Opl after O'Brien et al. (2017). In order to
maximize the number of data points, a 20-Myr window centered on 120 Ma was
deﬁned and every temperature estimate provided by O'Brien et al. (2017) between 110 Ma and 130 Ma was included. Vertical dark grey lines represent the
SST range encountered at the speciﬁc locations of each of the 3 yellow data
points from O'Brien et al. (2017) throughout the simulations with diﬀerent
orbital conﬁgurations. It diﬀers from the dashed black envelope, which represents the range of zonally-averaged values. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

3. Results
3.1. Climate results
Fig. 2 shows that the SST simulated at 120 Ma is in overall agreement with published estimates from O'Brien et al. (2017), although
some data points of O'Brien et al. (2017) lie beyond the SST range simulated in the model. Observed model-data mismatch has various potential explanations. It is plausible that our model does not accurately
simulate Cretaceous climate. In particular, the “low pole-to-equator
temperature gradient” issue is a long-standing question. It is frequently
argued that general circulation models are not able to capture more
equable latitudinal temperature gradients presumably characteristic of
warmer, greenhouse climates (see Huber and Caballero, 2011; Rose and
Ferreira, 2013). However, recent geochemical data (Pucéat et al., 2007;
Bernard et al., 2017) indicate that Cretaceous meridional temperature
gradients may have been steeper than supposed and thus much more
similar to the present-day gradient. This suggests that numerical models
could well provide a reasonable picture of warm greenhouse climates
(see Donnadieu et al., 2016). Huber and Caballero (2011) further demonstrated that current ocean-atmosphere general circulation models
are able to capture most of the climatic signal reconstructed for the
early Eocene greenhouse based on proxy data, suggesting that the ﬁrst
order physics of climate are well represented in these models.
Besides modeling limitations, it is well known that the Aptian was a
period characterized by rapid and abrupt climatic changes. Notably,
high-resolution geochemical (TEX86) records demonstrate a strong
warming during the Oceanic Anoxic Event (OAE) 1a (up to 4 °C in the
proto North Atlantic Ocean; Naafs and Pancost, 2016), followed by
cooling of similar magnitude (McAnena et al., 2013; Bottini et al.,
2015). The remainder of the period is characterized by a protracted
cooling trend, interrupted by an episode of warming during the latest
Aptian (Bottini et al., 2015). The warming associated with OAE 1a can
be seen in Fig. 2. Data points shown in red, which are associated with
particularly high SST values, belong to OAE 1a warm interval (O'Brien
et al., 2017). Our model runs do not capture this short-term event, the

duration of which is estimated to represent 1.11 ± 0.11 Myr
(Malinverno et al., 2010). Our goal was to simulate average background
Aptian climate. We did not attempt to simulate unusual warming
phases induced by abrupt volcanic events such as OAE 1a (Mehay et al.,
2009), which would at least require a doubling of the pCO2 in the model
(Naafs et al., 2016). In any case, these anomalous temperature excursions would not be representative of the environmental conditions that
favored platform carbonate development throughout the Aptian. In this
context, modeled temperatures do not cover the entire temperature
range documented in geochemical data. Nevertheless, the models do
account for seasonality (light grey envelope in Fig. 2), orbital variations
(black dashed envelope in Fig. 2) and changes in the SST at the speciﬁc
locations where temperature proxy data have been recovered (vertical
dark grey lines shown for each yellow point in Fig. 2), which helps to
bring models and data into much closer agreement.
Key climatic results for additional simulations conducted at 150 Ma,
110 Ma and 80 Ma are given in Table 1. In these model runs, only the
continental conﬁguration was modiﬁed compared to our baseline early
Aptian run at 120 Ma. The model predicts a warming trend throughout
the Cretaceous with an increase in global surface temperatures by 4.1 °C
from 150 Ma to 80 Ma solely due to the changing continental conﬁguration. This warming mainly results from the gradual increase in
ocean surface area (by 13% from 150 to 80 Ma, Table 1) and associated
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data points. It predicts that carbonate platforms are likely to occur
along East Africa, in the Mediterranean Tethys and in the Caribbean
region. Carbonate platforms are less likely to occur along the western
coast of South America. Both of these predictions satisfactorily match
the spatial patterns reported in the reef database (Fig. 3A, B). In contrast, the high productivity model matches only 44% of the observed
occurrences. The high productivity model notably misses the widely
documented occurrences in the Mediterranean Tethys and predicts the
development of platform carbonates along the Paciﬁc margin of South
America, where no occurrences are reported in the reef database
(Fig. 3C, D).
Fig. 4 illustrates the relative importance of sea-surface temperature
(SST), sea-surface salinity (SSS), and net primary productivity (NPP) for
the predictions of carbonate platform occurrence shown in Fig. 3 (see
Section 2.1 for a description of the ecological niche model, Eq. (1) in
particular). SST and to a lesser extent SSS suggest a preferred low-latitude zone for the development of the platform carbonates (Fig. 4A, B)
while NPP modulates the values of susceptibility simulated within this
low-latitude zone (Fig. 4C, D). The low productivity model (Fig. 4C)
favors the subtropics (~30° NS) and excludes the equatorial latitudes
and low-latitude western continental margins where upwelling promotes high NPP levels (Fig. 4C). In the high productivity model, the
patterns are reversed (Fig. 4D), with low susceptibility values simulated
in the Tethys notably the Mediterranean Tethys where simulated NPP is
low due to the development of an oligotrophic gyre (Fig. 5). Consequently, the high productivity model fails to predict the majority of the
carbonate platforms (Fig. 3D).
Because the low productivity model provides the best ﬁt to the reef
database, it is adopted, hereafter, as the preferred trophic model for the
Aptian shallow-water factory. Comparison between the predictions of
the simulation and the extent of known Aptian carbonate platforms
(Kiessling et al., 2003) conﬁrms that the resulting model eﬀectively
captures the main patterns of carbonate platform development reported
based on geological data (Fig. 6).
The Aptian predictions however, are not perfect. The simulated

Table 1
Climatic results.
Paleogeography

Global surface temperature
(°C)

Ocean surface area
(×106 km2)

80 Ma
110 Ma
120 Ma
150 Ma

23.4
22.7
21.9
19.3

391.3
366.9
366.3
345.3

decrease in surface albedo. This warming trend is in agreement with
both previous modeling studies (Donnadieu et al., 2016; Ladant and
Donnadieu, 2016) and SST proxy data (O'Brien et al., 2017).
3.2. Testing the validity of the model using the Aptian database
Fig. 3 compares the results of simulations featuring an aﬃnity of
Aptian platform carbonates for either low or high NPP levels (designed
hereafter as low and high productivity models, respectively). In order to
determine which model best ﬁts geological observations, model
agreement was scored with information in the PaleoReef database
(Kiessling et al., 1999[updated], public interface: https://paleo-reefs.
pal.uni-erlangen.de/reefs/searchreef_public.php) (Fig. 3). The score is
calculated to represent the proportion of the points of reference that are
captured in the simulation. A platform carbonate occurrence that is
captured or not in the model is assigned a score of 1 or 0, respectively.
Scores for all reference points are then averaged to obtain the overall
score of the simulation. We emphasize that the score does not fully
testify of the validity of the simulation since an overestimation of the
extent of the platforms in the model does not lower the score. The score
value has to be combined with visual inspection of the results. Regions
where the model predicts the occurrence of platform carbonates that
are not documented in the geological record have to be discussed (see
below).
The low marine productivity model matches 81% of the observed

Fig. 3. Predicted susceptibility ﬁelds (top panels) and their equivalents thresholded at 0.85 (bottom panels) for platform carbonate models considering an aﬃnity for
either low productivity levels (left panels) or high productivity levels (right panels). In each panel, the coastline is represented with the thick black line and the edge
of the shallow-water platforms is shown with the thin black line. In panels (B) and (D), the prediction (blue shading) is compared to the n = 73 occurrences of corals
and rudists (orange dots and stars) of Aptian age referenced in the public PaleoReef Database (Kiessling et al., 1999[updated]). Model agreement is scored with these
observations. Orange dots represent reef occurrences of the database that are predicted by the simulation while orange stars represent reef occurrences that are
preserved in the geological record but not predicted in the model. A global score is computed based on each data point, the value of which is given at the top of panels
(B) and (D). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. Contributions of each oceanographic parameter to the predictions shown in Fig. 3: (A) SST, (B) SSS, (C) NPP in the low marine productivity model, (D) NPP in
the high marine productivity model. Colors represent susceptibilities, with values ranging between 0 and 1. The thick stepped black line is the coastline, the thin
stepped black line is the outer limit of the shallow-water environments, thus delimiting the bathymetry mask provided to the niche model. Emerged landmasses are
shaded white.

supporting our niche modeling results. Granier and Dias-Brito (2015)
further identiﬁed the lack of oceanographic connection with the
Tethyan domain as the most probable explanation for the absence of
rudists. Interestingly, our general circulation model for the early
Campanian (80 Ma) conﬁrms that water masses originating in Tethys
do not enter the South Atlantic Ocean despite the opened seaway between the Central and South Atlantic Oceans. During the early Campanian ocean circulation ﬂows northward from the South Atlantic towards the Central Atlantic. The Brazilian locality studied by Granier
and Dias-Brito (2015) is separated from the northern part of the ocean
basin due to the establishment of a well-developed anticlockwise gyre
(Fig. 7). Regarding the overestimated extent of the carbonate platforms
along the northern margin of India, it is diﬃcult to provide any deﬁnitive conclusions since most of the geological record was lost during
Himalayan collision. Sensitivity tests demonstrate that the ﬁrst-order
patterns of the simulated extent of the platform carbonates are robust
when the orbital conﬁguration is varied (Section S4).

Fig. 5. Mean annual ocean circulation and nutrient concentration simulated in
the Aptian baseline run in the Mediterranean Tethys, averaged over the ﬁrst
150 m of the water column. Background shading represents the phosphate
concentration (mmol m−3). Vectors represent ocean currents. Landmasses are
shaded black.

extent of the platform carbonates is overestimated, when compared to
the reconstruction of Kiessling et al. (2003), in the southern subtropical
latitudes along the northern margin of India and in the nascent,
southern South Atlantic. No rudists are documented in the South
Atlantic despite the presence of carbonate platforms (Granier and DiasBrito, 2015). In Brazil, taxa previously identiﬁed as rudists (Granier
et al., 1991; white point in Fig. 7), turned out to be mostly large bivalves with rudist-like morphologies (Granier and Dias-Brito, 2015).
Based on the analysis of the faunal associations, Granier and Dias-Brito
(2015) estimated that unfavorable temperature and salinity conditions
were not suitable explanations for the absence of rudists, thus indirectly

3.3. Extending the model to other Cretaceous time intervals
The model predicts a monotonic increase in platform carbonate
area, by a factor of 2.7 between 150 Ma and 80 Ma (from 6.7 to
18.1 × 106 km2, solid blue line in Fig. 8A). These values satisfactorily
capture the increase in the extent of the platform carbonates reported
by Kiessling et al. (2003) and Walker et al. (2002) (solid and dashed

Fig. 6. Extent of the Aptian carbonate platforms (A) simulated in this study and (B) after Kiessling et al. (2003, see also Sohl, 1987). For panel (B), the original map of
Kiessling et al. (2003) was georeferenced and the extent of the platforms was digitized and plotted on the reconstruction used in the current study.
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Fig. 9. Evolution throughout the Cretaceous of the surface area occupied by the
ocean (blue line, left y-axis), the shallow-water environments (solid red line,
right y-axis) and the shallow-water environments between 45°N and 45°S (dashed red line, right y-axis) based on Scotese (2014a, 2014b). (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

Fig. 8B shows that the area of the regions characterized by climatic
conditions favorable to the development of platform carbonates ﬁrst
increases from 150 Ma to 120 Ma and then remains essentially constant
from 120 Ma to 80 Ma (black line in Fig. 8B). These trends poorly reproduce the monotonic increase in the surface area occupied by the
platform carbonates (Fig. 8A), suggesting that changes in sea-surface
temperature, sea-surface salinity, and net primary productivity are not
responsible for the strongly positive long-term trend. On the other
hand, the well-documented long-term Cretaceous sea-level rise (see
compilation by Müller et al., 2008) induces an increase in both the total
ocean surface area and the surface area of the shallow-water environments within the latitudinal zone favorable for reefal development (i.e.,
45°N–45°S) (Fig. 9). The increase in the area of low-latitude, shallowwater environments, assuming that 46% of these shallow-water environments will be occupied by carbonate platforms (value calculated
for 150 Ma), predicts an increase in carbonate platform cover (dashed
blue line in Fig. 8A) similar to both the increase reported by Kiessling
et al. (2003; solid dark line in Fig. 8A), and the increase in carbonate
platform cover simulated by the model (solid blue line in Fig. 8A).

Fig. 7. Mean annual ocean circulation simulated at 80 Ma in the South and
Central Atlantic Oceans, averaged over the ﬁrst 150 m of the water column.
Background shading and vectors represent ocean currents speed, expressed in
cm s−1. The white point represents the location where bivalves with rudist-like
morphologies, which were previously interpreted as rudists (Granier et al.,
1991), are reported by Granier and Dias-Brito (2015; Fazenda Cafuz, Sergipe,
Brazil).

black lines in Fig. 8A, respectively). Two main underlying mechanisms
may explain this increase in platform carbonate area: (1) changes in the
environmental conditions (SST, SSS and NPP) that were favorable to
carbonate platform development and/or (2) changes in the bathymetry
and conﬁguration of the continents, that increased the area of the
shallow-water environments available for carbonate deposition. Here
we try to disentangle these two contributions.

Fig. 8. Simulated Cretaceous trend compared to the geological database. (A) Surface area of the carbonate platforms simulated in the model throughout the
Cretaceous (solid blue line) compared to the trends published by Kiessling et al. (2003; solid black line) and Walker et al. (2002; dashed black line). The dashed blue
line represents the purely paleogeographic contribution to the simulated trend. This latter surface contribution represents the surface area occupied by the platform
carbonates computed based on the extent of the shallow-marine environments between 45°N and 45°S (see Fig. 9) considering that the occupancy of the shallowwater seas by the platform carbonates did not change compared to 150 Ma. The diﬀerence between the solid and dashed blue lines therefore represents the
contribution of other factors such as climate change and the location of the shallow-water environments (e.g., eastern vs. western ocean margin). (B) Surface area of
the portion of the global ocean climatically favorable to platform carbonate development (black line) and the area of its spatial intersection with the shallow-water
environments thus representing the surface area eﬀectively occupied by platform carbonates in the model (blue line, similar to panel (A)). Note the log scale. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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production by the rudist-(coral)-nerinid platform community during the
Lower Aptian, characterized by the pervasive growth of microencrusters (i.e., Lithocodium/Bacinella). The analysis of the faunal associations combined with a review of the ecological aﬃnities of this
green algae led Huck et al. (2010, 2012) to postulate that Lithocodium
probably constituted an opportunistic taxon in competition with corals
for the same habitat, which episodically ﬂourished during periods of
high nutrient inﬂux at the expense of the coral-rudist assemblages. Such
interpretation of the geological record is, thus, in line with our modeling results suggesting the preferential development of the rudistdominated platforms in low open-ocean productivity settings.
Although our results provide interesting insights on the trophic afﬁnities of Cretaceous carbonate platforms, we emphasize that our results cannot be used to infer the trophic aﬃnity of the taxa found in
inner platform settings, such as rudists. Indeed, our global general
circulation model gives access only to open-ocean productivity levels;
trophic conditions may have been signiﬁcantly diﬀerent in more
proximal settings, due to combined eﬀects of the potential disconnection from the open ocean and the inﬂuence of the nearby continent.

These results suggest that the paleogeographic evolution, notably the
increasing extent of shallow-water environments induced by a rising sea
level, may have been the major reason for the increase in carbonate
platform extent during the Cretaceous.
Our results are in line with the conclusions of Walker et al. (2002)
who demonstrated a strong correlation between the area of low-latitude
shallow-water environments available to carbonate deposition and the
area of shallow-water carbonates during the Phanerozoic. Kiessling
et al. (2003) later acknowledged the need for additional extrinsic factors to explain the Phanerozoic variations in carbonate platform size
and distribution.
4. Discussion
4.1. Implications for future research
The ﬁrst-order agreement between the spatial extent of the Aptian
platform carbonates documented in geological data and simulated extent of Aptian platform carbonates based on temperature, salinity and
productivity constitutes a robust argument supporting that climatic
constraints can be used to predict the occurrence of platform carbonates. Relationships between the development of platform carbonates
and changes in the surrounding physical environment have a long
history in the literature (e.g., Sohl, 1987; Schlager, 2000), but such
relationships have rarely been tested in a quantitative manner (see
previous attempts by Lees (1975), Couce et al. (2012) and Jones et al.
(2015) on modern platform carbonates). Our study demonstrates that,
in spite of the large uncertainties, this approach can be applied in deep
time based on simulations conducted with general circulation models.
Beyond its predictive potential, such a quantiﬁed approach makes it
possible to disentangle the respective inﬂuences of diﬀerent mechanisms such as climate change or paleogeographic evolution.
Our simulations have additional implications for the environmental
conditions that may have been most favorable to the development of
rudist-dominated carbonate platforms. By testing two opposite openocean marine productivity models for the Aptian tropical shallowmarine factory, we demonstrated that the best model-data agreement is
obtained when considering an aﬃnity for low productivity levels. Our
model is not able to satisfactorily reproduce the extent of the Aptian
platform carbonates when considering an aﬃnity for high marine
productivity levels. The simulation of carbonate platforms in regions of
low open-marine productivity is in agreement with the presence of
corals, i.e., oligotrophic organisms, along the outer margin of these
platforms (Gili et al., 1995; Johnson et al., 2001; Borgomano et al.,
2002; Fenerci-Masse et al., 2005; Pomar and Hallock, 2008; Masse and
Fenerci-Masse, 2011). It is also supported by several studies that investigated the relationship between nutrient supply and the style of
carbonate production during the Cretaceous, including during the Aptian. Föllmi et al. (2006) described the temporal evolution of the
benthic marine communities along the northern Tethyan margin during
the Early Cretaceous. They reported an alternation between phases of
carbonate production dominated either by photozoan or heterozoan
communities, keeping in mind that they included the coral-rudist associations in the photozoan community. Based notably on the correlation between the record of oceanic phosphorus accumulation (Föllmi,
1995) and the observed modes of carbonate production, they identiﬁed
changes in trophic levels as a major factor driving the changes in the
nature of benthic marine production in the Early Cretaceous. Speciﬁcally, Föllmi et al. (2006) suggested that carbonate production by coralrudist-dominated assemblages (i.e., the photozoan factory) was inhibited by high nutrient levels, although Skelton and Gili (2011)
highlighted that other mechanisms, such as carbonic acidiﬁcation of
ocean waters, may also have contributed to the interruption of platform
development during speciﬁc time intervals. Another argument in support of our low-productivity model is provided by Huck et al. (2010,
2012). The authors documented major disruptions of carbonate

4.2. Limitations
As in any deep-time study, our approach has some obvious limitations. Some of these limitations may serve as a basis for future work.
One of the major remaining uncertainties is the input of terrigenous
material from adjacent land areas. The latter is known to regionally
inhibit carbonate sedimentation (e.g., Wilson, 1975) and its impact may
have been enhanced under (super)greenhouse conditions (see Philip
(2003) for a discussion of the impact of the input of terrigenous clastics
on carbonate sedimentation in the Peri-Tethyan areas during the Cretaceous). Constructing a map of the sources of terrigenous material is
challenging. Detailed knowledge of both the spatially-varying rate of
erosion and the location of the main river deltas would be required,
which necessitates major assumptions regarding the ﬁne-scale topography and the nature of the land surface (i.e., vegetation cover and
lithology) and geodynamic settings. Therefore no terrigenous mask has
been used in our simulations and our approach only attempts to identify
regions where oceanographic conditions may have been favorable to
the development of platform carbonates.
Regarding the climate model, there are uncertainties in the
boundary conditions, and the biogeochemical component of our coupled general circulation model is relatively simple. However, the present work, as well as previous studies (Pohl et al., 2017a, 2017b),
provide interesting insights into global patterns of primary productivity
in past oceans, which cannot be otherwise accessed through the geological record (e.g., Servais et al., 2016). In addition, these patterns of
productivity are relatively robust since they are tightly linked to the
simulated wind belts, which are a robust model output (Pohl et al.,
2017a). Still, primary productivity is computed implicitly in the model
as a simple function of phosphate concentration and photosynthetically
active radiation (Section S1.2). The ecology of the producers is not
represented, so that the setup does not discriminate between phytoplankton types, the requirements of which may vary in terms of nature
and availability in nutrients. This simpliﬁcation may lead to an underestimation of the spatial heterogeneity in simulated NPP. The model
does not take into account nutrient input through continental runoﬀ or
dust deposition, which results in an underestimation of simulated NPP
in coastal areas, especially at river mouths. We highlight as a future
research target, the use of an up-to-date ecological model validated by
the present-day and accounting for riverine input, such as the versatile
Darwin model (e.g. Barton et al., 2010).
It should also be noted that the use of a global ocean model raises a
spatial scale problem. The accurate simulation of the complex oceanographic conditions and geometries that typify shallow-marine
Cretaceous platforms requires a high spatial resolution, both horizontally and vertically. The great computational cost of such high229
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resolution models, combined with the necessity to run the simulations
for at least 2000 years in order to ensure deep-ocean equilibrium,
precludes the application of such experimental setups to deep-time
studies. Provided that the boundary conditions and notably bathymetry
are suﬃciently well constrained, using global simulations to provide
boundary conditions for a more detailed regional model may enable
detailed studies of speciﬁc ocean basins in the future. Investigating ﬁnescale patterns of platform carbonate development may, however, require including environmental parameters that are not accounted for in
the present attempt, such as local hydrodynamics or light limitation at
depth. The high spatial and temporal resolution needed for such studies
may require signiﬁcant rebuilding of the ecological niche model.
Another caveat is the partially circular reasoning necessarily associated with use of paleobathymetry obtained from paleogeographic
models to simulate the spatial occurrences of platform carbonates.
Indeed, the location and surface area of the shallow-water environments are key boundary conditions for our niche model. They deﬁne
the area available to carbonate deposition, i.e., the bathymetry mask.
The problem is that the reconstruction of these environments is partly
based on bibliographic compilation of geological lithofacies data. In
other words, the paleogeographic reconstruction already contains some
of the information that we aim to extract from our models. Of course,
the paleogeographic reconstruction also includes shallow-water environments that do not correspond to carbonate platforms and shallowwater areas reconstructed based solely on the interpretation of tectonic
history. We therefore emphasize that the paleogeography alone cannot
reﬂect the extent of the platform carbonates. Climatic constraints derived from our general circulation models are necessary to discriminate
between shallow-marine environments favorable or unfavorable to
platform carbonate development. This is best exempliﬁed by the frequency that platform carbonates are found in the model in shallowmarine environments, worldwide (30 to 39%). Paleogeographic reconstructions are also necessarily incomplete and miss some of the
shallow-water shelves. In these cases, our approach is of particular interest in identifying the regions where oceanographic conditions may
have been favorable to the development of platform carbonates, even if
no sedimentary record is documented. Provided that it is used with
caution, this predictive approach has the potential to complement our
knowledge of the geological record.

Data availability
Data that support the results of this study are available on request to
the authors.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.10.017.
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